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Senior Researcher, Jožef Stefan Institute
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Abstract

Caloric materials are suggested as energy-efficient refrigerants for future cooling devices.

They could replace the greenhouse gases used for decades in our air conditioners, fridges,

and heat pumps. Among the four types of caloric materials (electro, baro, elasto, mag-

neto caloric), electrocaloric materials are more promising as applying large electric fields is

much simpler and cheaper than the other fields. The research in the last years has been

focused on looking for electrocaloric materials with high thermal responses. However, the

energy efficiency crucial for future replacement of the vapor compression technology has

been overlooked. The intrinsic efficiency of electrocaloric has been barely studied. In the

present dissertation, we will study the efficiency of EC materials defined as materials ef-

ficiency. It is the ratio of the reversible electrocaloric heat to the reversible electrical work

required to drive this heat. In this work, we will study the materials efficiency of the bench-

mark lead scandium tantalate in different shapes (bulk ceramic and multilayer capacitors).

A comparison to other caloric materials is presented in this dissertation. Our work gives

more insights on the figure merit of materials efficiency to further improve the efficiency of

our devices.

xi
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Chapter 1

Introduction

Around 20% [1] of the electricity generated is used for cooling our buildings, beverages, food,

vaccines, and medicines [2–5]. Created more than twenty decades ago, the vapor com-

pression refrigeration cycle remains to date the most used cooling technology in devices

such as fridges, air conditioners, and heat pumps. However, this technology is reaching

its theoretical efficiency limit (around 40%) [6–8]. Moreover, it utilizes harmful gases: hy-

drochlorofluorocarbons (HFC) and chlorofluorocarbons (CFC) as refrigerants. These gases

have a global warming potential that is a thousand times greater than carbon dioxide and

account for 7% of the greenhouse gases emitted [9–11] into the atmosphere. As stated in

the latest (sixth) report from the Intergovernmental Panel on Climate Change (IPCC) [12],

the temperatures around the world are about to reach +1.5 °C by 2030. This is 10 years

earlier than the IPCC’s former estimations. Hence, the increasing demand for cooling (triple

by 2050) and the increase of HFCs emissions (double by 2030) [13]. Consequently, a highly

energy-efficient and environmentally friendly cooling alternative is required to replace the

traditional vapor compression.

In that regard, different governmental procedures have aimed to reduce these issues.

The 1987 Montreal Protocol [14] and the Kigali agreement planned to reduce the world’s

temperature by banning CFC production and reducing by 80% the HFCs by 2047 [13].

Moreover, companies are setting goals to phase out HFCs and CFCs and rather use alter-

1



CHAPTER 1. INTRODUCTION 2

natives such as CO2 or natural refrigerants with a zero global warming potential. Scientists

have suggested solid-state caloric materials as refrigerants to build future cooling devices.

Caloric cooling based on caloric materials has the potential to replace the vapor compres-

sion technology [6, 15–18]. It is energy efficient (around 60%), noiseless, compact, and

environmentally friendly [6].

Caloric materials are ferroic materials that exhibit reversible thermal responses under

the application/removal of an external stimulus. These caloric materials are named accord-

ing to the stimulus applied/removed. We distinguish: electrocaloric (electric field), mag-

netocaloric (magnetic field) and mechanocaloric (stress field) materials. Mechanocaloric

materials are divided in elastocaloric (uniaxial stress) and barocaloric (isotropic stress i.e

hydrostatic pressure) materials [6, 17]. It is worth it mentioning that a single material could

exhibit several caloric effects under sequential or simultaneous application/removal of exter-

nal fields. This is called multicaloric effect [19–22]. Ferroic materials are interesting because

at a specific temperature (transition temperature) their symmetry is being altered. They

present a transition from a high-temperature phase (disordered state) to a low-temperature

phase (ordered state). Moreover, in the vicinity of the transition temperature, this transition

can be driven by an external field, making them interesting for caloric cooling applications.

The application/removal of an external field induces large changes in the material’s order

parameter and therefore, a transition from a high temperature (large order parameter) with

no domains (ordered entities) to a low temperature (small or zero-order parameter) forming

domains that can be aligned or switched with an external field. In Table 1.1, we present

the different caloric materials with their corresponding field, conjugate order parameter, and

phase transitions.
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Table 1.1: Caloric materials This table shows the different caloric materials with their cor-
responding field, conjugated order parameter, phase transitions from low temperature (LT)
phase to high temperature (HT) phase. Fluidic refrigerants mostly used in our cooling de-
vices nowadays are added at the end of this table for comparison.

Calorics Field applied/removed Order Parameter LT phase HT phase
Magnetocalorics Magnetic field, H Magnetization, M Ferromagnetic Paramagnetic

Antiferromagnetic
Electrocalorics Electric field, E Polarization, P Ferroelectric Paraelectric

Antiferroelectric
Elastocalorics Uniaxial stress, σ Strain, ε Martensitic Austenitic
Barocalorics Hydrostatic pressure, p Volume, V Plastic crystal Crystal
Fluidic refrigerants Pressure, p Density, ρ Liquid Gas

Depending on the way the field is being applied one can measure differently the caloric

effect in caloric materials. The thermal responses observed in caloric materials are quanti-

fied by the three parameters below:

• ∆Tadiab: the adiabatic temperature change

• ∆S: the isothermal entropy change

• Q: the isothermal heat

On one hand, if the field is being applied/removed adiabatically i.e in such a way that the

application/removal time is smaller than the relaxation time of the material, ∆Tadiab is being

observed. On the other hand, if the field is isothermally applied, ∆S and Q are measured.

In case of conventional caloric effect, ∆Tadiab > 0, ∆S < 0 and Q < 0 with the increasing

field. In an inverse caloric effect, ∆Tadiab < 0, ∆S > 0 and Q > 0 with the increasing field.

Figure 1.1 describes the working principle of an electrocaloric (EC) cooling device (ABCD

in Figure 1.1). Depending on the field applied the same cycle is used for magnetocaloric

(MC), elastocaloric (eC), or barocaloric (BC) cooling. The EC cycle is divided into the four

following steps.
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Figure 1.1: Electrocaloric cooling cycle. S-T diagram explaining the EC cooling cycle
(ABCD). S(E0) is the entropy at zero- electric field and S(E1) entropy curve at a non-zero
electric field (E1 > E0). A to B is the polarization of the EC material by applying a voltage
(V). This leads to an increase of the materials’ temperature from Ts to TB. ∆Tadiab is the
difference between Th and TB. B-C, the voltage is kept constant, the material relaxes and
its temperature decreases from TB to Ts. C-D, the depolarization of the material by removal
of the voltage. It induces cooling of the material from Ts to TD. Finally D-A, the field is kept
off and the material’s temperature goes back to its initial temperature Ts, closing the cycle.

• First step the material is at a given starting temperature Ts in the vicinity of the ma-

terials transition temperature (point A in Figure 1.1). Under the adiabatic application

of an external electric field (equal to the voltage divided by the material’s thickness)

the material undergoes changes in polarization. This induces a phase transition in the

material therefore changes in dipolar entropy (orientation of dipoles) by promoting the

low-temperature phase and leads to an increase in the material’s temperature to TB

(point B in Figure 1.1). The difference between TB and Ts is ∆Tadiab.

• Second step From B to C the electric field is kept constant. Due to the electrocaloric

effect (ECE) , heat (Q) is released to an external reservoir therefore, the material goes
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back to its initial Ts (point C in Figure 1.1).

• Third step Under the adiabatic depolarization (EC) of the material, its temperature

decreases from Ts to TD due to changes in dipolar entropy.

• Fourth step Finally, from D to A, the material goes back to its initial Ts by absorbing

heat (Q) from the cold reservoir and closing the EC cooling cycle.

Discovered respectively for the first time in 1881 and 1859, the MC effect (MCE) and

the eC effect (eCE) have been more studied than their counterparts BC effect (BCE) and

ECE [6, 17, 23]. However, MC and eC materials present intrinsic drawbacks. MC materials

require large magnetic fields that are expensive and difficult to generate. Besides, the MC

materials are rare, expensive, and can be toxic therefore, increasing the cost of a MC de-

vice. eC materials suffer from fatigue and plastic deformation. Moreover, the stress applied

requires costly and complex apparatus. EC materials are more promising as applying large

electric fields is much simpler and cheaper than magnetic and stress fields. Lastly, when

dealing with electrical charges, it is easy to use electronic systems to recover the charges

and thereby enhance efficiency [24]. In this dissertation, we will focus on the efficiency of

EC materials.

90% of literature has been focusing on looking for the EC materials with large EC per-

formance i.e large ∆Tadiab or ∆S, or Q [6, 17, 25–27]. Since the discovery of “Giant” ECE

in PbZr0.95T3 thin films [28], a vast number of publications have reported on the ECE in EC

materials in different shapes (films, bulk, and multilayer capacitors) as the shape of the ma-

terials influences the ECE. Among these EC materials, lead scandium tantalate comes out

as the EC benchmark material [29–31]. The discovery of reversible large EC performant

materials has led to a few EC prototypes with one of them displaying the highest temper-

ature span of 13 K [32] (difference between the cold and hot side of a device). However,

the intrinsic efficiency [33] of the EC modules which plays a role in the performance of EC

cooling devices has been overlooked. This intrinsic efficiency also called materials efficiency

and symbolized by ηmat, is the ratio of the isothermal heat Q exchanged by the material with
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its surroundings to the electrical work We required to drive this heat [34–36]. In other words,

We the energy used to charge or to discharge an EC material is barely reported. The dimen-

sionless figure of merit ηmat is independent of the parameters of a cooling device (sink or

load temperatures) and is rather intrinsic to the material. This leads us to our research ques-

tions which are: How energy efficient are our best EC materials? How much electrical

work is required to drive EC heat in an EC material? How does the shape of material

influences its materials efficiency? These questions are of importance for future energy-

efficient cooling devices and motivate the research work presented in this dissertation.

This dissertation will mainly focus on studying the materials efficiency of EC materials.

Our approach consists of choosing one of the best EC materials: lead scandium tantalate

in different shapes and studying their materials efficiency. In order to obtain ηmat, on one

hand, we will characterize the ECE of these materials and extract their isothermal heat

exchanged. On the other hand, we will extract the electrical work energy required to charge

these materials. The dissertation is organized as follows:

• Chapter 2 describes a brief history of ECE and a background on materials efficiency.

Moreover, we present the fundamentals of ECE and materials efficiency.

• Chapter 3 reveals the different experimental methods developed and implemented to

characterize the EC properties of EC materials and to calculate their materials effi-

ciency. We will describe the calorimetry under applied electric field setup and IR cam-

era used to extract Q. Besides, we will show the electrical setup utilized to extract We.

Other thermal, electrical, and structural techniques used to determine the material’s

properties are described in this chapter.

• Chapter 4 presents a background on the EC benchmark material lead scandium tanta-

late and shows the results on the giant materials efficiency of lead scandium tantalate

in the shape of bulk ceramic. These results are compared to the materials efficiency

of the benchmark magnetocaloric material Gd.
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• Chapter 5 provides results on the materials efficiency of PST in the shape of a multi-

layer capacitor (MLC) and compares the materials efficiency of PST MLC to the results

obtained in chapter 4.

• Chapter 6 shows an approach used to determine the ECE in PST MLC using Clausius-

Clapeyron equation and calorimetry under an electric field.

• Chapter 7 stems from a collaboration with the group of Gustau Catalan in Spain.

We were able to bring an explanation to the controversial origin of the negative elec-

trocaloric effect (NECE) in antiferroelectric (AFE) material lead zirconate. In this chap-

ter, I will focus on my main contribution to this work.

• Chapter 8 gives a general conclusion of this dissertation with perspectives for future

studies.



Chapter 2

Background

In this chapter, we will briefly present a history of electrocaloric (EC) materials and proto-

types. Important discoveries in the field of EC will be discussed. Subsequently, we will

give a background on the figure of merit materials efficiency used in this dissertation to

quantity the intrinsic efficiency of caloric materials. Moreover, a fundamental approach to

the electrocaloric effect (ECE) and materials efficiency will be detailed. We will present a

thermodynamic definition of the different EC physical concepts such as heat Q, work W , en-

tropy S, materials efficiency ηmat, entropy change ∆S , and adiabatic temperature change

∆Tadiab .

2.1 A brief history of electrocaloric effect

ECE was firstly discovered seventy years after the first discovery of caloric effect in Indian

rubber. Indeed, in 1805, John Gough discovered elastocaloric effect (eCE) in Indian rubber

(shape memory polymer). By stretching adiabatically (quickly) the rubber and putting it on

his lips, he could feel an increase in the rubber’s temperature [37]. E. Warburg is often at-

tributed to being the first scientist to discover the magnetocaloric (MCE) in his work in 1881

on iron. However, this is argued [38] as Warburg didn’t claim MCE in his paper [39]. In

1917, Weiss and Piccard firstly reported on MCE in Nickel [40]. It is more than a decade

later (1930) that the first observation of ECE was done in Rochelle salt (sodium potassium

8
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tartrate tetrahydrate) by Kobeko and Kurtschatov [41]. In 1963, Wiseman and Kuebler mea-

sured a temperature change smaller than 4 mK when driven at 1.4 kV cm−1 at 295 K [42].

The low magnitude of ECE observed in these first experiments suggested no interest in

studying EC materials for cooling devices.

2.2 Electrocaloric materials

The discovery of several ferroelectric (FE) perovskites oxides [43] and the reports on pyro-

electric effect (converse ECE) has led to the finding of more EC materials between 1950

and 1980. In 1960, ECE was measured in perovskites oxides of SrTiO3 and CdTiO3. How-

ever, these measurements were done at cryogenic temperatures. A temperature change of

0.3 K was obtained in SrTiO3 single crystal at 7 kV cm−1 [44]. ECE of 1.8 K and 1.6 K was

measured respectively in bulk ceramics BaTiO3 [45] and PbZrTiO3 compounds [46]. One

of the highest ∆Tadiab was measured in 1981, in Pb0.99Nb0.02(Zr0.75Sn0.20Ti0.05)0.98O3. Tuttle

et al.[47] measured directly 2.6 K at the electric field E=30 kV cm−1. Other EC materials

such as Pb(Mg,Nb)O3 [48], Pb(Zr,Sn,Ti)O3 (PZST) [49], Pb(Sc,Nb)O3 (PSN)[50], KaTiO3

[51] were reported until the early 2000s along with Shebanov’s studies on PbSc1/2Ta1/2O3

(PST) [52–55]. Shebanov and co-workers measured a maximum ∆Tadiab of 2.3 K.

Yet, no ECE greater than 3 K was reported in the literature until 2002. This can be ex-

plained by the fact that most ECE discoveries were done in bulk ceramics materials. Due

to the thickness of the materials, bulk ceramics present a lower breakdown field than thin

films. Consequently, in 2006, one of the most important papers in the field, reported on

a ”giant” (greater than 10 K) ECE in AFE ceramic thin films of PbZr0.95Ti0.05O3 (PZT) [28].

The authors measured 12 K at a starting temperature of 480 K under the electric field of

480 kV cm−1. It is worth it mentioning that, these measurements were obtained indirectly us-

ing Maxwell relations (described in the following Section 2.4) and to date remain unproved

by direct measurements. As seen in Figure 2.1, this work has triggered several studies
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Figure 2.1: EC publications from 1960 to date. These data were obtained from Scopus
Bibiliography database. An increase in publications is observed since 2006 due to the pub-
lication of [28].

on the ECE in perovskite materials (thin films, bulk), polymers, and plastic crystals [15].

Two years later, using the same indirect method, Qiming Zhang’s group measured in the

ferroelectric poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] copolymer, an entropy

change of 55 J kg−1 K−1 [56]. This entropy change corresponds to an indirect ∆Tadiab of

12.5 K at E=2090 kV cm−1. ECE was also reported in relaxor materials such as La-doped

Pb(Zr,Ti)O3 ceramic thin films [57], PbMg2/3Nb1/3O3-PbTiO3 thin films [58] and PST thin

films [59]. Relaxors FE materials present slim FE loop (small hysteresis losses), high py-

roelectric coefficient i.e high ECE, and finally their broad temperature range make them

interesting for cooling applications.

As mentioned above, ECE could be realized in a dielectric fluid. In contrast to solid-sate

EC materials, dielectric fluids are interesting as they can play the role of the EC medium and

heat exchange fluid in an EC cooler. In the liquid crystal 5CB, at its nematic-isotropic tran-

sition, the authors [60] reported on an indirectly entropy change of 23.6 J kg−1 K−1. Three
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years later, Kutnjak’s group from Josef Stefan Institute in Slovenia, measured in a mixture of

12CB liquid crystal with functionalized CdSSe nanoparticles, a direct ECE of 5.18 K at the

modest field of 30 kV cm−1 [61].

The EC field has been marked by the discovery of negative electrocaloric effect (NECE)

or inverse ECE in relaxors or AFEs. NECE corresponds to the cooling of an EC material

under the application of an electric field and the heating of this material upon removal of

the field. It was firstly discovered in relaxor FE 0.72 Pb(Mg1/3Nb2/3) O3 - 0.28 PbTiO3. A

negative temperature change of -5 K was measured indirectly in AFE thin films of La-doped

Pb(ZrTi)O3 [62]. We recently show that direct measurements of NECE in bulk ceramics

PbZrO3. We measured via an infrared camera a negative temperature change of -3.6 K [63].

This work will be covered thoroughly in chapter 7 of this dissertation.

Large to colossal values of ECE are being measured indirectly in thin films thereby, direct

measurements of ECE in thin films is required to check the viability of these indirect mea-

surements as they can lead to artifacts in the data [6, 17]. However, direct measurements

on thin films remain challenging. The main challenge is the fact that the film lies on a bulk

sample that plays the role of a thermal anchor and this reduces the effect observed.

A well-known structure multilayer capacitor (MLC) has been suggested as a good so-

lution to avoid the drawbacks of thin films (small mass) and bulk ceramics (low break-

down field). MLC-based EC materials are bulky materials made of thin layers of EC ma-

terial with interdigitated electrodes. ECE was reported in MLC-based PST, BaTiO3 (BTO),

0.9PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT), copolymer PVDF-TrFE. Recently, Neil Mathur’s group

at the University Cambridge in collaboration with the Japenese company Murata Manufac-

turing measured directly in MLC PST, a ∆Tadiab of 5.5 K at 290 kV cm−1 [29]. This is so

far the highest ECE measured in a bulk material. Two years later (in 2021), a Nature ar-

ticle from Qiming Zhang’s group, showed that by putting double-bonds in an EC polymer

they could enhance the EC performance of the polymer by 275% in comparison to the state
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of art. The EC polymer studied was the relaxor poly(vinylidene fluoride-trifluoroethylene-

chlorofluoroethylene) terpolymer. By replacing the bulky chlorofluoroethylene (CFE) groups

present in the terpolymer with covalent doubles bonds, they could enhance the number of

the polar entities and increase the polar–nonpolar interfacial areas of the terpolymer[64, 65].

The authors measured an EC entropy change of 37.7 J kg−1 K−1 and adiabatic temperature

change of 7.5 K under the electric field of 500 kV cm−1. Besides, the EC performance of the

material was maintained after 106 cycles with a 10% reduction in performance.

2.3 Electrocaloric devices

The first EC prototypes date back to the late 1980s. Between 1989 and 1995 researchers

from the Moscow Power Engineering Institute used bulk ceramic PST as a working medium

to build EC refrigeration prototypes. From a ∆Tadiab=1 K in the material, they build an EC

prototype of 2.5 K of temperature span ∆Tspan using pressurized helium as the heat ex-

changer. ∆Tspan measures the temperature difference between the hot and the cold side

of a prototype. Later on, a liquid pentane EC regenerator based on PST bulk was reported

with ∆Tspan=5 K. A prototype with a higher ∆Tspan of 12.7 K was reported in 1995 by the

same group. However, as mentioned by Nair [66], this value is ”buried in their paper” and

subjected to debate.

The resurgence of papers on ECE in EC materials since 2006, has led to more EC pro-

totypes as shown in Figure 2.2. From Torello et al. review article [67] published six months

ago, we count around fifteen EC coolers up to date. Most of these prototypes are based

on the principle of regeneration [15, 67, 68] used already in the past in MC prototypes [69,

70]. Regeneration permits reaching a temperature span (in the device) greater than the adi-

abatic temperature change of the material. In 2013, Gu et al.[71] reported on solid-based

regenerator of ∆Tspan = 6.6 K using polymer multilayers capacitors of ∆Tadiab=2.2 K. Re-

searchers from the University of Ljubljana showed a fluid (silicone oil) based cooler with
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Figure 2.2: EC coolers from 1989 to 2021. This plot was made from the data collected in
the 2021 review article [67] on EC coolers.

3.3 K of temperature span using PMN bulk ceramics. Defay et al. revealed that the Coeffi-

cient Of Performance (COP) of an EC prototype could be enhanced by recovering the work

done to drive the EC cycles. In an EC device of 24 BaTiO3 MLCs, by the means of simple

circuitry, they could recover 65% of the work done to drive the ECE and therefore enhance

by a factor of 2.9 the device’s COP [24]. Following the development of PST MLC material,

two EC devices were published in Science. Wang et al. [72] reported on a ∆Tspan of 5.2 K

in a solid-based regenerator using PST MLC as the main body. In the same issue, we pub-

lished a liquid-based EC regenerator using 128 ceramic PST MLCs. Under the electric field

of 160 kV cm−1 we measured a temperature span of 13 K [32]. This is to date the highest

temperature span measured in an EC cooler. During the same year, Qibing Pei et al. [73] re-

ported in Nature Energy, on a solid EC cooler using the cascading system. Their EC cooler

used 0.1-mm-thick polymer multilayer to reach a temperature span of 8.2 K. In comparison

to the EC device reported in [32], Qibing Pei’s cascading cooler opens avenues to small and

lightweight EC devices [74].
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2.4 Thermodynamic of electrocaloric effect

The ECE and caloric effect in general can be described using well-known thermodynamics

concepts. In this section we will define the EC quantities (∆Tadiab or ∆S or Q) and study

their influence to temperature and field.

Let’s consider a dielectric material under the influence of an electric field E with the

conjugate electrical displacement variable D . The Gibbs energy G of the materials can be

written as a function of the internal energy U , temperature T , entropy S, electric field E and

displacement D:

G = U − T S − ED (2.1)

The differential form of G writes:

dG = −S dT −DdE (2.2)

Note that in most EC materials the electrical displacement D is proportional to the polar-

ization P (D ≈ P ). Equation (2.2) implies:

S = −
(∂G
∂T

)
P

(2.3)

P = −
(∂G
∂E

)
T

(2.4)

As G is a state function i.e independent of the path, one can write by symmetry of the

second derivatives the following expression:

∂

∂E

(∂G
∂T

)
P
=

∂

∂T

(∂G
∂E

)
T

(2.5)

Equations (2.3), (2.4) and (2.5) yields one of the Maxwell relations:
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( ∂S
∂E

)
T
=
(∂P
∂T

)
E

(2.6)

Equation (2.6) is one of the most important EC Maxwell relations as it describes the

change of entropy of the EC system with respect to the change of electric field as being

equal to the change of polarization with respect to changes in temperature.

The total differential entropy change dS of the EC system can be written as a function of

specific heat capacity Cp = T
(
∂S
∂T

)
E

and
(

∂S
∂E

)
T

as follows:

dS =
(∂S
∂T

)
E
dT +

( ∂S
∂E

)
T
dE

dS =
Cp

T
dT +

( ∂S
∂E

)
T
dE (2.7)

• Under isothermal conditions, dT = 0 and equation (2.7) becomes :

dS =
( ∂S
∂E

)
T
dE (2.8)

Therefore, we obtain the isothermal field-driven entropy change ∆S from (2.7) and

(2.11).

∆S = ∆S (0 → E) =

∫ E

0

(∂P
∂T

)
E
dE (2.9)

We deduce the isothermal heat Q:

Q = T ∆S = T

∫ E

0

(∂P
∂T

)
E
dE (2.10)

• Under adiabatic conditions i.e dS = 0, equation (2.7) becomes :

0 =
Cp

T
dT +

( ∂S
∂E

)
T
dE (2.11)
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Hence, the adiabatic temperature change ∆Tadiab induced by the application of an

electric field.

∆Tadiab = ∆Tadiab (0 → E) = −
∫ E

0

T

Cp

(∂P
∂T

)
E
dE (2.12)

The three EC parameters ∆Tadiab, ∆S and Q can be interconverted using the traditional

interconversion relation (2.13) [17, 25]. In this equation, one has to be careful of the value

of Cp which is not often taken as field or temperature dependent. An effective value of

Cp is often chosen as the constant baseline value of the Cp measurements as function of

temperature.

|Q| = |Cp∆Tadiab| = |T ∆S| (2.13)

It is clear from equations (2.9), (2.10), (2.12) that the magnitude of the ECE is depen-

dent on the magnitude of
(
∂P
∂T

)
E

. In other words the ECE is the highest where the change

of polarization with respect to changes in temperature at a constant electric field is the high-

est. However,
(
∂P
∂T

)
E

is different from one type of phase transitions to another and varies

with temperature. As already mentioned in the introduction chapter, ferroic materials exhibit

phase changes (changes in order parameter or symmetry breaking) under the influence of

temperature or electric field. The order parameter vanishes to zero after the transition as

displayed in Figure 2.3. The phase transitions are categorized in two types: the first-order

phase transition and the second-order phase transition. The first-order transition is defined

by a discontinuous jump in the order parameter at Tc (red curve in Figure 2.3). Moreover, it

is associated with latent heat and sharps peaks in the specific heat capacity measurements

[75]. However, in second order transitions materials, the order parameter changes smoothly

(in a continuous manner) from one phase to the other (green curve in 2.3).

From Figure 2.3,
(
∂P
∂T

)
E

is predominant at Tc and higher in first-order transitions ma-

terials. Therefore, the ECE is expected from equation (2.9) to be dominant in materials
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Figure 2.3: Phase order transitions. Order parameter versus temperature for first (red
curve) and second order (green curve) transition materials.

exhibiting sharp phase transitions. Besides, from (2.12) we can deduce that materials with

low specific heat capacity will show high ∆Tadiab.

In practice, from PE loops collected experimentally at different temperatures, one will

construct the temperature dependence of the polarization (isothermal PT curves) and fit

them with a polynomial to deduce the derivative of the polarization with respect to temper-

ature. The EC properties ∆Tadiab or ∆S or Q are therefore deduced from integration over

electric fields using the equations 2.12, 2.9 and 2.10. This approach is known as the ”indi-

rect method” [15, 17]. The PE loops should be collected in thermodynamic equilibrium as

a single valued function of temperature and field. This is achievable in continuous (second-

order) phase transitions whilst it is challenging for first-order transitions materials due to the

discontinuity in transition. The use of the Maxwell relations for first-order transitions materi-

als is subject to arguments in the community [76–78].

An indirect alternative to estimate the EC performance of first-order transition materials

is the Clausius-Clapeyron equation. This approach is only valid for such transitions (dis-

continuous) and is suggested as a more reliable way to determine the isothermal entropy
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change due to the phase transition [79].

Let’s consider the Gibbs free energy G of a first-order transition material that exhibits

transition from a low temperature phase B to a high temperature phase A with a coexistence

of the two phases (critical point) at constant temperature and electric field. The differential

change of the Gibbs energy dG of each phases can be written as:

dGA = −SA dT − PA dE

dGB = −SB dT − PB dE

At the coexistence phase, in order to guarantee stability, the Gibbs energy should be the

same in both phases i.e GA = GB (Figure 2.4). In case of transition from phase A to B by

infinitesimal change in temperature T or electric field E from state 1 to state 2 in Figure 2.4,

the mixed system moves along the coexistence line in the phase diagram (Figure 2.4).

Therefore,

dGA = dGB

−SA dT − PA dE = −SB dT − PB dE

The Clausius-Clapeyron equation writes:

dT0

dE
= −∆P0

∆S0
(2.14)

The subscript 0 refers to the transition. Equation (2.14) is nominally equivalent to the

Maxwell equations and enables the estimation of the transition entropy change ∆S0 of first-

order transitions materials from the inverse of the electric dependence of the transition tem-

perature dE
dT0

and the polarization jump at the transition ∆P0.
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Figure 2.4: Temperature-Electric field diagram. This figure describes the TE of the phase
transition of a first-order transition materials from lower temperature phase B to higher tem-
perature phase A diagram B with infinitesimal change in temperature T or electric field E
from state 1 to state 2. The full black line is the coexistence line where both phases have
the same Gibbs energy G. This figure was adapted from [80].

2.5 Materials Efficiency

When it comes to replacing the existing cooling technology, energy efficiency remains one of

the key factor. Amongst the EC articles (Figure 2.1) published since 1960, around twenty of

them report on EC coolers. The remaining articles are centered on the EC performance of

EC materials. Surprisingly, very few articles report on energy efficiency [30, 33–35, 81, 82].

Most of the studies on ECE, have been focused on looking for EC materials with high thermal

changes (∆Tadiab or ∆S or Q). However the work done to drive reversible thermal changes

in these materials has barely been studied. In 2013, Defay et al. [33] firstly introduced

the EC efficiency as a figure of merit to measure the efficiency of the ECE. This figure of

merit denoted by ηmat or η, is a dimensionless quantity. It is intrinsic to the material and

doesn’t depend on parameters (temperature span, cooling power, etc) of a cooling device.

For simplicity, we are going to refer to the materials efficiency as ηmat. It is defined as the
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absolute value of the ratio of reversible EC heat Q to reversible electrical work We under

isothermal conditions. ηmat writes:

ηmat = |Q/We| (2.15)

ηmat remains positive for an EC material that releases heat (Q < 0) when electrically

charged (We > 0) or absorbs heat (Q > 0) when electrically discharged (We < 0) [33]. An

energy efficient material will exchange more EC heat than the work required to drive this

heat. This is possible around the material’s transition temperature where more heat (latent

heat for instance in case of first-order transition material) is available than the work energy.

Hence, ηmat is a value usually greater than unity. The materials efficiency ηmat should not

be confused with the scaled efficiency or second-law efficiency. The latter will be refer to as

η . It is defined as the ratio of the device’s COP to the Carnot COP.

η = |COP/COPCarnot| (2.16)

In contrast to ηmat, the scaled efficiency η depends on the device parameters and is

maximized at 1. ηmat was thought as a tool to compare different caloric materials in terms

of their intrinsic efficiency for similar values of |Q|.

ηmat was firstly used in [33] to compare the EC efficiency of the EC films of ceramic

PZT and polymer P(VDF-TrFE) (55/45 mol%). Using the integration method i.e from the

integration of the isothermal DE (displacement versus electric field) loops of both materials

collected respectively from [28] and [56], the authors calculated the volume normalized |Q|

and the volume normalized |We| at the maximum electric field applied. For nearly similar

values of |Q| per volume in both materials (31.4 J cm−3 in PZT and 37.6 J cm−3 in P(VDF-

TrFE)), they obtained ηmat of 3.0 and 7.3 in respectively PZT and P(VDF-TrFE). Therefore,

showing that EC polymer P(VDF-TrFE) requires 2.4 times less electrical work energy than

the ceramic film PZT to exchange the same amount of EC heat per volume at their re-

spective Tc (Curie temperature). Moreover, using a different approach (Landau mathod)
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that considers the sample interior in contrast to the integration method, the authors showed

that the ceramic film (2.8) is nearly as efficient as the polymer film (3.9). In fact the Lan-

dau method indicates that the films comprise a strained interior (present in FE thin films

[83]) between the non-EC edge layers. The intrinsic efficiency of ceramic BTO MLC and

0.93PbMg2/3Nb1/3O3-0.07PbTiO3 (PMN-PT) films was also measured indirectly (integration

method). The authors revealed an efficiency of 3.0 and 5.6 in respectively BTO MLC and

PMN-PT films at their respective Tc.

Two years later, Moya et al. and Crossley et al. generalized the concept of materials

efficiency to all the caloric materials. A shown in Figure 2.5, they compared the materials

efficiency of MC, eC, EC and BC materials for the same volume normalized heat exchanged

|Q|. In their work, for the case of MC and EC materials, the authors mentioned the fact

that the work done to drive respectively MCE and ECE could be triggered mechanically or

electrically. Based on V. Heine formalism’s [84], it is demonstrated that is more efficient to

drive MCE mechanically (dark blue bubble in Figure 2.5) and ECE electrically (dark green

bubble in Figure 2.5).

From isothermal measurements (at Tc) of order-parameter versus field applied curves

approximated as a singled value function (with no hysteresis ideally) the volume normalized

isothermal heat |Q| and volume normalized isothermal work |W | were calculated using the

indirect approach describes in Section 2.4. The expressions of |Q| and |W | are summarized

in Table 2.1. We distinguish between |Wm| the work done mechanically and |We| the work

done electrically.

The MC efficiency analog to the EC efficiency is the ratio of the reversible isothermal

heat to the reversible work done to (de)magnetize the material. Work is done mechanically

to generate a magnetic field in a MC sample by relative motion of the sample with respect

to the permanent magnet [34]. Electrically, this work is generated by running charges in a

solenoid attached around a MC sample. From data of magnetization M as a function of
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Figure 2.5: Materials Efficiency of caloric materials. Comparison of the materials ef-
ficiency ηmat of different caloric materials for similar heat |Q|. The blue bubble are MC
materials driven mechanically with permanent magnet at 2 Tesla. The two dark blue bubbles
are the MC materials driven electrically with solenoid at 2 Tesla and 5 Tesla. The dark green
bubbles refers to the EC materials driven electrically and the light green bubbles are the EC
materials using energy recovery. Finally, the grey and red bubbles are respectively the BC
and eC materials. This figure was adapted from [35].

magnetic field H at isothermal temperature, Moya et al. calculated the MC efficiency of sev-

eral MC materials. The MC samples were driven at 2T and 5T. As a result (Figure 2.5), it

was shown that MC materials are an order of magnitude more energy efficient when driven

mechanically than electrically. This difference is explained by the fact that it costs more en-

ergy to create the applied magnetic field in a solenoid that is already present in permanent

magnets. Besides, it was observed that the MC efficiency decreases with the increasing
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Table 2.1: Isothermal heat and Work of caloric materials. The isothermal heat |Q| is
obtained from the Maxwell relations (equation 2.10). Wm and We are respectively the me-
chanical and electrical work. B is the magnetic flux density. E, H, σ and p are respectively
the electric field, magnetic field, uniaxial stress and pressure with their respective order
parameter P (polarization), M (magnetization), ε(strain) and V (volume).

Calorics Isothermal heat Q Mechanical work Wm Electrical work We

Magnetocalorics
∫ H
0 T

(
∂M
∂T

)
H
dH

∫ H
0 −µ0M dH

∫ H
0 H dB

Electrocalorics
∫ E
0 T

(
∂P
∂T

)
E
dE

∫ P
0 E dP

∫ P
0 −P dE

Elastocalorics
∫ σ
0 T

(
∂ε
∂T

)
σ
dσ

∫ ε
0 σ dε

Barocalorics
∫ p
0 T
(
∂V
∂T

)
p
dp

∫ V
0 −p dV

magnetic field due to the saturation of the MCE. In fact, |Q| saturates very fast especially

above the field required to drive completely the material’s transition. Prototypical materials

such as Gadolinium (Gd) and Gd5Si2Ge2 have a materials efficiency of 12.6 and 27.2 re-

spectively at their Tc (294 K for Gd and 276 K for Gd5Si2Ge2) when driven mechanically at

2 T.

In terms of energy efficiency, EC materials are interesting as it is much easier to gen-

erate electrical field than magnetic field or mechanical stress. The EC efficiency has been

characterized so far in thin films materials. The work done to drive work in a polarizable

material can be done either electrically by varying the charge on the EC capacitor plates

or mechanically by relative motion of the sample using unscreened fixed charges that are

on the capacitor plates (in vacuum to avoid breakdown with air). The latter is less energy
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efficient and induces values of ηmat that are smaller than 1 [34]. The electric field created

from mechanical work is associated with screening leading to large variations in the electric

field, therefore high values of mechanical work. It is worth it noting that, if the work done

to drive ECE or MCE is done electrically, more work must be done to generate magnetic

or electric field through flow of charges [34]. However this additional work is not taken into

account in the materials efficiency calculation. In comparison to MC materials, EC materials

driven electrically (dark green bubble in Figure 2.5) are as efficient as MC driven electrically.

However, by artificially (via simple circuitry) recovering the electrical energy used to drive EC

effects, one can enhance the ηmat of EC materials by a factor of five. Thereby, positioning

EC materials by means of energy recovery (light green in Figure 2.5) as efficient as the MC

driven mechanically with permanent magnets (dark blue in Figure 2.5).

Finally, the materials efficiency of eC and BC materials were carried out respectively

from uniaxial stress–strain and pressure-volume data. Crossley et al. [35] showed that BC

materials such as Ni49.26Mn36.08In14.66 (ηmat =211) are as efficient as the most energy effi-

cient materials (MC driven by permanent magnets). However, eC materials (red bubble in

Figure 2.5) present a lower efficiency than BC, MC and EC materials. In the prototypical

eC material nickel titanium (NiTi), ηmat of 5.3 was obtained at the eC heat exchanged of

60.4 J cm−3 [34]. Higher values of intrinsic efficiency of NiTi wires are reported in the eC

literature [85–87]. In fact, a similar figure of merit called COPmat [16, 88–91] is used in the

eC community to quantity the intrinsic efficiency of eC materials. The main difference be-

tween COPmat and ηmat is the way the work is calculated. As shown in Figure 2.6, in the

COPmat calculation, the work corresponds to the interior of the loop (non recoverable work -

red area in Figure 2.6) whereas for ηmat, the work corresponds to more than the hysteresis

loop (green + red area in Figure 2.6).
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Figure 2.6: Materials efficiency in elastoCaloric materials. This figure shows the Stress-
Strain loop of an eC material. Q is the heat absorbed or released. The red area corresponds
to the non-recoverable work. This red area is used for the calculation of COPmat. However,
the work W (red area + green area) is the work considered for the calculation of ηmat.

In this dissertation, in order to obtain the materials efficiency of EC materials, we will

calculate their isothermal heat Q from direct measurements of adiabatic temperature change

and specific heat using the equation 2.13. Direct measurements of isothermal heat will be

also done for comparison. Voltage (U ) versus time (t) data of the charge/discharge of the

capacitor at constant current I , will be collected directly to calculate the electric work using

the equation (2.17).

We = I

∫ t

0
U(t) dt (2.17)



Chapter 3

Experimental Methods

The purpose of this chapter is to present the various experimental methods and tools used

to quantify the materials efficiency ηmat of EC materials and, characterize their thermal,

structural and electrical properties. ηmat is obtained by determining the electrocaloric (EC)

heat exchanged Q and the electrical work We required to drive this heat. Q defined as

mCp∆Tadiab was determined by direct characterization of ∆Tadiab and Cp. We was extracted

directly using a dedicated experimental setup. In the following sections, we will describe:

• the EC setup used to determine the adiabatic temperature change in EC materials

and extract the electrical work. This setup includes mainly an IR camera to collect

∆Tadiab and a dedicated setup to collect We.

• the calorimeter utilized for direct measurements of the isothermal entropy change

∆S, specific heat Cp, and EC heat Q induced by changes in temperature.

• the customized calorimeter under electric field used to quantify directly isothermal

Q, isothermal ∆S and quasi-directly Cp, Q and ∆S.

• the X-Ray Diffraction (XRD) and Scanning Electron Microscope (SEM) methods to

determine the material’s structure.

• the impedance spectrometer used for the characterization of dielectric permittivity

• the electrical techniques used to obtain Polarization-Electric (PE) loops

26
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3.1 EC setup

In this section, we will describe the setup and the process followed to extract both ∆Tadiab

and electrical work We needed to drive the ECE in EC materials. In order to calculate the

materials efficiency, ∆Tadiab and We were collected at different starting temperatures Ts and

electric field E applied adiabatically.

Figure 3.1 describes the setup utilized for EC characterization. The linkam stage T95

(temperature stage) is used to control the Ts of the EC sample investigated. This stage can

heat up to 573 K and cool the sample down to 253 K using liquid nitrogen. The top and bot-

tom surfaces of the sample are electroded with silver paste. The same silver paste is used

as a paste to glue one extremity of the thin wires on both surfaces. The other extremity is

connected to a power supply Keithley 2410 for the application of the electric field. As shown

in Figure 3.1 a very thin layer of Kapton tape is placed on the linkam stage for electrical

insulation. The electroded EC sample is placed on thermal grease that lays between the

sample and the Kapton tape to facilitate heat transfer. An IR camera described in the follow-

ing subsection is utilized to collect the temperature values of the EC sample as a function of

time.

As displayed in Figure 3.1 three instruments: Linkam stage, IR camera, and Keithley

2410 are controlled by a computer. For fast and multiple acquisitions, a Python code was

built to sequentially trigger each instrument and collect simultaneously data of ∆Tadiab and

We. At a given electric field and Ts, three consecutive EC cycles were done to verify the

reproducibility of our measurements. For a given electric field, EC measurements were

collected at different Ts after moving to the next electric field. Preferentially, the EC mea-

surements are taken from low to high values of electric field to avoid breaking the sample.

The sample is first cooled down to 283 K and heated to the desired starting temperature Ts.

The EC measurements go as follows:

1. The sample is at a given Ts, step 1 in Figure 3.2a.
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Figure 3.1: EC Setup. This figure describes the EC setup utilized to collect ∆Tadiab and
We. The IR camera, temperature stage, and power supply were used respectively to record
temperature changes in the EC material, control the starting temperature Ts of the EC mate-
rial, and apply/remove an electric field in the EC material. The three devices are connected
(dash lines) to a controller for fast data acquisition. Liquid nitrogen was used to reach tem-
peratures down to 253 K. The region of interest (ROI) of the sample visible by the IR camera
was black painted to increase its emissivity to 1.

2. The IR camera is activated to record a video

3. An electric field is then applied adiabatically at constant current rather than constant

voltage because it is more efficient in terms of energy (demonstration in Section 3.1.2).

The adiabaticity is controlled by the current applied which depends on the sample stud-

ied. For each sample characterized, an adiabatic study is carried out to determine the

ideal current. The charging time of the capacitor has to be smaller than its relaxation
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time to guarantee adiabatic conditions. In the case of conventional ECE, the applica-

tion of an electric field leads to a positive jump in the temperature of the material (step

2 in Figure 3.2a). The ∆Tadiab on-field corresponds to the difference in temperature

between the peak in step 2 and Ts.

4. Subsequently, in step 3, the field is kept on and the material relaxes by exchanging

with the surroundings. By doing so, the material exchanges EC heat Q. Ideally, the

material decreases to the initial Ts without Joule heating.

5. Afterwards, the electric field is removed adiabatically to 0 kV cm−1 thereby a negative

temperature jump is observed. The ∆Tadiab off-field is the difference in temperature

between the peak in step 4 and the Ts.

6. Finally, the material relaxes and gets back to its initial Ts (step 5 in Figure 3.2).

7. From 3 to 6 the process is repeated two more times as shown in Figure 3.2a and the

video is stopped.

8. The sample is heated up to the next temperature and the process from 2 to 7 is re-

peated. The process is repeated at a different electric field.

It is worth it to mention that these measurements can be time-consuming exceptionally

when done manually. Some of the measurements shown in this dissertation were done

manually and others automatically i.e using a Python code to communicate with the three

devices. The automatic system done using Python was done with the help of Pierre Lheritier

a postdoc researcher in the our team.

As displayed in Figure 3.2b, simultaneously with the adiabatic temperature change mea-

surements, the data of charge of the capacitor and current were collected to calculate the

electric work as described in Section 3.1.2.
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Figure 3.2: Example of an EC cycle. a Temperature change of PST bulk ceramic at 26 °C
under the application/removal of 22 kV cm−1. This fields corresponds to 1100 V in 0.5 mm
thick sample. The black curve is the temperature change and the red curve is the voltage
applied/removed to get this temperature change. The blue numbers indicate the different
steps of an EC cycle. b Example of the charge of the PST capacitor (step 2 in Figure 3.2a)
as function of time. It was collected simultaneously with the adiabatic temperature change.
The black curve describes the charge to a given maximum voltage and the red curve, the
change in current as a function of time.

3.1.1 InfraRed (IR) imaging

IR imaging or thermometry was used in this dissertation to extract the temperature change

of EC materials due to the ECE. It permits accurate and fast measurements of ∆Tadiab both

temporally and spatially [29, 30, 63, 75, 81, 92–96] as opposed to contact-thermometry [87,

97–101]. Indeed, contact thermometry is a source of errors such as the thermal influence of

the sensor (thermocouple for instance) on the temperature of the sample or the heat loss in

the environment. A non-contact thermometry technique such as an IR camera detects and

measures heat (infrared energy) and subsequently converts it into an image that describes

the temperature surface of the object being measured [102]. It is worth it to stress that the

main advantage of an IR camera compare to a DSC or thermocouple is the possibility to

spatially directly image the EC response of an EC material. An IR camera possesses a lens

that directs the infrared radiations towards the sensor (detector) that contains thousands of

pixels. The pixels are responsible for the conversion of infrared energy into an electronic
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signal. From a calibration file, the IR signal is then converted to temperature and one can

obtain a colour map images describing the object’s temperature. The camera’s resolution is

given by the configuration of the pixels. The IR radiations are collected at a certain frequency

frame rate in a given integration time. This integration time corresponds to the amount of

time the camera is open and collects IR radiations. Evidently, the frequency frame rate is

limited by the integration time. In the case of long integration time, the sensor saturates

due to too many IR radiations and on the contrary, short integration time leads to small IR

radiations and less accuracy on the temperature.

The IR camera X6580sc from FLIR [92, 103] was used in this dissertation to measure

∆Tadiab by spatially and temporarily recording the temperature change of the EC material.

It has a digital InSb detector with a broadband spectral sensitivity of 1.5 to 5.1 µm. has a

thermal sensibility of 20 mK. This tool is suitable for adiabatic temperature as it enables fast

acquisition of heat at the frequency frame rate that lies between 100 and 2 kHz. For bulk

materials the frequency frame rate often used is between 100 and 200 Hz and in the case

of thin films where the heat is very fast lost in the substrate, the IR images are collected

between 1 and 2 kHz. We used here, the lens MW 50mm without an extension ring. It has

a spectral range comprised between 3.5 and 5µm. The software ResearchIR4 Software

from FLIR is used to analyze the data. It enables selecting the region of interest (ROI) in

the field of view for temperature acquisition. It averages the temperature values in the ROI

given by the pixels. A csv file containing the temperature values as a function of time can be

extracted. The thermal images have a thermal sensitivity of 20 mK and a spatial resolution

of a few micrometers.

To obtain accurate values of the temperature of EC materials being observed by the IR

camera, emissivity calibration has to be done. An IR camera is calibrated to see everything

like a black body i.e with an emissivity of 1. The emissivity of a body quantifies how effi-

ciently a body emits heat. Its values range from 0 to 1. In the case of a perfect mirror that

reflects all energy the emissivity is 0 and for a black body that absorbs and emits all energy,
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its emissivity is 1. The emissivity of material can be verified or calculated as follows.

The conservation of energy states:

1 = αλ,T,θ + ρλ,T,θ + τλ,T,θ (3.1)

For a given wavelength λ, temperature T and angle θ.

• α is the absorption energy

• ρ is the reflected energy

• τ is the transmitted energy

In the case of a black body which is a perfect emitter and absorber, the absorption energy

is equal to the emitted energy. Hence, αλ,T,θ = ελ,T,θ and equation (3.1) can be written as:

1 = ελ,T,θ + ρλ,T,θ + τλ,T,θ (3.2)

Here we consider an opaque body i.e that τλ,T,θ = 0. As shown in Figure 3.3, the

radiations received by the IR camera include three different contributions:

• the radiation sent by the target object with factor ε, which attenuated when passing

through the atmosphere before reaching the IR camera

• the radiation coming from the surroundings and then reflected onto the object’s surface

towards the camera with a factor ρ = 1− ε.

• the atmosphere radiation’s which emits with the factor 1− τ

Therefore, the total radiation received by the IR camera is defined as:

Wmeasured = τ ε Wobject + τ (1− ε)Wenvir + (1− τ)Watmos (3.3)
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Figure 3.3: Radiations received by an IR Camera. The IR camera received radiations
from the body being observed (Wobj), the atmosphere (Watmos) and from the environment
(Wenvir).

τ can be considered equal to 1 as the distance between the IR camera and the object is

smaller than 3 m in our measurements. Hence equation (3.3) becomes:

Wmeasured = τ ε Wobject + (1− ε)Wenvir (3.4)

We deduce the emissivity:

ε =
Wmeasured −Wenvir

Wobj −Wenvir
(3.5)

In the case of a black body, Wmeasured = Wobj as all the radiations are emitted to the

camera. The emissivity can be calculated by knowing the real temperature or counts of

the object, the temperature or counts of the object measured by the IR camera, and finally

the temperature or counts of the surroundings. The radiance W is proportional to σT 4 as
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defined by Stefan-Boltzman [102]. Then equation (3.5) can be written as :

ε =



countsmeasured − countsenvir
countsobj − countsenvir

or

T 4
measured − T 4

envir

T 4
obj − T 4

envir

One way to determine the environment’s temperature is to measure with the IR Camera the

temperature of a wrinkled aluminum foil which will reflect the surroundings into the camera.

It is worth it to mention that from the material’s and environment’s temperatures, the

emissivity calculation can also be done directly using the ResearchIR4 Software.

In this dissertation, the surface of the EC materials observed with an IR camera was

coated in black using Colorjelt Noir Mat [104] to improve their emissivity. An emissivity of

0.99 was calculated on this black coating using the equation (3.5). This is very close to the

emissivity of a black body required to get accurate values of temperature.

3.1.2 Electrical Work extraction

A dedicated electrical setup was built to determine the electrical work energy We used to

charge the capacitor. The EC capacitors are charged at a constant current up to a target

voltage. A code script written in Python that communicates with the power supply (Keithley

2410) was used to collect the voltage U and current I0 as a function of time t. We is defined

as I0
∫
U(t)dt. The main challenge here is to choose the current high enough to guarantee

the adiabaticity of the measurements and small (not too fast) to acquire voltage and current

as a function of time with enough number of points.
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3.2 Calorimetric measurements

Invented in the middle of the 18th century, calorimetry is a famous technique used to mea-

sure heat. The word ”latent heat” was firstly given by Joseph Black between 1757 and 1764,

after carrying measurements on the fusion heat of ice and the vaporization heat of water

[105, 106]. However, his work wasn’t published. Thirty years later, the French scientists

Laplace and Lavoisier reported on the first calorimeter; an ice calorimeter that could inac-

curately measure the heat of fusion. After his work in 1840 on the inter-convertibility of

different forms of energy (mechanical, electrical, and heat), James Joule initiated the elec-

tric calibration of calorimeters [107, 108]. This was an important discovery in the field of

calorimetry as he was one of the first to define latent heat as a form of energy and not of

matter. Consequently, the calorimetric unit ”caloric” was changed to ”Joule” which, is still

today the international unit of energy. Since then, several modern calorimeters have been

created and are widely used to measure heat, specific heat capacity, transition tempera-

tures, and also determine crystallinity and purity of substances.

As part of this work, we will use a Differential Scanning Calorimeter (DSC) to measure

the EC heat Q absorbed or released by an EC material. From the calorimetric measure-

ments of heat flux against temperature, time, and electric field, we can deduce different

caloric properties such as specific heat capacity, transition temperature, entropy change,

latent heat, and can construct the entropy curves of EC materials.

In this section, we describe the DSC principle and the tool utilized. We will explain how

the different caloric properties are obtained. Moreover, we will show the customized DSC

used for isofield (constant electric field) and isothermal (constant temperature) calorimetric

measurements under an electric field.
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3.2.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a technique that uses a Differential Scanning

Calorimeter (DSC) as an instrument to measure the change of the difference in heat flow

rate to the sample and to a reference sample while subjected to a controlled temperature

program. This definition was paraphrased from G.W.H. Hohne’s [109] definition of DSC. This

difference in heat flow occurs when the sample absorbs or releases heat i.e when the sam-

ple undergoes a thermal reaction such as phase transition, melting crystallization, chemical

reaction, etc. The direct and primary measurement of a DSC measurement is the tempera-

ture difference between the sample and the reference. Heat flows only if there is a difference

in temperature between the sample and the reference sample and their surroundings due to

a sample transition. Therefore, a change in heat flow rate difference implies a temperature

change. This is a mark by the appearance of a peak as shown in the heat flow rate mea-

surement in Figure 3.4.

DSC enables fast and accurate measurements of samples in the mg range. One main

feature of this differential technique, is its twin-type design as both the measuring system

of the sample and reference sample are built identically. Both samples (preferentially of

the same kind) are heated symmetrically. If the system is in steady-state equilibrium the

temperature difference between both samples is zero. However, in the case of transition, a

differential signal is generated. As shown in Figure 3.5 we distinguish two types of DSC: the

power-compensation DSC and the heat-flux DSC [109–111].

In the power-compensation DSC, the sample and the reference sample are placed in two

separate and identical furnaces. Separate heating elements are used to control the temper-

ature of each furnace. Both furnaces are heated symmetrically. Separate thermocouples

placed underneath the sample holders are used to measure the temperature of both sam-

ples. In the case of phase transition, power is supplied or removed from the sample furnace

to compensate for the difference in temperature between the sample and reference sample,

thereby maintaining thermal equilibrium. The power is proportional to the energy flow to and
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Figure 3.4: Heat flow rate dQ
dt measured. This figure describes the heat flow rate of a

ceramic sample measured as a function of temperature T . The sample presents a first-order
transition described by the peak observed in the DSC measurement. The measurement was
taken at a heating rate of 10 K min−1 using our DSC setup.

Figure 3.5: Different types of Differential Scanning Calorimeters (DSCs). S and R rep-
resent respectively the sample and the reference sample. a Power-compensated DSC. b
Heat-flux DSC. This figure was adapted from [110].
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from the sample. In the heat-flux DSC, the sample and reference sample are placed in a

single furnace and are heated by thermal resistance through a well-defined heat conduction

path. Thermocouples placed at the bottom of the sample holders measure the temperature

difference. In the case of phase transition, an electric signal is generated. The heat flow is

proportional to the temperature difference following thermal Ohm’s Law. In this dissertation,

we will mainly focus on the heat flux DSC which is the type of DSC we used here.

Let’s consider the calorimeter in Figure 3.6. The sample S and the reference sample R

are heated identically by heaters. We consider that there is no temperature gradient inside

the sample. Using a control program, the temperature T of the calorimeter is changed. Here,

the temperature scanning is done at a constant heating or cooling rate i.e linearly with time.

Note that no external stimuli such as electric field are applied here. DSC under electric field

will be presented in the following subsections. T can be written as:

T (t) = Ti + αt (3.6)

with Ti the initial temperature of the furnace, α = dT
dt the heating or cooling rate, and t

the time.

The measured heat flow rate dQ
dt is expressed as:

dQ

dt
=

dQi

dt
+

dQCp

dt
+

dQ0

dt
(3.7)

• dQi

dt represents the heat flow rate from the unavoidable asymmetry of the DSC. This is

often minimized. This is included in the baseline of the dQ
dt in Figure 3.4.

•
dQCp

dt is the heat flow rate caused by the difference in heat capacity between the sample

and the reference sample. Similarly to dQi

dt , this term is included in the baseline of the

heat flow rate measured.
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Figure 3.6: Sketch of a calorimeter. S and R represent respectively the sample and the
reference sample. Rs is the resistance between the sample and calorimeter and Rr the
resistance between the reference and the calorimeter.

• dQ0

dt stems from the transition (latent heat in case of first-order transition material) oc-

curring in the sample. This last term represent the peak of dQ
dt in Figure 3.4.

Following Ohm’s Law, the heat flow is defined as:

dQ

dt
=

∆T

R
(3.8)

with the R the thermal resistance and ∆T the temperature difference between the sam-

ple and the calorimeter.

Now, let’s supposed that the sample undergoes a thermal reaction such as transition

therefore, the temperature difference ∆T between sample and reference will be non-zero.

This will induce a heat flow of transition dQ0

dt in the sample. From the equation (3.7), we write

the heat flow between the sample and the calorimeter as follows [112, 113]:

dQ0

dt
= CS

dTS

dt
+

TS − T

RS
(3.9)

And the heat flow between the reference and calorimeter reads:
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0 = CR
dTR

dt
+

TR − T

RR
(3.10)

CR and CS are the heat capacities of respectively the reference sample and the sample.

RR and RS are the thermal resistances of the reference sample and the sample respectively.

As both samples are heated identically at the same heating or cooling rate, we consider they

have the same resistance R = RR = RS and both samples are heated or cooled at the same

rate dTR
dt = dTS

dt = dT
dt . The temperature difference between the sample and the reference

sample is then obtained by subtracting equations (3.9) and (3.10). The subtraction yields:

dQ0

dt
= (CS − CR)

dT

dt
+

TS − TR

R
(3.11)

From equation (3.8) and (3.11), ∆T is then expressed as:

∆T = T (t)S − T (t)R = R

(
dQ0

dt
+ (CS − CR)

dT

dt

)
(3.12)

In the case where TS > TR the peak observed is endothermic and for TS < TR the peak

is exothermic.

The electric output Y provided to compensate for the temperature difference is propor-

tional to ∆T . Then Y reads:

Y = B∆T

Y = S

(
dQ0

dt
+ (CS − CR)

dT

dt

)
(3.13)

With S = BR the sensitivity of the DSC and B is the proportional factor. By calibration,

the electric output is converted into heat flow dQ
dt , which we measured. Therefore,

dQ

dt
=

Y

S
=

dQ0

dt
+ (CS − CR)

dT

dt

The heat flow measurements presented in this dissertation are written as dQ
dT . This done
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by dividing dQ
dt by the heating or cooling rate dT

dt . Hence,

dQ

dT
=

dQ

dt

dt

dT
=

dQ0

dT
+ (CS − CR) (3.14)

3.2.2 Our DSC setup

In this section we will describe the DSC setup used in this dissertation for heat flow measure-

ment, heat capacities, latent heat and entropy change of EC materials without an electric

field.

Figure 3.7 shows a sketch of our DSC setup utilized for zero-field calorimetric measure-

ments. It includes a commercial DSC (DSC3) from METTLER TOLEDO, a CO2 intracooler

to cool down to -35 °C, and a computer to control the DSC. The DSC is a silver furnace that

contains the sample and the reference holders. Each of them lays on a DSC sensor FRS

5+ presented in Figure 3.8. The sample’s and reference’s DSC sensors are identical. These

sensors are made of 56 thermocouples that will measure the temperature of the sample and

reference sample. The samples are heated with flat heaters (in red in Figure 3.7) placed on

the sample and reference side. A thermocouple PT100 measures the temperature of the fur-

nace. A computer is used to set the DSC parameters and launch heat flow measurements.

A software STAR from Mettler Toledo was utilized to build the temperature program and an-

alyze the data generated. Indium was used by the supplier (Mettler Toledo) to calibrate the

DSC.

The furnace’s temperature is set at the temperature of the intracooler (-35 °C) and can

be increased to 500 °C. The temperature is regulated by heating the furnace to the desired

temperature. Choosing the appropriate heating/cooling rates is crucial for heat flow mea-

surements. One wants to run fast measurements while being able to observe precisely the

material’s features. The heating/cooling rate depends on the mass of the sample. The big-

ger the sample, the slower the heating/cooling rate, and the smaller the sample, the faster

the heating/cooling rate. For a certain mass of material, its transition temperature can get
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Figure 3.7: Sketch of our DSC setup.

shifted depending on the heating/cooling rate chosen. It is worth it mentioning that very slow

measurements are good to get precise transitions in a material. However, this comes along

with noises in the DSC signal. Heating rates of 5 K min−1 and 10 K min−1 were used in this

dissertation for heat flow measurements.

DSC measurements are limited by the mass of the sample. To be able to measure ac-

curate heat flow values, samples not bigger than 30 mg should be studied. Nevertheless,

it is as well important to have some quantity to be able to observe a DSC signal. On our

DSC, using the FRS5+ sensor, we were able to measure samples with masses in the range

of 0.08 mg to 30 mg. For masses smaller than 0.08 mg one will measure a signal of 2µW
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DSC furnaceDSC sensor

Reference 
side

56 

thermo-
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Figure 3.8: Our DSC3’s furnace. This figure describes the furnace of our DSC3 from
Mettler Toledo. It contains a ceramic DSC sensor FRS5+. 56 thermocouples are embedded
on each side (sample side and reference side) of the DSC sensor.

which corresponds to the background noise of the FSR5+ sensor used here. For smaller

masses, one should use a more sensitive sensor with lower background noise.

As part of this work, heat flow measurements were carried out on powder samples and

bulk ceramic samples. The powder was put in 40µL of Aluminium (Al) crucibles from Mettler

Toledo. The Al crucibles facilitate the heat exchange between the calorimeter and the sub-

stance. Identical crucibles of the same mass were used for the sample and reference. Air

was used as a reference sample for heat flow measurements as the reference’s crucible was

kept empty. The sample’s crucible was filled with the powder sample to study. Bulk ceramic

samples (mass smaller than 30 mg) were also characterized in this work. They were placed

directly in contact with the DSC sensor. This was possible as the temperature ranges inves-

tigated in this dissertation were between -10 °C and 250 °C therefore, no risk for the ceramic

samples to melt and consequently destroy the DSC sensor. The reference side was kept

empty
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Before any heat flow measurements, a cleaning program followed by a stabilization tem-

perature program must be launched in DSC (furnace empty). The cleaning program heats

the furnace from room temperature to 500 °C in order to burn any particles present in the

DSC. This is important as the particles might affect future heat flow measurements. The

stabilization program maintains the furnace’s temperature at room temperature for at least

20 min to stabilize the DSC signal. Following these two runs, a temperature program should

be created using the software STAR from Mettler Toledo. A temperature program includes

linear dynamic and isothermal changes in temperature with time. Note that a sinusoidal or

modulated temperature program can also be done. The modulated temperature change will

not be studied in this dissertation. It is worth it mentioning that an isothermal of at least 2 min

should be done between every dynamic to maintain the material’s initial temperature stable.

Following the temperature-programmed, heat flow measurements can be now carried out.

3.2.3 Latent heat and entropy change calculation

First-order transition materials are materialized by sharp peaks in the DSC heat flow mea-

surements. The latent heat corresponds to the area of the peak. It is the energy absorbed

(endothermic) or released (exothermic) by a first-order transition material to change its

phase. From the DSC heat flow measurements against temperature, one can determine

this latent heat. It represents the first term in the right part of the equation (3.14). To obtain

accurate values of latent heat Q0, a baseline is subtracted from the heat flow dQ
dT as it is

experimentally often displaced from zero. The baseline should follow dQ
dT before and after

the peak, where the dQ0

dT is zero. This enables separating CS −CR and asymmetrical contri-

butions of the DSC from the peak (latent heat). By integrating (trapezoid method) the heat

flow dQ
dT with the baseline value set at zero, one can determine the latent heat Q0 of transition

from one phase to another phase. Q0 is expressed in Joules per kilograms.

Q0 =

∫ Tb

Ta

dQ

dT
dT (3.15)
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Ta and Tb are the temperatures chosen respectively before and after the peak on heat-

ing. On cooling, Ta and Tb are chosen respectively after and before the peak.

In Figure 3.9, we show an example of heat flow measurement done on a first-order tran-

sition material on heating and cooling. Due to the first-order transition of the material sharp

peaks are observed in the heat flow scan. A baseline has been subtracted from the raw

data of heat flow. The latent heat represents the area (yellow on heating and orange on

cooling in Figure 3.9) under the peaks. The area under the peak is limited by well-defined

temperatures before and after the peak.

The entropy change of transition ∆S0 driven by temperature is determined using the

equation below:

∆S0 =

∫ Tb

Ta

1

T

dQ

dT
dT (3.16)

3.2.4 Specific heat capacity measurements

The specific heat capacity (Cp) is one of the most important thermodynamic quantities. Ex-

pressed in Joules per Kelvin per kilograms, Cp is defined as the amount of energy needed

to increase the temperature of 1 kg of material by 1 K. This quantity is important as it will

be used in this dissertation to calculate the EC heat Q (= m Cp ∆Tadiab). The specific heat

capacity was experimentally measured using a DSC. Among the different standardized mea-

surements used for the measurements of Cp, the three-step procedure is one of the most

accurate techniques [109, 114]. In this section, we describe this classical procedure utilized

in this dissertation to measure the specific heat capacity of different EC materials.

Suggested more than 30 years, the main idea of the three-step procedure technique

is to compare the heat flow of a material with the heat flow of a calibration sample with a

well-known Cp. In order to do so, this technique requires three measurements. Ideally, the

sample and calibration sample should have the same mass. Before the three measure-
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Figure 3.9: Latent heat measurement. An example of heat flow measurement dQ
dT of a

material that exhibits a first-order transition material described by sharp peaks on heating
(red curve) and cooling (blue curve). A baseline spline was removed from the raw data of
dQ
dT . The area under the peaks on cooling and heating is respectively the energy released
(orange area) and absorbed (yellow area) by the material. Th1 and Th2 are the temperature
chosen respectively before and after the heating peak.Tc1 and Tc2 bounds the cooling peak
and are chosen after and before the cooling peak.

ments, a temperature program that will be used for all three has to be defined. The three

measurements are:

1. The blank curve measurement is the heat flow measurement of the zero-line. This

corresponds to DSC measurement against the temperature/time of the empty furnace

i.e no samples on the sample and reference sides. If crucibles are being used, the

blank curve is done with two empty crucibles (one on the sample side and the other

on the reference side) of the same mass. It is important to first run the blank curve

measurement as it shows the asymmetry of the DSC which, has to be removed from
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the following measurements.

2. The heat flow measurement of the calibration sample is done against temperature/time.

This sample is placed on the sample side. The reference side stays empty. In the case

crucibles are being used, the calibration sample is put in the sample’s crucible and

the reference’s crucible is kept empty. Preferentially, the same crucibles utilized for the

blank curve measurement should be used here. The most common calibration sam-

ples used for Cp measurements are sapphire or copper. In this dissertation, sapphire

purchased from METLLER TOLEDO, was used for Cp measurements.

3. Heat flow measurement of the sample. The calibration sample is replaced by the

sample and the DSC measurement is done following the same temperature program

as in the two other measurements.

Figure 3.10 shows the three-step procedure carried out to determine the specific heat

capacity of a material on heating and cooling. The temperature program described in Figure

3.10c, consists of 5 steps.

1. an isothermal run of 5 min at -10 °C

2. dynamic heating at a heating rate of 5 K min−1 from -10 °C to 50 °C

3. a second isothermal run of 5 min at 50 °C

4. a dynamic cooling at 5 K min−1 from 50 °C to -10 °C

5. finally a last isothermal run of 5 min at -10 °C
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Following this temperature program (3.10c), a blank curve (Figure 3.10a), the heat flow

of the sample (red curve in Figure 3.10b), and the heat flow of calibration sample (black

curve in Figure 3.10b) were done against temperature/time.

Figure 3.10: Three-step procedure for specific heat capacity. An example of three-step
procedure carried out to determine the specific heat capacity of a sample. Here the mea-
surements were done a first-order transition material. Heat flow measurements of blank
curve (a), sample (red curve in b) and calibration sample (black curve in b) as a function of
time and temperature. c Temperature program used to the three measurements.

The specific heat capacity Cp is then calculated using the equation below:

CS =
HFS −HFblank

HFref −HFblank

mref

mS
Cref (3.17)
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with HF standing for the heat flow (dQdT ),

• HFS is the sample’s heat flow

• HFblank is the heat flow of the zero-line or blank curve

• HFref is the calibration sample’s heat flow

• Cref is the well-known specific heat capacity of the calibration sample.
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3.2.5 DSC under electric field

Heat flow measurements were carried out under electric field to determine different proper-

ties (latent heat, isothermal entropy change, entropy curves) of EC materials when driven by

an electric field. In this section we will describe the setup used to measure heat flow under

an electric field and the methods used to calculate these different thermal properties.

The DSC utilized for zero-field measurements in Figure 3.7 was customized for DSC

under electric field. As shown in Figure 3.11, a power supply Keithley 2410 was used to

control the field applied or removed. A perfectly flat sample should be used to guarantee a

good thermal contact between the sample and the DSC sensor. Thin layers of electrodes

(silver paste), were deposited on both surfaces of the sample (inset image in Figure 3.11).

The same silver paste was used to maintain the thin copper wires (red and black in Figure

3.11) on the top and bottom sides of the sample. It is worth mentioning that only the two

ends of the copper wires should be electrically conductive. One end is connected to the

sample and the other end to the power supply. The wires should be long enough as they

pass through the furnace lid to reach the power supply. Between these two ends the cable

should be insulated as the DSC contains several metallic parts. Kapton tape was placed in

direct contact with the DSC sensor for two reasons. Firstly, the kapton tape ensures a good

thermal contact and electrical insulation. Secondly, it protects the DSC sensor from any

contamination (silver paste for instance). Moreover, an empty ceramic crucible can be used

to improve further the thermal contact between the sample and the DSC sensor. It is put on

top of the sample. For symmetric reasons, the same kapton tape was put on the reference

sample side and an identical ceramic crucible was placed on the reference. Air was used

here as a reference for our measurements.

Two types of DSC measurements were done under an electric field in this manuscript:

isofield and isothermal measurements.
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Figure 3.11: DSC under electric field setup.

Isofield measurements

Isofield measurements consist of heat flow measurements at constant electric field when

sweeping in temperature. In other words, a constant electric field is kept in the sample

during the temperature program. These measurements enable quasi-direct measurements

of heat Q0, by integrating with respect to temperature T , the heat flow measurements dQ(T,E)
dT

at constant electric field E.

Q0(E) =

∫ Tb

Ta

dQ(T,E)

dT
dT (3.18)

Ta and Tb are the temperatures chosen respectively before and after the peak on heating.
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On cooling, Ta and Tb are chosen respectively after and before the peak.

From isofield measurements of the sample’s specific heat capacity Cp and heat flow

measurements dQ
dT , one can construct the S-T diagram of EC materials. This diagram corre-

sponds to the entropy curves S′(T,E) as a function of temperature at different electric field.

S′(T,E) is the entropy of the material referenced to the absolute entropy at Tref i.e that

S′(Tref , E) = 0. Tref is chosen far below the transition temperature. S′(T,E) is expressed

as:

S′(T,E) = S(T,E)− S(Tref , E) =



∫ T

Tref

Cp(T
′, E)

T ′ dT ′ for T ≤ Ta

S(Ta, E) +

∫ T

Ta

Cp(T
′, E)

T ′ dT ′ +
dQ(T ′, E)

T ′ dT ′ for Ta ≤ T ≤ Tb

S(Tb, E) +

∫ T

Tb

Cp(T
′, E)

T ′ dT ′ for T ≥ Tb

(3.19)

with Ta and Tb defining the temperatures bounding the transition peak.

As shown in Figure 3.12, the isothermal entropy change ∆Sisothermal is calculated by

subtracting the entropy curves S′ at a given electric field E with the entropy curve at zero

field. ∆S under the application of E writes:

∆Sisothermal(T,E) = S′(T,E)− S′(T, 0) (3.20)

The adiabatic temperature ∆Tadiab can be estimated by following the isentropic contours

of the S-T diagram as shown in Figure 1.1 and 3.12.
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In the case of materials presenting large thermal hysteresis, reversible ∆Tadiab and

∆Sisothermal should be determined from the heating S′(T,E = 0) and the cooling S′(T,E)

[66].

Figure 3.12: S-T diagram.

Isothermal measurements

Isothermal measurements are obtained by applying very slowing an electric field in the sam-

ple in order to maintain its temperature constant. An isothermal temperature program was

done using the STAR software from Mettler Toledo and the speed of the application of the

field is control by the current applied. The current is chosen slow enough for the tempera-

ture to be constant or quasi-constant. The heat Q is obtained by integrating the DSC signal
dQ
dt presented in Figure 3.13. The isothermal entropy is deduced by dividing the heat to the

temperature at which it occurs: ∆Sisothermal =
Q
T . From the baseline value of specific heat

capacity, one can deduce a value of ∆Tadiab using the equation: ∆Tadiab = Q/Cp.
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Figure 3.13: Isothermal heat flow measurements.

3.3 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is one of the most used techniques to characterize the crystallo-

graphic structure of a material. XRD is based on the irradiation of the crystalline sample

with incident X-rays. The interaction of the x-rays (electrons) with the crystal atoms leads to

a constructive interference observed by applying the following Bragg’s law [115–117].

2 d sinθ = n λ (3.21)

With d the spacing between the diffracting planes, θ the incident angle, n the diffraction

order integer, and λ the wavelength of the beam.

The diffractometers utilized in this dissertation use copper (Cu) Kalpha radiation λ =

1.54 Å. From a cathode ray tube, a beam of x-rays is generated and bombarded toward the

sample. These x-rays passed through the sample and are diffracted by the sample’s atoms.

Constructive interference occurs when the geometry of the incident x-rays satisfies equation

3.21. The diffracted x-rays are recorded and processed by a detector. Our configuration is

such a way that the sample rotates in front of the bombarded x-ray beam at an angle of θ

while the detector collects the diffracted x-rays at an angle of 2θ. The corresponding x-ray



3.4. SCANNING ELECTRON MICROSCOPY (SEM) 55

Figure 3.14: X-Ray Diffraction mechanism. d is the spacing between the diffracting planes
and θ represents the incident angle. This figure was adapted from [117].

signal is converted into counts. When θ matches λ following Bragg’s law, a peak appears.

The intensity of the peaks observed as a function of 2θ, describes the structure of the mate-

rial.

In this dissertation, we have used two diffractometers: PANalytical X’Pert Pro and Bruker

D8 Discover. The XRD measurements were often done on powdered samples to avoid any

preferential orientations.

3.4 Scanning Electron Microscopy (SEM)

A scanning electron microscope is one of the electron microscope techniques used to ob-

serve and analyze the surface (or just beneath) of a sample [118, 119]. As described in

Figure 3.15a, this is possible by scanning the sample’s surface with a focused beam of

high-energy electrons. When the incident beam of electrons enters the sample, various sig-

nals such as X-rays, backscattered electrons, Auger electrons, secondary electrons, and

cathodoluminescence are emitted from the specimen [120, 121]. A secondary electron
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detector is used to collect the secondary electrons emitted by the specimen. From the

secondary electron signal, a SEM image describing the sample surface is formed. In this

dissertation, SEM was used to visualize the structure of a multilayer capacitor as shown in

Figure 3.15b.

Figure 3.15: Scanning Electron Microscope a Basic mechanism of a SEM. This image
was adapted from [122]. b Example of a SEM image showing the structure of a multilayer
capacitor of lead scandium tantalate. From this image the different dimensions (length,
width, thickness) of the sample were calculated.

In this dissertation, we have used a Quanta 200 Field Emission Gun Scanning Electron

Microscope (FEG SEM) from Philips-FEI. It was used to collect structure images of the PST

MLC. The microscope is equipped with a Genesis XM 4i Energy Dispersive Spectrome-

ter (from EDAX) system for chemical analysis. From the backscattered electron detector,

pictures of the chemical composition of the observed sample result (composition mode).

The contrast of the picture is based on the convention that ”heavier” element areas (high

atomic number Z, for example, ZSn=50 compared to ZNa=11) are shown in light grey and

low atomic number elements in darker grey.
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3.5 Electrical characterization

Electrical measurements were carried out to evaluate the dielectric permittivity and the re-

sponse in polarization as a function of the electric field. In the following sections, we will

describe the principle of each technique and the tools utilized.

3.5.1 Dielectric permittivity

The impedance spectroscopy or dielectric spectroscopy is a tool used to study the dielectric

properties and electrical conductivity of a material when subjected to an electrical field at a

given frequency. It provides information on the relative permittivity or dielectric constant and

dielectric losses of a material as a function of temperature for instance. This will enable us

to determine the transition temperature of a material. The dielectric constant ε measures

the amount of energy from the external field applied that a material can store and tan δ mea-

sures how lossy a material is to an electric field.

Figure 3.16: Dielectric constant mechanism a RC parallel circuit b Complex permittivity
vector in a complex plane. ε′ is the real part, ε′′ is the imaginary part and δ is the angle
between the sum vector and the real part ε′. The tan δ represents the dielectric losses.

In an RC parallel circuit (Figure 3.16a) made of a capacitor (dielectric material between

two metallic plates) and resistance, the relative permittivity εr is a complex quantity defined

as follows:

εr = ε′ - i ε′′ (3.22)
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With i the imaginary unit, ε′ the real part which represents the dielectric constant, and ε′′

the imaginary part.

From the measurement of the capacitance C, one can obtain the dielectric constant ε′.

C is defined as the variation of charge Q to the variation of voltage V .

C =
∂Q

∂V

with Q = A.D, A the area of the capacitor, and D the electrical displacement. In the case of

dielectric materials, D = ε0E + P = ε0ε
′E. ε0 is the vacuum permittivity, P the polarization

proportional to ε′E. The electric field E can be written as the ratio of the voltage V to the

thickness of the capacitor e.

Therefore the capacitance is written as:

C = A ε0 ε
′ ∂E

∂V
=

Aε0ε
′

e
(3.23)

Hence the dielectric permittivity is:

ε′ =
e

A ε0
C (3.24)

The dielectric losses tan δ also called loss tangent is defined as the ratio of the imaginary

part of the permittivity to its real part. As shown in the Figure 3.16b the angle δ represents

the angle made by the vector sum (εr) and the real part of the complex permittivity.

tan δ =
ε′′

ε′
=

1

RCw
(3.25)

where ω is the angular frequency, R the resistance, and C the capacitance.

In this dissertation, we used a Novocontrol Concept 40 to measure the dielectric constant

of EC materials. These measurements were carried out as a function of temperature at a

frequency of 100 Hz. The temperature was controlled with a cryogenic probe. The dielec-
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tric constant measurement performed enables observing transition(s) in our EC materials,

thereby deducing the transition temperature.

3.5.2 Polarization – Electric field

The measurements of the ferroelectric hysteresis loop in EC capacitors have been carried

out using two methods. The historical Sawyer-Tower circuit and the modern tool aixACCT

TF Analyzer 2000. We will describe both techniques in the following.

Sawyer-Tower Circuit

Figure 3.17: Sawyer-Tower circuit

Named after his inventors in 1930, the Sawyer-Tower circuit is an electrical circuit that

enables the measurement of hysteresis loops of a ferroelectric material [123, 124]. This

circuit consists of two capacitors and a resistance mounted in series as shown in Figure

3.17. One of these capacitors is our FE capacitor made of a ferroelectric dielectric material

sandwiched with electrodes. The other capacitor is a linear reference capacitor with a well-

known capacitance C0. This capacitance C0 is chosen much greater than the capacitance
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CF of the FE material so that the voltage applied in the whole circuit is almost equal to the

voltage (VF ) across the FE material. In other words,

R ≪ Z0 ≪ ZF

with Z0 and ZF , respectively the impedance of the reference and FE capacitor.

The application of a voltage in the circuit induces polarization switching in the FE mate-

rial. This polarization P corresponds to the number of charges QF per surface A on the FE

capacitor. Therefore:

P = QF /A (3.26)

As the charges of both capacitors are identical (QF = Q0), one can write UF CF = U0C0.

This implies that:

U0 =
QF

C0

Therefore, the polarization loops are obtained by measuring the voltage across the ref-

erence capacitor as a function of the electric field E = UF
e with an oscilloscope for instance.

e is the thickness of the FE material.

In this dissertation, we used a homemade Sawyer-Tower to measure the change of po-

larization in bulk ceramic PST at a frequency of 18 Hz.

This technique suffers from the fatigue of the FE material as several cycles are launched

to get PE loops. Besides, due to the parasitic capacitances (cables for example), the

Sawyer-Tower circuit is less suitable for small capacitances. Hence, modern tools were

created such as aixACCT TF Analyzer 2000 which is based on the virtual-ground feedback

method.
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AixACCT TF Analyzer 2000

In this setup, a triangular bipolar voltage is applied to the sample and a switching current

due to the switching of polarization is measured. The corresponding charges are calculated

by integrating the switching current over time. Therefore polarization P is obtained using the

relation below:

P (t) =
1

A

∫
i(t)dt (3.27)

With A the surface of the capacitor. This technique offers almost no parasitic capaci-

tances and is much faster than a Sawyer-Tower.

This tool was used to measure PE loops in PST MLC. Tips were used to connect the two

terminals of the MLC. Using an amplifier different voltages up to 400 V were applied. The

measurements were done at the frequency of 100 Hz and in the temperature range from

283 K to 323 K.



Chapter 4

Giant electrocaloric efficiency of

highly ordered lead scandium

tantalate

4.1 Motivation

In the late 90s, Lead Scandium Tantalate PbSc1/2Ta1/2O3 – short form PST was found to

be a good candidate for thermal detectors [125] [126] and electrocaloric cooling/heating de-

vices [52]. Its strong pyroelectric response [127] [128] suggests large electrocaloric effect

(ECE) and its transition temperature around room temperature makes it interesting for ap-

plications [17] [6] [25]. The quest for high performant electrocaloric (EC) materials and EC

prototypes has recurred; hence, the increase of publications in the last five years on PST

for EC applications. However, its intrinsic or materials efficiency [34] [33] which plays a role

in the efficiency of the prototypes [24] remains overlooked. As detailed in Chapter 2, the

materials efficiency ηmat is the ratio of the EC heat Q exchanged by an EC material with its

surroundings to the electrical energy used to drive this heat.

62
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In this chapter, ηmat of a highly ordered PST, in the shape of bulk ceramic is studied. We

will first present in Section 4.2, a background on the perovskite material PST. Secondly, we

will study the structural, electrical, and thermal properties of the highly ordered bulk PST

in Subsection 4.3.2. Subsequently, the results on the ECE of this material obtained by in-

frared (IR) imaging and differential scanning calorimetry (DSC) under electric field will be

discussed in 4.3.3. We will then show in 4.3.5, the materials efficiency of PST bulk ceramic

calculated from the direct characterization of electrical work We and EC heat Q. Similarly,

we will calculate in 4.3.6, the materials efficiency of the benchmark magnetocaloric (MC)

material Gadolinium (Gd) using data collected from the Technical University of Denmark

(DTU). Finally, a comparison in terms of energy efficiency of the PST bulk ceramic to Gd will

be presented in 4.3.7.

The results shown in this chapter have led to the publication of my first authorship publi-

cation: Y. Nouchokgwe, P. Lheritier, C.-H. Hong, A. Torello, R. Faye, W. Jo, C. R. H. Bahl, and

E. Defay, “Giant electrocaloric materials energy efficiency in highly ordered lead scandium

tantalate”, Nature Communications 12, 3298 (2021). This work was done in collaboration

with the School of Materials Science and Engineering from the UNIST (Ulsan national insti-

tute of Science and Technology) in South Korea and the Department of Energy Conversion

and Storage of DTU in Denmark.
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4.2 Lead Scandium Tantalate - PST

Lead scandium tantalate is a ferroelectric (FE) material with a transition temperature T0

around room temperature, between 295 K and 300 K . It exhibits a first-order displacive tran-

sition, from a FE phase at lower temperature to a paraelectric (PE) phase at higher temper-

ature [52, 53, 55, 129–132]. PST has a perovskite structure ABO3 (Figure 4.1a). The A-site

cation is occupied by Lead (Pb2+) ions and the B-site cation is shared between Scandium

(Sc3+) and Tantalate (Ta5+) ions. The arrangement between Sc3+ and Ta5+ defines the B-

site ordering of the PST structure [133–136]. An ordered PST has a 1:1 ordering structure

where Sc3+ and Ta5+ alternate in adjacent B-site leading to a double unit cell as shown in

Figure 4.1b.

Figure 4.1: Perovskite structure of PbSc1/2Ta1/2O3. a A simple cubic perovskite unit cell.
b Perovskite crystallographic structure of ordered PbSc1/2Ta1/2O3. This image was adapted
from [137]. Here, the B-cation is share between two atoms (Sc and Ta) thereby doubling the
ABO3 unit cell. Sc and Ta alternate at the corners of the unit cell.

On the contrary, a random distribution of Sc3+ and Ta5+ gives a disordered PST [138].

The degree of ordering in PST can be detected in X-Rays Diffraction (XRD) patterns by the

presence of superlattice peaks (111) at 19-degree angle [52, 135, 138–140]. It is quantified
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by the value of the long-range order parameter Ω . In the case of a perfectly ordered PST, Ω

= 1 and for a disordered PST, Ω = 0. This parameter can be calculated from the intensities

peak of the XRD peaks of the lattice (200) and superlattice (111) using equation (4.1) below.

Ω2 =
( I111I200

)exp

( I111I200
)theory,Ω=1

(4.1)

The CoKα radiation ( I111I200
)theory,Ω=1 is equal to 1.4, for perfectly ordered PST [52].

Stenger et al. studies [133, 134, 136] have shown that the FE to PE transition observed

in PST compounds is strongly correlated with the degree of ordering of the Sc3+ and Ta5+.

The modification of Ω induces some changes in the electrical (dielectric response)[141–

143] and thermal properties (latent heat) [133] of PST. They showed that disordered PST

presents relaxor to FE transition, accompanied by a diffuse phase transition (broad transition

on a large temperature range). Besides, it was observed that the decrease in the degree of

ordering increases the maximum dielectric permittivity and reduces the value of latent heat

[55, 133, 139]. The degree of ordering can be improved by increasing the annealing time

and temperature. To get high Ω, the PST compounds are annealed at temperatures greater

than or equal to 1000 °C at different time lengths between 4 and 100 hours [131, 133, 138].

The increase of the degree of order sharpens the peak and a FE to PE transition is observed

in ordered PST. This goes along with a diminution of its dielectric constant and an increase

of its latent heat.

Oxides lead-based materials are known to be good EC materials i.e they present larger

adiabatic temperature change ∆Tadiab, larger latent heat Q, or larger isothermal entropy

change ∆S than the non-lead EC materials [6, 17]. The ECE of PST has firstly been studied

in the late nineties and beginning 2000s by Shebanov and co-authors [52–55]. PST shows

a conventional ECE around room temperature. As the ECE is the converse pyroelectric
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effect, the high pyroelectric coefficient ∂P
∂T of PST around room temperature [144] makes it

interesting for EC cooling applications [145–147] [32, 72, 148].

The ECE in PST results from the field induced first-order transition from PE to FE phase.

From Ω = 0 to Ω = 0.85, they showed that the ECE in PST increases with the degree of

ordering [55]. At the 25 kV cm−1, they measured broad peaks in ∆Tadiab of 0.18 K and 0.5 K

in respectively two disordered PST samples of Ω = 0 and Ω = 0.34 [55]. In 2002, they mea-

sured a larger ∆Tadiab = 2.3 K in an ordered PST (Ω = 0.85) at an electric field as large

as 50 kV cm−1 [54]. In fact, the transition temperature of PST is shifted towards high tem-

peratures as the degree of order increases [133]. This limits its use in applications to high

temperatures. However, Shebanov et al. [55], have shown that by doping PST with ions one

can shift the transition temperature towards low or high temperatures while keeping a high

ECE. Large ECE at low temperature (250 K) is obtained by doping the PST with Sb5+, Co3+,

Y3+ and, high temperature (310 K) applications are reachable with PST doped Nb and Ti.

More than a decade later, the ECE in PST bulk was studied by Crossley et al. [129], at

the Materials Science department of the University of Cambridge. They measured directly

in a PST bulk ceramic (Ω=0.80), a temperature change of 2.2 K at the low electric field of

26 kV cm−1. Lately, the same group has measured a large ∆Tadiab of 5.5 K in PST Multi-

Layer Capacitors (MLCs) when driven super-critically at 290 kV cm−1 [29]. This is so far the

largest temperature change reported in a macroscopic EC material. In 2020, two papers

[32, 72] were issued simultaneously in Science, demonstrating the potential of using PST in

the shape of MLCs to build EC devices. Wang et al. [72] reported on an EC device of 8 K

in temperature span and we showed that an EC prototype built using 128 PST MLCs can

reach a giant temperature span of 13 K [32], the highest value obtained up-to-date in an EC

device. ECE was also studied in relaxor thin film of disordered (Ω=0.32) PST [59]. Correia et

al. measured indirectly through Maxwell relations at 774 kV cm−1, an entropy change |∆S|

= 6.3 J K−1 kg−1 and |∆Tadiab| = 6.2 K at 342 K due to the field-induced relaxor to FE phase

transition. These values of |∆S| and |∆Tadiab| are larger in thin films thanks to their small

thickness which enables the application of higher field than in bulk or MLCs. However, these
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values remain unconfirmed by direct measurements.

These past and recent works have made PST the EC benchmark material. However, the

energy efficiency of this material is overlooked. In other words, the electrical work required

to drive EC heat is barely reported. In the following, we will study the materials efficiency of

bulk ceramic PST, by measuring its ECE and extracting the electrical work required to drive

this effect. This will be done through different thermal and electrical techniques.
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4.3 Results

4.3.1 Experimental details

PST - Sample preparation

The bulk ceramic PST sample (PST sample 1) studied here, was fabricated by Dr. C.-H.

Hong and Prof. Wook Jo from UNIST.

According to the stoichiometric formula of Pb(Sc1/2Ta1/2)O3, oxide powders of PbO

(99.9%), Sc2O3 (99.99%) and Ta2O3 (99.9%) were mixed. PbO and Sc2O3 powders were

purchased on Sigma Aldrich. Ta2O3 was obtained from Kojundo Chemical. These powders

were ball milled for 24 h in ethanol using zirconia grinding media, followed by a calcination

at 850 °C for 2 h and then crushed and ball-milled again for another 24 h. As a result, disks

of 10 mm in diameter were obtained after pelletizing the powder under 180 MPa with the

addition of polyvinyl alcohol (PVA) as a binder. Sintering was conducted in a closed crucible

with a mixture of PbZrO3 and PbO as a sacrificial powder at 1300 °C for 2 h. Annealing was

done at 1000 °C for 30 h to get the resulting B-site ordering.

X-Rays Diffraction (XRD) measurements

XRD diffraction (described in Chapter 3) was carried out with PANalytical X’Pert Pro on the

powdered PST sample 1 from 15 to 60-degree angle at every 0.02 degree.

Dielectric permittivity measurements

An impedance spectrometer was used to record dielectric measurements of PST sample

1, at 100 Hz on cooling and heating at a heating rate of 0.1 K min−1 in a cryogenic probe.

The dielectric losses tan(δ), was calculated by dividing the imaginary part of the dielectric

constant by its real part.
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Polarisation-Electric (PE) field loops

PE loops were collected on a 0.5 mm-thick bulk PST sample 1 at different temperatures

from 288 K to 313 K. The measurements were done using a standard Sawyer-Tower circuit

at 20 Hz up to 18 kV cm−1.

Zero-field DSC measurements

The calorimetric measurements under zero electric field were carried on a 25.05 mg PST

sample 1 using a commercial Differential Scanning Calorimeter (DSC): DSC 3+ Mettler

Toledo (described in Chapter 3), at a heating rate of 10 K min−1.

DSC measurements under an electric field

Heat flow measurements at constant values of electric fields: 0, 4, 8, 11, 14, and 18 kV cm−1

were carried out in a customized DSC 3+ from Mettler Toledo (setup described in Chapter

3) at the heating rate of 10 K min−1. These values of electric field correspond to respectively

0, 200, 400, 550, 700, and 900 V in 0.5 mm thick PST sample 1. A thin layer of silver

paste (electrodes) was deposited on each face of the 25.05 mg sample. For the application

of electric field, both faces were connected to a power supply Keithley 2410 using copper

wires.

InfraRed (IR) Imaging measurements

The IR camera X6580sc from FLIR (described in Chapter 3), was used to collect ∆Tadiab of

a 0.5 mm thick PST sample 1. As shown in Figure 4.2, the sample was completely covered

with silver paste on its bottom side and on 0.480 cm2 of its top side to avoid any short circuit.

To get reliable values of temperature change from IR camera, the sample was black painted

with Colorjelt Noir Mat [104] to obtain emissivity close to 1. The sample was placed on a hot

plate in a Linkam cell to control its starting temperature Ts. Measurements were carried out

from 283 K to 323 K every 0.5 K around the transition and every 1 K far from the transition.

The material was first cooled in the absence of an electric field to 283 K and then heated to
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the desired temperature where three runs of electric field were applied. Adiabatic temper-

ature change measurements were collected at 11, 14, 18, 22, 40 kV cm−1. These values

correspond to 550, 700, 900, 1100, 2000 V in 0.5 mm thick of PST sample 1. For electric

fields greater than 22 kV cm−1 the samples could break. Via a Keithley 2410, the sample was

electrically charged and discharged at a constant current of 0.2 mA to guarantee adiabatic

conditions (charging time is less than 0.2 s). An automated system that controls simulta-

neously the IR Camera, Linkam cell, and Keithley 2410 was done using Python to enable

multiple and fast data acquisition. The PST capacitor was charged at constant current rather

than at constant voltage, because it is more efficient in terms of energy [24] (explained in

Chapter 3).

Figure 4.2: Structure of bulk PST for IR Camera. The bulk PST is 0.5 mm thick. The area
of the top electrodes seen by the IR Camera is 0.480 cm2

Gadolinium - Sample preparation

The Gadolinium samples studied were plates of commercial grade Gd bought from China

Rare Metal Material CO., Ltd by authors in [149]. They contain 99.5% rare earth metal

including 99.94% of Gd. The plates were 25 mm wide, 40 mm long, 0.9 mm thick and

7900 kg m−3 dense.

Magnetization measurements

The magnetization characterization was carried out in 0.90 * 4.60 * 2.26 mm3 Gd plates

at DTU by authors in [149]. A LakeShore 7407 VSM (Vibrating Sample Magnetometer)

was used to measure isothermal magnetization M as a function of magnetic field. The

measurements were taken from 250 K to 310 K, every 1 K around the transition temperature.
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M was measured up to the maximum magnetic field of 1.6 T at a ramp rate of 2.5 mT s−1.

DSC measurements under magnetic field

These measurements were done by authors in [149]. Heat flow measurements of 2.04 *

0.89 * 2.78 mm3 of Gd under different magnetic fields were done using DTU’s DSC [150]

(described in [149]). The magnetic field was provided with a concentric Halbach cylinder

(an adjustable permanent magnetic field source). Data were collected from 250 K to 310 K

at a heating rate of 1 K min−1 and at different magnetic fields of 0.25, 0.5, 0.75, 1 and 1.3 T.

Keeping the same experimental conditions, heat flow measurements on reference samples

(copper and titanium) were measured for calculation of Cp. As described in Chapter 3, Cp

data were derived in the same temperature range.

MC temperature change

The authors in [149] carried out the MC temperature change in Gadolinium. DTU’s home-

made instrument based on a pneumatic piston with the magnetic field provided by the same

permanent magnet used for DSC characterization under magnetic field, was used to collect

∆Tadiab of commercial grade Gd. The pneumatic piston which moves the sample holder

every 5 s in and out of the permanent magnet was placed in a freezer to control the tem-

perature. The actual movement time of the piston is smaller than 100 ms. The sample was

prepared with two identically sized plates of Gd glued together with a thermocouple placed

in between them for temperature recording. The sample was wrapped with isolating foam

and placed in the sample holder. ∆Tadiab data was collected from 280 K to 310 K at different

magnetic fields of 0.25, 0.5, 0.75, 1 and 1.3 T. The measurements can be assumed adia-

batic because of the high sweep in temperature and thermal isolation conditions. Changes

of less than 3% in the magnetic field produced by the permanent magnet is noticeable as

the magnet is cooled in the process.
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4.3.2 Characterization of PST bulk ceramic

B-site cation order

Figure 4.3: X-Rays Diffraction of bulk PST powerdered.

XRD measurements (Figure 4.3) were carried out in powdered PST sample 1 to deter-

mine its degree of ordering Ω. The PST bulk sample 1 was crashed in powder to avoid any

preferential orientations in the XRD measurements. The B-site cation order Ω = 0.98 was

obtained. It was calculated from the integrated intensities of the XRD maxima 111 and 200

using equation (4.1).

Dielectic permittivity

Dielectric measurements (Figure 4.4) show a first-order transition with a sharp peak at T0 =

300 K on heating with a small hysteresis of 3 K. We record dielectric losses of 0.025 in the FE

phase, which strongly decreases down to less than 0.01 in the PE phase. This discrepancy

in losses is explained by the presence of domain walls in the FE phase, which are absent in

the PE phase.



4.3. RESULTS 73

Figure 4.4: Dielectric measurements of bulk PST. Blue and red curves denote respectively
cooling and heating. The top plot shows the relative permittivity ϵ and the lower plot the loss
tangent tan(δ), both as a function of temperature T .

Polarisation versus electric field loops

Figure 4.5: Polarisation versus electric field loops of bulk PST. PE loops of bulk PST
before, around, and after T0 = 300 K.
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PST shows in figure 4.5, a FE loop at 288 K (low temperature) and a PE loop (linear) at

313 K (high temperature). Closed to T0, between 299 K and 305 K, we observe double loops.

These double loops are evidence of a PE to FE field-driven phase transition and should not

be considered as antiferroelectric (AFE) loops. They have already been observed in 1953

in the well-known first-order transition material BaTiO3 [151]. The field-induced first-order

transition which is manifested by the double hysteresis loops is responsible for the ECE and

provides a dominant contribution to this effect [53, 129].

Zero-field calorimetric measurements

The sharp peaks (Figure 4.6a and Figure 4.6b) combined with thermal hysteresis, observed

in the zero-field heat flow and specific heat Cp measurements made by DSC (explained

in Chapter 3), ascertain the first-order phase transition in PST at T0 = 300 K. A constant

value Cp of 300 J K −1 kg−1 which corresponds to the background of the zero-field Cp mea-

surements in Figure 4.6b, is measured and in good agreement with the literature [29, 96,

129]. The peak at T0 is the latent heat Q0 due to the first-order transition from FE-PE (on

heating) or PE-FE (on cooling). The integration of zero-field calorimetric peaks dQ
dT yields

Q0 of 1031 J kg−1 on heating and 890 J kg−1 on cooling. The peaks of dQ
dT were integrated

(trapezoid method) to get the latent heat Q0 on cooling:

Q0,c =

∫ Tc2

Tc1

dQ

dT
dT

and on heating:

Q0,h =

∫ Th2

Th1

dQ

dT
dT

Tc1 = 300.5 K, Tc2 = 288.0 K are respectively chosen above and below the cooling peak. Th1

= 291.5 K and Th2 = 303.3 K have been chosen respectively below and above the heating

peak. They are the extreme values for which heat flow dQ
dT is still naught before the latent heat

peak starts appearing. From zero-field Cp measurements, we calculate S′(T ) the entropy

referenced to the entropy at 280 K (S′(280 K) = 0) far away from the transition (described in



4.3. RESULTS 75

Figure 4.6: Zero field calorimetric measurements of bulk PST. Blue and red curves de-
note respectively cooling and heating in the three plots. a Heat flow dQ

dT measurement as
function of temperature T . b Zero-field specific heat Cp (background value) measurement
associated with latent heat Q0 (integral under the first-order phase transition peak at T0 =
300 K on heating and 296 K on cooling). c S′(T ) = S(T )− S(280K) represents the entropy
S(T ) referenced to the entropy at 280 K far from T0 with S′(280K) = 0.
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Chapter 3). We access a large transition entropy change ∆S0 = 3.4 J K−1 kg−1 on heating

and ∆S0 = 3.0 J K−1 kg−1 on cooling (Figure 4.6c).

4.3.3 Electrocaloric effect of PST bulk ceramic

In this section, we will describe the ECE measured in PST bulk ceramic using an IR Camera

and a customize DSC under electric field (as described in Chapter 3).

Isofield measurements

From quasi-direct measurements i.e. isofield measurements of heat flow and specific heat at

constant values of electric fields, we determined the isothermal entropy change ∆S induced

in PST bulk ceramic due to changes in electric field. These measurements were carried out

in PST sample 1.

Isofield measurements in Figure 4.7a show a linear shift (Figure 4.7b) of T0 towards higher

temperatures and thus stabilization of the low-temperature phase (FE phase) due to the

electric field. A difference of 10 K between the transition temperature at 0 kV cm−1 and

the maximum field applied of 18 kV cm−1 is measured and gives an estimated value of the

temperature range of the ECE. One can notice that there is a slight difference in the heat

flow at 0 kV cm−1 in Figure 4.7a and Figure 4.6a. In the former, the measurements were

carried out on a wired sample attached with silver paste (electrodes) whereas in the latter the

measurements were done on a pure PST sample without wires and electrodes. The wires

and electrodes induce an inferior thermal contact leading to a slight difference in the peak at

zero fields. However, the latent heat Q0 (integral under the peak dQ
dT ) is almost the same in

Figure 4.6a (1031 J kg−1) and Figure 4.7a (1037 J kg−1). We measure a constant latent heat∫ dQ
dT dT (Figure 4.7c) at the transition with the increasing electric field. The integration of the

dQ
dT
T , gives a constant ∆S0 (Figure 4.7d) of 3.4 J K−1 kg−1. This value is almost constant with

the electric field increasing. It corresponds to the entropy change resulting from fully driving

the transition.

Figure 4.8a describes the direct measurements of heat capacity under different elec-
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Figure 4.7: Isofield measurements of bulk PST. a Heat flow measurement as a function
of temperature T at constant values of electric fields E on heating and cooling. As the
sample was wired with electrodes, we observed a slight difference in the peak at 0 kV cm−1

compare to the heat flow measured on pure PST without electrodes and wires (figure 4.6).
b Transition temperature on heating T0,h and on cooling T0,c as function of electric field E. c
Latent heat Q0 (integral under the heat flow peak) as a function of electric field E on heating
and cooling. d Entropy change at the transition |∆S0| as function of electric field on heating
and on cooling.

tric fields. With the accuracy of our set-up (detailed in Chapter 3), we could not deduce

any variation of Cp baseline versus electric field. Consequently, Cp equals 300 J K−1 kg−1

± 20 J K−1 kg−1, which is in line with literature [129] [131]. The clear influence of electric

field is the shift of Cp towards higher temperatures. From isofield heat flow (Figure 4.7a)

and specific heat measurements (Figure 4.8a) we built entropy curves S′ (detailed in Chap-

ter 3) referenced to 280 K (Figure 4.8b) to determine the isothermal field-driven entropy
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change ∆S = S′(T,E) − S′(T, 0) versus temperature (Figure 4.8c) and field (Figure 4.8d).

As expected, ∆S increases with the electric field. A maximum isothermal entropy change

of 3.44 J K−1 kg−1 on heating and 3.38 J K−1 kg−1 on cooling is obtained under the electric

field of 18 kV cm−1. This value is very similar to ∆S0 extracted at zero field and proves

that the transition can be fully driven with the electric field of 18 kV cm−1. Moreover,these

values are in agreement with the transition entropy ∆St from the Clausius-Clapeyron equa-

tion (2.14). From the linear dependence of transition temperature with the electric field dT0
dE =

0.59 kV cm−1 K (Figure 4.7b) and the change of polarization ∆P0 = ∆Pr = 19.1µC cm−2, we

obtain ∆St = 3.55 J K−1 kg−1 at 18 kV cm−1 using the Clausius-Clapeyron equation. These

results are higher than previous ECE reported on PST bulk ceramic [129] [131].

Electrocaloric exchangeable heat

We will now collect using an IR camera, direct measurements of adiabatic temperature

change ∆Tadiab of PST sample 1. From ∆Tadiab and Cp (Fig. 3.5.e) we will calculate Q,

the EC heat exchanged by PST sample 1 using the equation below:

Q = Cp∆Tadiab (4.2)

Reversible and reproducible ∆Tadiab measurements were collected on the 0.480 cm2

area of the top electrodes (Figure 4.2) of PST sample 1 under adiabatic conditions. The adi-

abaticity of our measurements was controlled by the current applied. To guarantee adiabatic

conditions, the charging time of the capacitor must be much faster than the characteris-

tic time of thermal relaxation. The higher is the current applied, the faster the capacitor

is charged. Figure 4.9 shows the peak of ∆Tadiab as a function of different current ap-

plied. For currents smaller than 0.2 mA, ∆Tadiab increases with the current. This region is

non-adiabatic. However, at current higher or equal to 0.2 mA, ∆Tadiab is constant with the

increasing current. At 0.2 mA the application/removal time of the field is 0.12 s which is 30

times faster than the thermal relaxation experiences by PST in our measurements. In the

following, the current of 0.2 mA will be applied to get adiabatic conditions.
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Figure 4.8: Isothermal entropy change of bulk PST. a Heat capacity measurements at
different electric fields. b Entropy curves referenced to the entropy at 280 K, i.e S′(280 K) =
0 K as function of temperature T at different electric fields E. c Isothermal entropy change
∆S obtained from isofield and heat capacity measurements (see Chapter 3) at different
electric fields, on applying (EON ) and removing (EOFF ) field. d Peak of isothermal entropy
change |∆Speak| as function of electric field E, on cooling (blue curves) and heating (red
curves).

The IR camera measurements were taken at four electric fields (11, 14, 18, 22 kV cm−1)

and from starting temperatures Ts of 283 K to 323 K. As PST shows a conventional EC ef-

fect, the positive and negative values result respectively from the application and removal of

the electric field. Each value of ∆Tadiab at a given Ts and electric field E was collected on

three successive cycles (method described in Section 3.1 in Chapter 3) at a constant current

of 0.2 mA.
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Figure 4.9: Adiabatic conditions in bulk PST. ∆Tadiab versus applied current I. The mea-
surements were done on PST sample 1 bulk at 22 kV cm−1.

Figure 4.10: IR images of bulk PST sample 1 during a standard EC characterization
sequence. In step 1 the material is at Ts of 299 K, in step 2, 1100 V are applied and the
materials temperature increases. Subsequently, in the two following images the material
thermalizes and goes back to Ts (no Joule heating). In step 4, the materials temperature
decreases as voltage is removed. Finally, in Step 5 the material thermalizes back to Ts
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Figure 4.11: Reproducibility of EC measurements This figure shows the ∆Tadiab mea-
sured after of the first, second and third cycle in function of starting temperature Ts at
11 kV cm−1 (a) 14 kV cm−1 (b) 18 kV cm−1 (c) 22 kV cm−1 (d). In the legend, 1st+, 2nd+,3rd+

are the ∆Tadiab on-field of respectively the first, second and third cycle and, 1st−, 2nd−,3rd−

are the ∆Tadiab off-field of respectively the first, second and third cycle.

As shown in Figure 4.10 these measurements were done without Joule heating as the

sample’s temperature after thermalization following the application or removal of the electric

field is identical in both cases. At the Ts and electric fields studied, we do not observe

a decrease in the ∆Tadiab after several cycles, thereby showing the reproducibility of our

measurements (Figure 4.11).

An average over the three runs is done to extract ∆Tadiab of PST bulk sample 1 at a given
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Ts and electric field (Figure 4.12a – left y-axis). At the lowest applied field of 11 kV cm−1,

we measured a reversible maximum ∆Tadiab of 2.6 K at T0 = 299 K in a temperature range

of 2.5 K (Figure 4.12a). This temperature range is calculated as the full width at 80% of the

maximum ∆Tadiab. By increasing the field, we enlarge the peak towards higher tempera-

tures thereby stabilizing the FE phase. This is in agreement with the isofield measurements

in Figure 4.7. ∆Tadiab increases up to 3.1 K and the temperature range reaches 8.4 K by

doubling the field (22 kV cm−1). Figure 4.12b shows that the temperature range increases

linearly with the increasing electric field. Close to its breakdown field, at 40 kV cm−1 we

measured a higher ∆Tadiab of 3.7 K (Figure 4.12c). This temperature change is 60% higher

than values (Table 4.1) reported in the literature on less ordered PST [129, 131]. As shown

in Figure 4.13, the temperature change increases with the B-site cation ordering. This is in

line with Shebanov’s studies in the early 2000s.

From Figure 4.12a, it is clear that the corresponding Ts of the maximum point of ∆Tadiab

field on (red curves) and field off (blue curves) differ. This is explained by the reversibility of

the ECE. In fact, by applying an electric field at a given Ts, due to the ECE, the material’s

temperature increases by ∆Tadiab,on to T1(= Ts + ∆Tadiab,on). Subsequently, by removing

the field at T1, the material’s temperature will decrease by ∆Tadiab,on = −∆Tadiab,off to

T2(= T1 + ∆Tadiab,off ). Therefore, upon application of the field the maximum ∆Tadiab will

peak at Ts and upon removal of the field, it will peak at T1; and the difference between Ts

and T1 corresponds to the maximum value of ∆Tadiab.

This mechanism is explained in [152], in which they show that if an EC process is re-

versible, then Ts = T2 and thereby the relation below must be verified:

∆Tadiab,on(Ts, E) = −∆Tadiab,off (Ts +∆Tadiab,on(Ts, E), E) (4.3)

with E the applied electric field.

This equation fits well our results as shown in Figure 4.12d. ∆Tadiab,off measured directly
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Figure 4.12: Reversible ECE. a Direct measurement of adiabatic temperature change
∆Tadiab and EC heat Q upon application (red curves) and removal (blue curves) of 11, 14,
18 and 22 kV cm−1. ∆Tadiab and Q are shown as a function of Ts. b Temperature range (full
width at 80% of the maximum ∆Tadiab) as a function of electric field. c ∆Tadiab as a function
of time at the electric field of 40 kV cm−1 and Ts = 300 K. d Reversibility of EC measure-
ments. Here we show ∆Tadiab of PST bulk at 22 kV cm−1 versus Ts. Red curves and dark
blue curves are respectively ∆Tadiab due to the ECE when the field is on and off. These two
curves are obtained from experimental measurements with an IR camera. The cyan dash
curve is the ∆Tadiab due to ECE when the field is off and derived from the equation (4.3).
∆Tadiab,off,exp and ∆Tadiab,off,exp,derived coincide well and thereby validate the reversibility of
our EC measurements.

is equal to ∆Tadiab,off derived from equation (4.3). This equation could help determine

∆Tadiab,off knowing experimental values of ∆Tadiab,on and vice-versa.

The EC heat Q in Figure 4.12a (right y-axis) was calculated using the equation (4.2) with

Cp the constant background value (300 J K−1 kg−1) measured with a DSC (Figure 4.6b), and
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Figure 4.13: ECE in PST bulk ceramics. The ∆Tadiab values of bulk ceramics PST collected
from literature [ref] are compared to our PST samples (PST sample 1, Ω = 0.98 and PST
sample 2, Ω =0.89). The number displayed in bold close to each symbol is the field applied
in kV cm−1 and in brackets are the references. Our PST sample 1 shows the highest ECE
measured. The results on PST sample 2 are present in Annex.

∆Tadiab (Figure 4.12a, left y-axis) directly measured with an IR camera. The sample has

a density of 9071 kg cm−3 and a volume of 0.024 cm3. As Q is proportional to ∆Tadiab, we

obtained similar behaviours that are: an increase of heat with the field and the saturation of

the ECE with the increasing field. One can also define the EC heat Q as:

Q = −Ts∆Sisothermal (4.4)

with ∆Sisothermal the isothermal entropy at constant temperature Ts.

Q can be obtained indirectly by calculating ∆Sisothermal using the Maxwell relations or

directly by direct measurements of heat isothermally. Here, we measured Q directly under

isothermal conditions in a DSC by applying the electric field very slowly (200 s) in order to

maintain the temperature constant throughout the measurement. By integrating with respect
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Figure 4.14: Isothermal heat Here we justify equation (4.2) as a good approximation for
EC heat Q. a Isothermal application of electric field (14 kV cm−1) during 200 s. The integral
under the peak corresponds to the isothermal heat exchanged Q = −Ts∆Sisothermal. b
Comparison of Cp ∆Tadiab to −Ts∆Sisothermal. ∆Tadiab was collected with IR camera (Figure
4.12a). There is a good match between Cp ∆Tadiab and −Ts∆Sisothermal.

to time the DSC signal obtain in Figure 4.14a, we obtained the EC heat Q. These measure-

ments were carried out only at the lowest values of electric fields (11 and 14 kV cm−1), which

are the most sensitive ones because the transition is not fully driven. In Figure 4.14b, we

compared both definitions of heat defined in equation (4.2) and (4.4). The results of Q

obtained from both definitions are similar with a slight difference of 5%. This justifies the

assumption of using Cp ∆Tadiab as a good estimation of Q in PST. Besides, this definition

enables fast calculation of Q whereas isothermal measurements of Q can be laborious. Note

also that considering the background value of Cp constitutes a lower bound of Q, thereby a

lower bound of ηmat.

4.3.4 Electrical work

Simultaneously to the ∆Tadiab measurements, we used a dedicated setup (described in

Chapter 3) to collect the voltage of the PST capacitor at different Ts. As shown in Figure 4.15,

the voltage increases almost linearly with time at 288 K (FE phase) and 313 K (PE phase).

This indicates no phase transition in the PST capacitor. However, around the transition

temperature, between 295 K and 304 K, we observe a change in slope in the voltage-time
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Figure 4.15: Electrical work of bulk PST. a. Example of charge in PST capacitor at a
maximum voltage of 1100 V (22 kV cm−1) as a function of time t at selected Ts. b. Electrical
work We needed to charge a PST capacitor as a function of Ts at different electric fields E.
We is obtained from the data of voltage across PST at constant current.

curves. The change in slope corresponds to the field-induced phase transition from PE to

FE. From the data of voltage as function of time, we calculate the electrical work energy

using the equation (4.5). We increases with the electric field and peaks at 297 K at all fields

where the PST requires the most energy to be charged (Figure 4.15).

We = I

∫
U(t)dt. (4.5)

A noteworthy fact is that in our calculation of We, we take into account the FE losses,

by directly measuring the current needed to charge the PST capacitor. Our direct extraction

of We is equivalent to using the lower branches of the P(E) loops to calculate We indirectly

using the equation (4.5) below.

We =

∫
EdD (4.6)

With D the electrical displacement field which is considered equivalent to P in the case

of high dielectric constant materials such as PST.

This integral is illustrated in the P(E) loop at 299 K in Figure 4.16a. It corresponds to the
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Figure 4.16: Comparison of direct and indirect calculation of electrical work We. a P(E)
loops of bulk PST capacitor at different Ts, from 288 K to 313 K. The blue shaded area is the
electrical work (We =

∫
EdD) per unit volume to charge the PST capacitor at 299 K up to

18 kV cm−1. This area takes into account the FE hysteresis losses.

shaded area in blue which includes the hysteresis losses and the electrical work needed to

fully charge the PST capacitor. We, therefore, compare in Figure 4.16b, both calculations of

We from unipolar PE loops and direct extraction. At the field of 18 kV cm−1, we obtain similar

results of We in both methods. Thereby, showing that our calculation of We (and ηmat) takes

into account the FE hysteresis losses.

From both data of Q and We, we will determine the materials efficiency ηmat of PST

sample 1. It is worth it to mention that, compared to Q which shows a saturation with the

field, We shows sharp peaks. This suggests an optimum in ηmat = Q/We.

4.3.5 Materials efficiency of PST bulk ceramic

The EC materials efficiency of bulk PST, ηmat = Q/We was calculated from the data of EC

heat Q in Figure 4.12a and We in Figure 4.15b. As shown in Figure 4.17, ηmat increases with

the electric field decreasing. Besides, its temperature range increases with the field. At lower

electric fields, ηmat shows sharp peaks. At the lowest electric field applied of 11 kV cm−1, we
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Figure 4.17: Materials Efficiency of bulk PST. ηmat of bulk PST versus Ts at different
electric fields E. The dash line shows the temperature at which PST exchanges the most
heat Q. ηmat is calculated from data of Q in Fig. 4.12a and We in Fig. 4.15b.

measured a maximum value of 128. This value peaks on a temperature span of 2.5 K. ηmat

decreases down to 40 by doubling the electric field (22 kV cm−1), though on a temperature

range of 8.4 K. The peak in ηmat is shifted towards high temperatures with the increasing

field. The variation observed in ηmat is explained by the saturation of Q with the increasing

field whereas We increases with the field. It is worth it to mention that bulk PST is not the

most efficient at the transition temperature (dash line in Figure 4.17).

4.3.6 Materials Efficiency of Gadolinium

From data of Cp, ∆Tadiab and magnetization M as a function of internal magnetic field B,

we calculated the materials efficiency of a commercial-grade Gadolinium (Gd). These data

were collected from Bjork et al. [149] from the Technical University of Denmark. The mea-

surements were carried out at four different magnetic fields: 0.25, 0.5, 0.75, 1, 1.3 Tesla.

As expected and observed in Figure 4.18a, Gd shows a second order transition (broader
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Figure 4.18: Materials Efficiency of Gd. Heat Capacity (a), ∆Tadiab (b), and magnetisation
M (d) of Gd taken from Bjork et al. c. Heat exchanged Q of Gd. e Mechanical work - Wm. f
ηmat = |Q/Wm| of Gd calculated from (c) and (e).

transition compare to PST). An average Cp of 300 J kg K−1 which does not depend on the

magnetic field applied was measured. Cp measurements were done using a DSC (see

experimental details in Section 4.3.1). Adiabatic temperature change measurements were

taken with a homemade instrument at DTU energy described in Section 4.3.1. As shown in

Figure 4.18b, at the transition temperature T0 = 295.1K, a maximum ∆Tadiab of 4 K at 1.3 T

was measured. It decreases down to 1 K at the lowest field of 0.25 T. The magnetization M

collected at different Ts from 280 K to 320 K, is presented in Figure 4.18d. It was measured

using a LakeShore 7407 vibrating sample magnetometer (detailed in Section 4.3.1).
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The magnetocaloric heat exchanged by Gd was calculated using equation (4.2), with Cp

the constant value of 300 J kg K−1. As shown in Figure 4.18c, Q is proportional to ∆Tadiab.

The magnetic mechanical work Wm was done to generate the magnetic field B0 = µ0H by

relative motion of the MC material with respect to permanent magnet. Wm (Figure 4.18e)

was calculated based on the formalism of Heine [84], already utilized by Moya et al. [34].

Wm is defined as:

Wm = −µ0

∫
MdH (4.7)

with µ0 the permeability of free space and H the internal magnetic field.The minus sign

is for the attraction between the permanent magnet and the MC body.

Hence, ηmat = |Q/Wm| of Gd was calculated. Similarly to PST, the materials efficiency of

Gd increases with the decreasing magnetic field. At the lowest field of 0.25 T we measured

ηmat = 36 which decreases to 17 at 1.3 T.

4.3.7 Comparison of materials efficiency of PST and Gd

We will now compare in terms of energy efficiency PST to Gd the benchmark MC. Even

though, they both present respectively a first-order and second-order transition, it is of inter-

est to compare them as they are respectively benchmark materials in their respective caloric

family.

In Figure 4.19, we compare for the maximum heat exchanged Q at different fields, the

ηmat of PST (green bubbles) to Gd (blue bubbles). In both PST and Gd we observe a linear

decrease of the efficiency with the increasing Q. However, with different slopes: steeper in

PST and flatter in Gd.

At the highest electric field applied of 22 kV cm−1 in PST, we measured a ηmat = 16 at

Q = 8.6 J cm−1 and over a temperature range of 8.4 K. The temperature range in Figure

4.19 is given by the size of the bubble. As summarized in Table 4.2, by applying half of the
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Figure 4.19: Comparison Materials Efficiency of PST to Gd. The bubble map represents
ηmat of PST (green bubbles) and Gd (blue bubbles) as a function of maximum caloric heat
Q per cm3. The values of Q are taken at the material transition temperature. The bubbles’
colour yields the field applied. The bubbles’ diameter shows the temperature range of the
material at a given field.

maximum field (11 kV cm−1), we obtained a lower value of Q though substantial and ηmat is

multiplied by four, reaching 78. Nevertheless, this four-fold increase of ηmat is associated

with a three-fold decrease of its temperature range. The large values and abrupt variations

in the materials efficiency of highly-ordered PST is due to its strong first-order transition.

It can be seen from Figure 4.19 that Gd exchanges more heat (9.4 J cm−1) than PST

because one is able to apply higher variations of magnetic field whereas PST is limited to

22 kV cm−1. ηmat in PST decreases from 78 to 20 over the entire range of Q whilst ηmat

in Gd remains around 20. The large ηmat is associated with a small temperature range of

2.5 K. On the contrary Gd presents a large and constant temperature range (between 10 K
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and 14 K) as is typical of second-order phase transition materials.

4.4 Discussion

Our results show that bulk PST can be extremely energy efficient. This high efficiency in

bulk PST is a consequence of its high degree of order Ω which ensures a strong first-order

phase transition and thereby larger values of Q and ηmat. This work places bulk PST among

the best caloric materials in terms of materials efficiency. As shown in Figure 4.20, bulk PST

is an order of magnitude more efficient than other EC materials (mainly thin films) reported

in [17, 35]. This is without recovering energy which promises even higher efficiency as ex-

plained by Defay et al. [24]. The comparison of PST with Gd has shown that the first-order

behaviour of PST increases ηmat at the expense of working in a narrow temperature range

(2.5 K). Instead, Gadolinium has a lower ηmat but operates on a larger temperature range

(>10 K) which can be ascribed to its second-order phase transition.

We suggest two solutions to benefit from the high energy efficiency of bulk PST and over-

come its narrow temperature range for future EC cooling devices. One could use PST MLC

which has been shown by Nair et al. [29] to exhibit large ∆Tadiab (5.5 K) over a temperature

range of more than 73 K. Nevertheless, the efficiency of PST MLCs remains overlooked. In

fact this will be target in the next chapter in details. Last, but not least, one could utilize

PST in a graded PST ceramic which is based on multiple PST with different transition tem-

peratures. It could be assembled in a layered regenerator structure suggested by Olsen in

the eighties [153]. Each material of the active regenerator operates close to its respective

transition temperature to get a large temperature span in the device. This solution is often

used in MC regenerators with for instance La(Fe,Si,Mn)13Hy [154], a first-order phase transi-

tion MC material. As explained in the Section 4.2 above, PST’s transition temperature could

be shifted with dopants; towards high temperatures with Sb5+, Y3+, Co3+ and towards low

temperatures with Nb and Ti [55].
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Figure 4.20: Comparison Materials Efficiency caloric materials. This energy efficiency
map of caloric materials as a function of the heat Q per volume is adapted from Crossley et
al. [ref]. The caloric materials include magnetocaloric (MC) under permanent magnet of 2 T,
MC under solenoid, elastocaloric (eC) materials, barocaloric (BC), EC (electrically driven)
and EC materials using energy recovery. In this map we added the materials efficiency of
PST bulk. PST is shown here as being as efficient as the best caloric materials which are
magnetocaloric (MC) under permanent magnet 2 T, barocaloric (BC) and EC materials using
energy recovery.

Besides being energy efficient in a narrow temperature window, bulk PST suffers from

an asymmetry in ∆Tadiab measurements and hysteresis losses. It is legitimate to wonder

how this material could be used to run a cycle and the impact of its materials efficiency.

Firstly, we experimentally mimicked the working principle of a regenerator on bulk PST

sample 1 using a temperature-controlled hot plate stage. The main goal of a regenerator

is to build a temperature gradient larger than ∆Tadiab by running a specific thermodynamic
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cycle. To avoid destroying the build-in gradient in a regenerator, the positive ∆Tadiab should

be triggered at the highest temperature and the negative ∆Tadiab at the lowest temperature.

Besides both values of ∆Tadiab should be of the same magnitude. From ∆Tadiab measure-

ments in Figure 4.12a, one can define a temperature window in which the regenerator could

operate. At the maximum ηmat obtain at 11 kV cm−1, we could simulate experimentally re-

producible and reversible regenerators A (yellow line in Figure 4.21c) and B (black line in

Figure 4.21c). In Figure 4.21a (resp. Figure 4.21b ), PST is first set at 300.5 K (resp. 301 K).

The EC positive ∆Tadiab=1.7 K (resp. 1.4 K) is then triggered by charging PST. Heat is ex-

changed and PST goes back to 300.5 K (resp. 301 K). If PST was in a regenerator, a fluid

(for instance) would then be displaced and PST temperature would decrease. Here, we sup-

pose that this temperature is 300 K (resp. 299.5 K). This value is chosen in order to obtain a

symmetrical position in ∆Tadiab = f(Ts) displayed in Figure 4.21c. This EC negative ∆Tadiab

= -1.7 K (resp. -1.4 K) is then triggered by discharging PST and PST exchanges heat until

it reaches 300 K (299.5 K) again. And the cycle carries on as it would in a proper regener-

ator. The materials efficiency measured here is at least 92 but at a lower heat exchanged

Q = 4.63 J cm−3. Other regenerators were built at higher Q by increasing the electric field

applied as shown in Figure 4.22. However, the materials efficiency will decrease as the heat

saturates and the electrical work increases.

Moreover, we simulate a fluid-based regenerator based on a similar model published in

[32] operating at different Ts around room temperature and without any kind of heat losses

to the environment. The simulation consists of a finite element method (FEM) 2D repre-

sentation of an active regenerator made with a single PST plate of 0.2 mm x 4 cm. All the

parameters of this model are detailed in [32]. Figure 4.23 shows that a temperature gradient

could be reached after several cycles. This study indicates the potential of using bulk PST

as a working medium to build a regenerator.
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Figure 4.21: Potential use of bulk PST in a regenerator. a Regenerator A operating be-
tween 300-300.5 K, on a temperature window of 0.5 K. b Regenerator B operating on a tem-
perature window of 1.5 K. c Adiabatic temperature change of PST bulk at 11 kV cm−1. The
orange and black lines represent respectively the regenerators A and B. d the table shows
for each regenerator, its temperature window, the heat exchanged and the corresponding
measured materials efficiency.
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Figure 4.22: Potential use of bulk PST in a regenerator at higher Q. The heat exchanged
can be increase by increasing the electric field but this will decrease the materials effi-
ciency as shown in d. a regenerator C at the electric field of 14 kV cm−1 b regenerator
D at 18 kV cm−1 c regenerator E at field of 22 kV cm−1 d for each regenerator, the heat ex-
changed, materials efficiency and adiabatic temperature change.
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Figure 4.23: Regenerator Modelling The time evolution of the hot side (red) and cold side
(blue) of an active regenerator based on the EC effect from Supplementary Fig. 20c at
starting temperatures a 297 K, b 299 K, c 301 K and d 303 K. e shows the dimensions of
the regenerator simulated. This simulation was done by A. Torello.
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Table 4.1: Adiabatic temperature change of PST bulk ceramics This table shows the
influence of the B-site ordering on the adiabatic temperature change and temperature range
of PST bulk ceramics. ∆Tadiab were measured directly and the temperature range is defined
as the full width at 80% of the maximum ∆Tadiab. Data of our PST sample 2 are presented
in Appendix. Due to the high B-site ordering of our material (PST sample 1) we obtained the
highest ∆Tadiab directly measured.

Material Ω T0(K) ∆Tadiab (K) Temp. range (K) E (kV cm−1) Ref.
PST sample 1 0.98 300 3.7 40 this work
PST sample 1 0.98 300 3.1 8.4 22 this work
PST sample 1 0.98 300 2.6 2.5 11 this work
PST sample 2 0.89 298 2.4 2.5 11 this work
PST 0.85 295 2.3 50 [53]
PST 0.85 295 1.6 7 25 [55]
PST 0.80 295 2.2 14 26 [129]
PST 0.34 263 0.5 19 25 [55]
PST 0 263 0.18 40 25 [55]
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Table 4.2: Comparison of materials efficiency of PST and Gd In this table we compare
the energy efficiency of PST bulk ceramic sample 1 with Gd for the same EC heat exchanged
Q (in bold underline and italic).

Bulk ceramic PST (sample 1) Gadolinium
Field 11 kV cm−1 22 kV cm−1 1 T 1.3 T
Q (J cm−3) 7.1 8.6 7 9.4
Temperature range (K) 2.5 8.4 14 14
ηmat 78 16 18 14
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4.5 Conclusion

In this chapter, we have presented the materials efficiency ηmat =
Q
We

of highly ordered (Ω

= 0.98) bulk PST by direct measurements of the exchangeable EC heat Q and electrical

work We. Our bulk PST shows near its ferroelectric to paraelectric transition at T0 = 300 K,

a maximum direct ∆Tadiab = 3.7 K at the modest electric field of 40 kV cm−1. This is a sixty

percent increase compared to values reported in the literature. This improvement is due to

the high B-site cation order of our material which induces a strong first-order transition. Be-

sides, we measured from calorimetric measurements an entropy change of 3.4 J kg−1 K−1

at 22 kV cm−1. A high ηmat of 128 was obtained in highly ordered bulk PST, placing it among

the most energy-efficient caloric materials. Our comparison of this material to the prototyp-

ing MC material Gd shows that PST requires four times less work to exchange the same

amount of heat compared to Gd. However, the high efficiency of PST is limited by its small

temperature range (2.5 K in PST and more than 10 K in Gd). Hence, highly ordered bulk

PST could be considered as a candidate for heat pumps based on layered regenerator. Its

high materials efficiency should allow improving the coefficient of performances of future

devices.



Chapter 5

Materials efficiency of lead scandium

tantalate multilayer capacitors

5.1 Motivation

A Multi-Layer Capacitor (MLC) is an electronic device that comprises film layers of dielectric

material electrically connected with interdigitated metallic electrodes [25, 155]. Such a de-

vice enables storing a large number of electrical charges in a small volume. This is desirable

for high-performance, low-power, or miniatures devices. These electronic components are

present in our mobile phones or computers [156, 157]. More than three decades ago, the

MLC geometry was suggested for EC purposes as it doesn’t suffer from the drawbacks of

bulk and thin films [75, 100, 101, 155, 158]. They exhibit breakdown fields larger than bulk

and possess more active mass than a single film. Besides, MLCs’ inner electrodes facili-

tate heat exchange between the EC thin layers, making it interesting for cooling applications

[32, 72, 148]. Materials scientists, engineers, and chemists have been studying the ECE in

MLCs based on doped ferroelectric with larges capacitances which vary with temperature

and field. They have made significant improvements such as the fabrication of MLCs based

on excellent EC materials which are commonly ferroelectric oxides or polymers [29, 71, 101].

101
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In the previous chapter, we studied the materials efficiency of PbSc1/2Ta1/2O3 – short

form PST- in the shape of bulk ceramic. As a conclusion, we showed that PST bulk is one

of the most energy-efficient EC materials. However, its high materials efficiency ηmat is lim-

ited by its small operating temperature range which can be an issue for building EC cooling

devices. To solve this drawback, PST in the form of MLCs was suggested as an alterna-

tive solution in order to operate in a large temperature range. Nevertheless, how energy

efficient are these PST MLCs? This question remains overlooked in the scientific literature.

As a follow-up to the preceding chapter, here, we will investigate the materials efficiency of

PST in the form of MLC using the same approach as in the previous chapter. Firstly, we

will present a structural, electric, and thermal characterization of this material. Secondly

will determine its materials efficiency ηmat = Q/We by directly characterizing its ECE heat

exchanged Q and the electrical work We required to drive this ECE. Last, a comparison in

terms of energy efficiency of PST MLC to PST bulk ceramic and prototypical MC material

Gadolinium (Gd) will be presented.

The results shown in this chapter have led to the publication of one of my first-authorship

publications: Y. Nouchokgwe, P. Lheritier, T. Usui, A. Torello, A. El Moul, V. Kovacova, T.

Granzow, S. Hirose, and E. Defay, “Materials efficiency of electrocaloric lead scandium tan-

talate multilayer capacitors”, Scripta Materiala, 219, 114873 (2022). Besides, my study of

the ECE in PST MLCs has been published in one of my co-authorship papers: A. Torello,

P. Lheritier, T. Usui, Y. Nouchokgwe, M. Gerard, O. Bouton, S. Hirose, and E. Defay, “Giant

temperature span in electrocaloric regenerator”, Science, 370, 6512, (2020). In this paper,

I characterized the EC modules (PST MLCs) used as working medium to build an EC cool-

ing regenerator. Both publications were done in collaboration with the industrial company

Murata Manufacturating in Japan. This company fabricated and provided us with the PST

MLCs characterized in this chapter.
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5.2 ECE in Multi-Layer Capacitors

Figure 5.1: Geometry of a Multi-Layer Capacitor (MLC) The red rectangle represents the
active area of the MLC structure where the layers of interdigitated electrodes overlap. The
terminals are the outer electrodes.

MLC is an interesting geometry for EC applications. As described in Figure 5.1 a MLC

is a stack of EC dielectric films that are electrically connected in parallel to each other by

interdigitated inner electrodes. We distinguish two areas in the structure of a MLC: the active

and inactive areas. The active area is described by the red rectangle in Figure 5.1, where

the inner layers of electrodes overlap. In this area, the electric field is being applied. Out of

this area, the area is considered inactive. Therefore, the ECE is triggered in the active area

and it spreads to the inactive area. The two terminals enable reaching the inner electrodes

and applying an electric field.

EC materials that exhibit large adiabatic temperature change around room temperature

and on a broad temperature are highly desired for EC cooling devices. The MLC geometry

has been proven to be an excellent option as one can apply large electric fields [159]. How-

ever its fabrication remains a challenge. A few materials such as BaTiO3 (BTO) [75, 100,

101, 160–162], PbMg1/3Nb2/3O3 (PMN) [163, 164], PbSc1/2Ta1/2O3 (PST) [29, 32, 54, 72],



5.2. ECE IN MULTI-LAYER CAPACITORS 104

PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT) [158, 165–167] ceramics and polymer poly(vinylidene

fluoridetrifluoroethylene) (P(VDF-TrFE)) [71] were used as dielectric material to build MLCs.

The ECE of commercially available MLC based on dielectric BaTiO3 doped and Ni-based

electrodes was studied by Kar-Narayan et al.[100]. This MLC comprised 200 layers of 6.5µm

thick of doped BaTiO3 and 2µm thick of Ni electrodes. The authors measured directly us-

ing a thermocouple (Pt-100 thermometer) placed on one of the terminals, a ∆Tadiab = 0.5 K

around room temperature and at the electric field of 300 kV cm−1. This result agreed well

with the indirect measurements done using the Maxwell relations described in Chapter 2 of

this dissertation. Three years later [101], the same group, verified these results by measur-

ing the ECE of the same material using two other direct techniques: infrared imaging and

scanning thermal microscopy. They measured on one side of the MLC, a slightly higher

∆Tadiab of 0.70 K. This discrepancy is explained by the fact that ECE measurements taken

on the terminal are reduced by the electrodes thermal mass whereas measurements taken

on the side and closer to the EC layers are more accurate. Larger ∆Tadiab of 1.8 K at

176 kV cm−1 was directly measured in MLCs BTO [162] using a DSC. This MLC was fabri-

cated by tape casting methods by the authors and comprises 180 of 1.4µm thick of BaTiO3.

The highest measured ∆Tadiab in BTO MLCs was obtained by Bai et al. [168]. They mea-

sured by direct measurements using a calorimeter, a maximum of 7.1 K at 353 K and under

the high electric field of 800 kV cm−1. MLCs based on PMN-PT shows the reported value of

2.7 K at 288 kV cm−1.

PST was first suggested in 2002 by Shebanov et al. [54] to be used as active material

in a MLC. They stated that their PST MLC had a ∆Tadiab of 2.4 K at the electric field of

138 kV cm−1 even though no experimental data were shown. It is eighteen years later, after

the improvement of the PST MLC fabrication, the increase of its breakdown field, and the

enhancement of the B-site cation of PST, that Nair et al.[29] measured in MLC-based PST,

the highest value directly measured in a bulky sample. They obtained by IR camera on PST

MLC with a B-site ordering of 0.96, a ∆Tadiab of 5.5 K around room temperature and when
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driven supercritically at the strong field of 290 kV cm−1. The supercritical regime is a regime

where the entropy change of the material is driven beyond the entropy change induced by

temperature[81]. Moreover, a ∆Tadiab beyond 3 K on a temperature range of 176 K was

measured on PST MLC, making it interesting for EC cooling devices.

MLC-based EC materials have been utilized to build a few EC prototypes [32, 71, 72,

148]. Gu et al.[71] used MLCs based P(VDF-TrFE) with a ∆Tadiab = 2.2 K, as a working

medium to build an EC regenerator prototype. They obtained a temperature span ∆Tspan

(difference between the hot side and cold side of a cooler) of 5 K. PST MLC was used by Y.

Wang et al.[72] to build an EC device with a ∆Tspan of 5.2 K. The same year, in the same

journal volume, we used 128 PST MLCs to build an EC regenerator that could reach the

∆Tspan of 13 K [32]. This is up-to-date the highest ∆Tspan measured in an EC cooler. An

EC regenerator follows the principle of active regeneration [71, 148, 160, 169, 170] which

enables reaching ∆Tspan larger than the ∆Tadiab of the material. Interestingly, the materials

efficiency [30, 33, 34] which is the ratio of the heat exchanged by the MLC to the electrical

energy required to drive this heat is barely reported. In this work, we will study the intrinsic

efficiency of the EC benchmark material PST in the shape of MLC.

5.3 Results

5.3.1 Experimental details

PST MLC - sample preparation

The PST MLCs studied here were fabricated by solid-state reaction and tape casting. These

samples were fabricated by T. Usui and S. Hirose from Murata Manufacturing in Japan.

Following the stoichiometric of PST, powders of Pb3O4, Sc2O3 and Ta2O5 were ball milled

for 17 hours in distilled water with balls of zirconia. The PST powder was then obtained from

the resulting mixture after a 4 hours of drying and calcination at 850 °C. Subsequently, the

PST powder was ball-milled in an organic solvent for 24 hours with a binder. Green sheets
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of PST of 300µm-gap doctor blade were made out of the resulting PST powder slurry. The

inner electrodes of Pt paste were screen-printed. Following this, the green sheets were

stacked, pressed, and cut to obtain green chips. Later, the binder was destroyed by burning

it off at 500 °C for 4 hours. The MLCs were sintered at 1400 °C for 4 hours and later annealed

at a temperature smaller than 1000 °C for 100-1000 hours with a mixture of Pb3O4 and ZrO2

powders with a Pb:Zr ratio of 1:1. The terminals (outer electrodes) were done with silver

paste.

Dielectric permittivity measurements

An impedance spectrometer (Novocontrol) was used to record the dielectric measurements

at 100 Hz on cooling and heating at a heating rate of 0.1 K min−1 in a cryogenic probe. These

measurements were carried out by Torsten Granzow.

Zero-field calorimetric measurements

Heat flux dQ
dT and specific heat measurements Cp were carried out on 18 mg of a PST MLC

(cut at its centre) at a heating rate of 5 K min−1. These measurements were done with a

commercial Differential Scanning Calorimeter (DSC3 Mettler Toledo) described in Chapter

3. Sapphire was used here as a reference for the calculation of Cp following the method

described in Chapter 3.

X-Rays Diffraction (XRD) measurements

XRD diffraction was performed from 15 to 60 degrees angle, every 0.01 degrees on pow-

dered PST MLC using Bruker D8 Discover.

InfraRed (IR) Imaging measurements

A FLIR X6580sc IR camera was used to collect EC temperature change of a PST MLC.

The measurements were taken on one of the two surfaces of the PST MLC, at its active
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area. The sample was black painted with Colorjet,Noir Mat to improve the material’s emis-

sivity to 1, required for IR camera measurements. Colorjet,Noir Mat [104] is a quick-drying

glycerophthalic-type touch-up paints, packaged in aerosols and intended for touch-up mark-

ing, decoration and finishing. The starting temperature Ts was controlled with a Linkam cell.

More details about EC measurements using IR Camera are given in Chapter 3.

5.3.2 Scanning Electron Microscopy (SEM)

This technique is described in details in Chapter 3 of this dissertation. A Quanta 200 Field

Emission Gun Scanning Electron Microscope (FEG SEM) from Philips-FEI was used here

to map and collect images of the PST MLC’s structure. The microscope is equipped with

a Genesis XM 4i Energy Dispersive Spectrometer (from EDAX) system for chemical analy-

sis. From the backscattered electron detector, pictures of the chemical composition of the

observed sample result (composition mode). The contrast of the picture is based on the con-

vention that ”heavier” element areas (high atomic number Z, for example, ZSn=50 compared

to ZNa=11) are shown in light grey and low atomic number elements in darker grey.

5.3.3 Dedicated setup for work extraction

The PST capacitor was charged at constant current rather than at constant voltage because

it is more efficient in terms of energy (more details in Chapter 3). A dedicated setup was

used to extract the charge as a function of time and calculate the electric work used to

charge the PST capacitor to a given voltage at a constant current.
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5.3.4 Characterization of PST MLC

Structural analysis of PST MLC

Figure 5.2: Structure of a PST MLC a Geometry of a MLC. The red rectangle is the active
area where the electrodes overlap. b SEM image of a PST MLC. The white lines are the
platinum (Pt) electrodes in between layers of PST. c Electronic microscope image of a PST
MLC.

Utilizing a Scanning Electronic Microscope (SEM), we looked at the structure of the PST

MLC studied and measured its dimensions. Figure 5.2 shows the SEM images of a PST

MLC. In Figures 5.2b and 5.2c, we can observed the layers of platinum electrodes (white

lines) and the layers of PST. We count 11 layers of PST including 9 active layers (layers

of PST between two layers of electrodes) and 10 layers of Pt electrodes. We measured a

thickness of 0.42 mm (Figure 5.3), a length of 10.1 mm and a width of 7.3 mm.
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Figure 5.3: SEM image of the left edge (a), centre (b) and right edge of PST MLC (c).
We measured an average thickness of 0.42 mm.

Figure 5.4: The 11 layers of PST and 10 layers of platinum electrodes of a PST MLC.

The SEM images in Figure 5.4 show 11 layers of 38.6 ± 0.6µm thick PST films in-

tercalated with 2.05 ± 0.05µm thick interdigitated electrodes of platinum. The error bars

correspond to the standard deviation measured on three different PST MLCs from the same

batch. The active area (red rectangle Figure 5.2a) that corresponds to the overlap between

the inner layers of electrodes is 48.7 mm−2. The active volume stands for 54.5% of the total

volume of one MLC.
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XRD measurements on powdered PST MLC are presented in Figure 5.5. The B-site

cation order Ω ∼ 0.75 was calculated from the integrated intensities of the (111) and (200)

peaks using equation (4.1) [135][52].

Figure 5.5: XRD of powdered PST MLCs X-ray diffraction measurements were carried out
on crushed PST MLC. From the intensities of the (111) and (200) peaks (inset image), we
calculated the B-site cation ordering Ω of PST MLC using the equation (4.1).
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Electrical and thermal characterization of PST MLC

Figure 5.6: Dielectric and thermal measurements in PST MLC The blue and red denote
respectively the cooling and heating. a Dielectric constant (top panel) and losses (bottom
panel) as function of temperature T. b Heat flow measurements at 0 kV cm−1. c Zero-field
heat capacity measurements. d Entropy S′(T ) = S(T ) - S(263 K) at 0 kV cm−1 referenced to
the entropy at 263 K. These entropy curves were constructed as explained in Chapter 3.

From the dielectric constant measurements presented in Figure 5.6a, we observe a tran-

sition peak at T0 = 290.2 K on cooling and 292.6 K on heating. The dielectric losses decrease

from 0.005 in the paraelectric (PE) phase (high-temperature) to zero in the ferroelectric (FE)

phase (low-temperature phase). Calorimetric measurements of heat flow (Figure 5.6b) and

specific heat (Figure 5.6c) at zero-field ascertain the first-order behaviour of PST MLC with

well-defined latent heat peaks and a thermal hysteresis of 4 K. The heating peak shows a
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transition from a FE to a PE phase whilst the cooling peak describes a transition from the PE

to the FE phase. We obtain a latent heat on heating Q0,h = 640 J kg−1 by integration of the

heating peak. This value is 45% less than the latent heat (1165 J kg−1) measured by Nair et

al. [29] on another PST MLC . This discrepancy is due to the high B-site ordering of their

sample (Ω = 0.96) compare to ours (Ω = 0.75). We measured a slightly lower latent heat of

cooling Q0,c = 526 J kg−1 by integration of the blue peak. The Cp measurement reveals a

background value of 300 J kg−1 K−1 which, is in adequation with similar measurements per-

formed on bulk PST (Chapter 4) [30] and in line with reported values in the literature [29, 96,

129]. We constructed as explained in Chapter 3, the entropy S′ referenced to the entropy at

263 K far from the transition. We measured an entropy change of 2.19 J kg−1 K−1 due to the

transition from FE to PE phase triggered by temperature.

5.3.5 Materials efficiency of PST MLC

Using the same approach as in Chapter 4, we will calculate the materials efficiency ηmat =

Q/We of PST MLC from measurements of EC heat Q and electrical work We.

Electrocaloric effect in PST MLC

As described in Chapter 3 and experimental details above, an IR camera was used to col-

lect ∆Tadiab of PST MLC induced by applying and removing an electric field. Electric fields

ranging from 13 kV cm−1 to 194 kV cm−1 were studied here. This corresponds to applying re-

spectively 50 V to 750 V on 38.6µm thick layer of PST. The EC measurements were carried

out under adiabatic conditions. The current of 1 mA was applied to guarantee these condi-

tions. As shown in Figure 5.7, at a current smaller than 1 mA , ∆Tadiab keeps on increasing

because the charge time is higher than the relaxation time of the PST sample. However,

at a current greater or equal to 1 mA, ∆Tadiab does change with the increasing current i.e

that the charging time of the capacitor (shorter than 0.2 s) is smaller than its relaxation time.

Figure 5.8, shows ∆Tadiab recorded at the PST MLCs face center (active area) as a function

of starting temperature Ts at different electric fields. The reproducibility of these measure-
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Figure 5.7: Adiabatic conditions in PST MLC ∆Tadiab versus applied current I. These
measurements were done at room temperature on a PST MLC at 118 kV cm−1.

ments was verified upon three successive runs as shown in Figure 5.9. Therefore, ∆Tadiab

in Figure 5.8 is an average of these runs at any Ts and electric field.

In Figure 5.8, at the lowest electric field applied of 13 kV cm−1, we measured a maxi-

mum reversible ∆Tadiab = 1.78 K, at Ts = 293 K (close to PST’s transition temperature). This

temperature change is obtained in a temperature range of 5.5 K. As defined in the previ-

ous chapter, this temperature range is the full width at 80% of the maximum ∆Tadiab. As

observed in Figure 5.8, the ECE in PST MLC is not fully driven at this field as ∆Tadiab con-

tinues to increase substantially with the increasing electric field. Besides, this increase of

∆Tadiab with the field goes along with the increase in the material’s temperature range.

From the shift of the maximum value of ∆Tadiab towards high temperatures with the

increasing electric field, we can deduce a stabilisation of the ferroelectric phase. At the field

of 39 kV cm−1, we measured a maximum ∆Tadiab of 2.44 K at Ts = 295 K. This change of

temperature corresponds to an entropy change ∆S of 2.48 J kg−1 K−1 estimated using the

interconversion relation (5.1). From isothermal entropy change carried out with a DSC and
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Figure 5.8: ECE in PST MLC Adiabatic temperature change ∆Tadiab (left y-axis) and ex-
changeable EC heat Q (right y-axis) as a function of starting temperature Ts at different
electric fields E. The orange to red curves corresponds to the temperature change obtained
upon application of an electric field. The light to dark blue curves are data of temperature
change which result from the removal of an electric field. Q is calculated using the formula
in equation (4.2).

adiabatic temperature change with an IR camera, we checked the interconversion relation

(5.1) to be correct. For bulk PST ceramic, we obtained similar values of |Cp∆Tadiab| and

|Ts∆Sisothermal| [30] with Cp = 300 J kg−1 K−1.

Cp∆Tadiab = −Ts∆Sisothermal (5.1)

The value of ∆S is very close to ∆S0 = 2.19 J kg−1 K−1 measured by DSC when driv-

ing the transition completely with temperature. Thereby, with an electric field of 39 kV cm−1,

one can fully drive the transition electrically. As shown in Figure 5.10, above this critical

field, we define the PST MLCs as being in a supercritical regime where the materials’s en-

tropy change is driven beyond the entropy change induced by the change in temperature.

At 197 kV cm−1, we reach a maximum ∆Tadiab of 3.5 K at around 299 K. The application of

higher electric fields expands the temperature range up to 60 K at 197 kV cm−1 i.e a MLC
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Figure 5.9: Reproducibility of ECE in PST MLC a ECE of PST MLC at 198 kV cm−1 and Ts

= 20.5 °C = 293.65 K after three successive runs. From these data collected at different Ts

we draw Figure 5.9b. b ∆Tadiab obtained from first, second and third cycles upon application
(positive values) and removal (negative values) of 198 kV cm−1. ∆Tadiab under and off field
doesn’t change after three EC cycle.

shows a temperature change of a least 2.8 K from 292 K to 352 K.

Materials efficiency

As already used in Chapter 4, Q is approximated using equation (4.2), with Cp measured

with a DSC (Figure 5.6c). This approximation is extensively used in literature and was ver-

ified in our previous work to be a good approximation in the case of PST bulk. The right

y-axis in Figure 5.8 shows EC heat exchanged by PST MLC. Q is proportional to ∆Tadiab. A

PST MLC can exchange at maximum 0.13 J at the highest field applied of 197 kV cm−1.

From voltage U at constant current I, collected as a function of time using a dedicated

setup (see chapter 3), we integrated UI versus time to determine We (equation 4.5). The

curve of U versus time at different temperatures and the curve of We versus field are pro-

vided in Figure 5.11.

We then deduced from Q and We, the materials efficiency of PST MLC presented in



5.3. RESULTS 116

Figure 5.10: Supercritical region in PST MLC This figure describes the peak in ∆Tadiab

as a function of electric field E below (283 K), at (293 K) and beyond (303, 313, 323 K) the
transition temperature. The red area represents the supercritical regime.

Figure 5.11: Electrical work of PST MLC. a Voltage versus time at different starting tem-
peratures Ts. Around the transition temperature (290 K), we observe a difference in slopes
in the U(t) curves, showing the change of transition from FE-PE in PST MLC. b electrical
work as a function of the electric field.

Figure 5.12. ηmat increases when the field decreases. The same behaviour was observed in

the materials efficiency of PST bulk and Gd. Around the PST MLC’s transition temperature,
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ηmat reaches a maximum value of 25, at the substantial heat exchanged of 4.59 J cm−3

under the smallest field of 13 kV cm−1.

Figure 5.12: Materials efficiency of PST MLC

The obvious question to ask ourselves is: how is the materials efficiency of PST MLCs

compared to ηmat of PST bulk and Gd already studied in the previous Chapter 4? In the

next section, we will compare in terms of energy efficiency PST MLC to PST bulk and Gd.

Besides, we will conclude with the influence of the shape of the material on its materials

efficiency.

5.4 Discussion: Scale law on materials efficiency of PST

The bubble chart in Figure 5.13 compares for the same heat exchanged per volume Q, the

materials efficiency of PST bulk, PST MLC to Gd. In other words, we compare the amount

of energy (electrical for PST or magnetic for Gd) that the materials studied here, have to pay

to exchange the same caloric heat (EC for PST and MC for Gd). In Chapter 4, ηmat of PST

bulk and Gd was thoroughly studied [30].
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Figure 5.13: Scale law on material efficiency The bubble chart compares the materials
efficiency of PST MLC, PST bulk and Gd for the same EC heat exchanged by volume Q.
The data of ηmat of PST MLC (five red bubbles) was included into Figure 4.17 which shows
ηmat of PST bulk ceramic (green bubbles, the smallest one indicated with an arrow) and Gd
(three blue bubbles). The bubble area describes the temperature range defined as the full
width at 80% of the maximum ∆Tadiab. Each colour represents the field applied (electric field
E in PST and magnetic field µ0H in Gd)

From Figure 5.13, we see that the application of high electric fields in PST MLCs permits

reaching Q values of 9.1 J cm−3 on a temperature range of 60 K however, with an efficiency

ηmat = 7. Moreover, we observe a linear decrease of ηmat with Q. The materials efficiency

of PST MLC decreases from 25 (Q = 4.6 J cm−3 at 13 kV cm−1) to 7 (Q = 9.1 J cm−3 at

194 kV cm−1). A similar linear decrease of ηmat is observable for the three materials with the

increasing Q, though with different slopes.
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ηmat of PST bulk is describes in Figure 5.13 by four green bubbles. Its strong first-order

transition induces large values of ηmat (smaller than 80) which decreases sharply on a nar-

row temperature range (smaller than 10 K). Contrarily, Gd due to its second-order transition

shows a much smaller decrease in ηmat (smaller than 20) with Q on a larger temperature

range (smaller than 15 K). Finally, the materials efficiency of PST MLC has a slightly steeper

slope than Gd with a temperature range considerably larger (smaller than 60 K).

At the same heat exchanged Q = 8.6 J cm−3, PST bulk is as efficient (16) as Gd (14)

and slightly more efficient than PST MLC (11). This value of Q corresponds to the highest

heat exchanged by PST bulk at 22 kV cm−1. At the lowest Q = 7.1 J cm−3 exchanged by

PST bulk, it is four times more efficient (78) than both PST MLC (20) and Gd (19). Although

PST MLC and PST bulk both present a first-order transition, this transition is rather broad

and close to a second-order phase transition in PST MLC. The second-order-like behaviour

observe in PST MLC is due to the strong electric fields applied which infers a supercritical

regime. This explains the smooth decrease in materials efficiency of PST MLC similar to

Gd. Therefore, EC cooling devices should also rely on extrinsic means to enhance further

their efficiency compare to magnetocaloric devices [24, 73].
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5.5 Conclusion

Following the previous chapter (chapter 4), we studied the materials efficiency of PST in

the shape of MultiLayer Capacitor (MLC). We demonstrate that contrarily to bulk, the MLC

structure enables reaching large temperature change under large electric fields, and on very

large temperature range (higher than 60 K) advantageous for cooling devices. However, the

materials efficiency of PST MLC is limited to 25. This is smaller than the values obtained in

PST bulk (80). For the same EC heat exchanged, we showed that PST bulk is four times

more efficient than PST MLC but on a narrow temperature range (2.5 K in bulk versus 60 K

in MLC). This discrepancy in the materials efficiency is due to the steeper and stronger first

order transition phase observed in bulk, whereas the supercritical regime used in MLC at

very large fields induces a second-order like transition as in Gd. This study shows how the

shape of the material influences the materials efficiency of PST. Our work highlights the

need of relying on extrinsic energy recovery to improve the efficiency of EC coolers.



Chapter 6

Quantifying the electrocaloric effect

in multilayer capacitors using

Clausius-Clapeyron equation

6.1 Motivation

Since its first discovery in 1930, different techniques or methods have been utilized to mea-

sure the electrocaloric effect (ECE) of electrocaloric (EC) materials in different shapes (bulk,

multilayer capacitor (MLC), or thin film). These methods are explained in detail in Chapter 3

of this dissertation. They are divided into four categories: direct, indirect, quasi-direct, and

quasi-indirect methods [17, 25]. The main three parameters measured are the adiabatic

temperature change ∆Tadiab, the isothermal entropy change ∆S or the EC heat exchanged

Q. The characterization of EC materials in the form of MLC is usually done:

• directly through direct measurements of ∆Tadiab using an IR camera [29], a ther-

mometer[100] or a scanning thermal microscope [101].

• indirectly by calculating ∆S using Maxwell relations which are based on thermody-

namic analysis of ferroelectric PE loops collected isothermally at different temperatures

121
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[29]. ∆Tadiab and Q are deduced from each other using the interconversion relation

(5.1) T∆S = mCp∆Tadiab.

Calorimeters are the most obvious instrument one could use to measure directly Q in

EC materials. However, calorimetric measurements under electric field are challenging and

rarely done in the literature [131]. The challenges faced are the application of an electric

field in a calorimeter which is not straightforward, the calibration of the sensor, the thermal

contact between the sensor and the sample, and Joule heating. Moreover, one of the most

important requirements to obtain accurate Differential Scanning Calorimetry (DSC) signal

values is to work with samples of small masses i.e approximately smaller than 30 mg. In

fact, EC heat Q was measured in 25 mg of PST bulk ceramic using a customized DSC [30].

The results of this study are presented in Chapter 3. This type of measurement is more chal-

lenging for a PST MLC as its mass is usually higher than 200 mg, too big to obtain accurate

quantitative values of DSC signal.

In this chapter, we suggest an approach to estimate the ECE in PbSc0.5Ta0.5O3 (PST)

MLC [81] using a DSC and without worrying about its mass. From infrequent isofield mea-

surements on PST MLC using DSC and isothermal polarisation versus electric field loops at

different temperatures, we use the Clausius-Clapeyron method to determine the transition

entropy change from fully driving the transition. We obtain using our approach a transition

entropy change of 3 J kg−1 K−1 close to the entropy change of 2.40 J kg−1 K−1 from driv-

ing the transition with temperature. This work was done in collaboration with the industrial

company Murata Manufacturing who provided us with the sample investigated here.
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The Clausius-Clapeyron method described in details in Chapter 2, is an indirect method

that uses the Clausius-Clapeyron equation to determine ∆St, the isothermal entropy for fully

driving the transition alone [17] [171]. ∆St is the change of entropy at the vicinity of the

transition from zero to a certain value of electric field E.

∆St = ∆S (0 → E)

This method fails to work for second-order materials and is only correct for first-order

phase transition materials that present a discontinuity in polarization at their transition tem-

perature T0. The Clausius-Clapeyron method enables obtaining the contribution of the EC

effect that stems from the latent heat of the first-order phase transition[172]. This method

is nominally equivalent to the Maxwell relations. From the measurements of the jump in

polarization ∆P0 across the transition and inverse of the field dependence of the transition

temperature dE
dT0

, one can determine ∆St using the Clausius-Clapeyron equation below:

∆St = ∆S (0 → E) = −∆P0
dE

dT0

1

ρ
(6.1)

with ρ the material’s density. The minus sign indicates the diminution of the entropy under

the application of an electric field.

In our approach we will measure dE
dT0

from isofield measurements i.e heat flow measure-

ments at a constant electric field while sweeping in temperature. To be able to apply an

electric field, these measurements will be done on an entire MLC of approximately 300 mg.

The resulting DSC signal is quantitatively incorrect due to the weight of the MLC being too

big to measure a good difference in heat flow. However, the position of the transition tem-

perature T0 is correct as we go slowly enough (5 K min−1) to measure the exact value T0 of

the material.

The change of polarization at the transition ∆P0 = ∆Pr is obtained from P (E) loops

of the EC material collected at different temperatures. For a better extraction of ∆P0, the

P (T ) curve will be fitted using the Landau theory of phase transitions already utilized by
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Nair et al. on different PST MLCs [29, 66]. The main idea of this phenomenological theory

is to construct the Landau free energy F which, describes the energies of the system in

the vicinity of the phase transition [173]. F is expanded as a Taylor expansion of the order

parameter (polarization P in the case of ferroelectrics). In the case of first-order transitions,

there is a discontinuity at the transition, and the free energy is expanded to the sixth order

of the polarization. F is written as follows:

F (T, P ) = F0(T ) + α0(T − Tc)P
2 − β

2
P 4 +

γ

3
P 6 (6.2)

with α0, β, γ ∈ R+, T the temperature and P the polarization.

At equilibrium:
dF (T, P )

dP
= 0

By derivation of equation (6.2) with respect to P one obtains the equation below:

P
{
α0(T − Tc)− βP 2 + γP 4

}
= 0 (6.3)

Equation (6.3) above has five solutions:

P = 0

or

α0(T − Tc)− βP 2 + γP 4 = 0 (6.4)

In equation (6.4), by setting X = P 2, we obtain:

P 2 = 0 ; P 2 =
β ±

√
β2 − 4α0(T − Tc)γ

2γ

The real and stable solutions are:
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P± =



±

√
β +

√
β2 − 4α0(T − Tc)γ

2γ
for T < Tc

0 and ±

√
β +

√
4α0(T0 − T )γ

2γ
for Tc < T < T0

0 for T > T0

As shown in Figure 6.1, T0 is the transition temperature where the two non zero solutions

are unstable (discontinuity in P ) and it is expressed as:

T0 =
β2

4α0γ
+ Tc

Figure 6.1: Polarization P versus temperature T of first-order transition material.
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At the transition temperature T0, the jump in polarization is:

∆P0 =

√
β

2γ
(6.5)

The parameters β and γ will be obtained from the fit of the experimental P (T ) curve

using the function below:

P (T ) =

√
β +

√
4α0(T0 − T )γ

2γ
(6.6)

This equation describes the behaviour of the polarization against temperature before T0.

6.2 Results

Using the approach described in the section above, we calculated the transition entropy

change of the of the first-order transition material, PbSc0.5T0.5O3 in the shape of a MLC.

6.2.1 Experimental details

PST MLC - sample preparation

The fabrication of the PST MLC sample utilized was fabricated by T. Usui and S. Hirose from

Murata Manufacturing in Japan. The details on the fabrication of a PST MLC are presented

in Chapter 5 of this dissertation. A density of ρ =8750 kg cm−3 was obtained from the PST

MLC [29].

Zero-field calorimetric measurements

Heat flux dQ
dT was carried out on 18 mg of a PST MLC (cut at its centre) at a heating rate

of 5 K min−1. These measurements were done with a commercial Differential Scanning

Calorimeter (DSC3 Mettler Toledo) described in Chapter 3.
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DSC measurements under an electric field

Isofield measurements (heat flux measurements at constant electric field) were done on

heating and cooling at the heating rate of 5 K min−1 using the customized DSC described in

Chapter 3 of this dissertation. To be able to apply an electric field, the isofield measurements

were carried out on the entire PST MLC of 300 mg. Heat flux dQ
dT were collected versus

temperature T .

Polarization - electric field (PE) loops

PE loops were collected using aixACCT TF Analyzer 2000 at the frequency of 10 Hz. The

maximum field of 39 kV cm−1 was applied at temperatures from 268 K to 323 K.

6.2.2 Case study: PST MLC

PST in the form of MLC presents a first-order phase transition around 292-293 K from a FE

phase at low temperature to a PE phase at high temperature. The fabrication, structural and

electrical properties, and ECE of this material are presented in Chapter 4 of this dissertation.

Field dependence of the transition temperature in PST MLC

Figure 6.2 shows the heat flow at constant electric fields on an entire PST MLC (mass ≈

300 mg) using a customized DSC (described in Chapter 3). The y-axis, which corresponds

to the values of heat flow are not mentioned on the graph as they are quantitatively incorrect

due to the weight of the PST sample too big to obtain accurate data of DSC signal. However,

the position of the peak (temperature T on x-axis) is correct.

At 0 kV cm−1, we observe a single peak at 292.5 K on heating, which corresponds to the

transition from FE to PE. Conversely on cooling, the transition from PE to FE is described by

a single peak at 285.5 K. It is worth mentioning that the position of the peaks at 0 kV cm−1

on 300 mg PST MLC (Figure 6.2) is similar to those on 18 mg of PST MLC cut at its centre

(chapter 4 - Figure 5.6b). Therefore, the heating rate of 5 K min−1 is good enough to obtain

the right transition temperature in 300 mg - PST MLC.
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Figure 6.2: Isofield measurements on PST MLC. Heat flow measurements at different
constant electric fields (0, 3.9, 5.5, 10, 13, 26, 39 kV cm−1) against temperature T . The red
and blue data were respectively collected on heating and cooling at 5 K min−1. In order to
apply an electric field, these measurements were carried out on an entire PST MLC of ≈
300 mg. The y-axis values are not displayed as they are quantitatively incorrect due to the
weight of PST MLC too big for DSC measurements. The position of the peaks in temperature
are nonetheless correct.

Under the application of an electric field, it is clear from Figure 6.2 that the single peak

observed at 0 kV cm−1 splits into two peaks. As shown in Figure 6.3, one of the two peaks

remains almost at the same position as the peak at 0 kV cm−1 i.e that a part of the MLC
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Figure 6.3: Inactive peak of PST MLC under electric field. Zoom in of the inactive peak
of PST MLC under different electric fields on cooling (a) and on heating (b).

is insensitive to the electric field. This corresponds to the inactive part of the material (see

Figure 5.2). The second peak (active) shifts towards higher temperatures. The shift is

a response to the application of an electric field in the active area (where the electrodes

overlap) of the MLC (Figure 5.2).Therefore, the electric field stabilizes the low temperature

(ferroelectric) phase as also observed in PST bulk ceramic [30]. At values of field greater

than 13 kV cm−1, the peak is broader, exhibiting a second-order like behaviour due to the

large electric fields applied in PST MLC. The transition peak (active) is completely lost at

fields greater than 39 kV cm−1. From Figure 6.4, we obtain an almost linear shift of the

transition temperature T0 with the increasing field. We measure on heating:

dE

dT0
= 1.34 kV cm−1K−1
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Figure 6.4: T=f(E) diagram of PST MLC Temperature versus electric field of PST MLC
collected from isofield measurements in Figure 6.2.

Isothermal polarization versus electric field in PST MLC

Figure 6.5b describes the change of polarization versus temperature, collected from P(E)

(polarization-electric field) loops at different temperatures (Figure 6.5a). As we can see from

Figure 6.5b we observe a jump in polarization at the transition temperature due to the first

order transition of PST. This transition is smoother with the increasing electric field and the

jump becomes barely visible. The P(T) curve at 0 kV cm−1 will be fitted following equation

(6.6). From the fitted parameters we deduce the jump in polarization using equation (6.5).

∆P0 = 17µ cm−2

We therefore deduce the entropy change ∆St from fully driving the transition:

|∆St| = | − ∆P0
dE

dT0

1

ρ
| = 2.60 J kg−1K−1
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Figure 6.5: PE loops of PST MLC at different temperatures a PE loops of PST MLC
collected at different temperatures from 266 K to 323 K at the maximum electric field applied
of 39 kV cm−1. b Remanent polarization as a function of temperature

This value is comparable to the entropy change ∆S0 obtained by driving the transition

with temperature. ∆S0 is obtained from zero-field calorimetric measurements of 18 mg of

PST MLC (cut at its center). In the range of 270 K and 320 K, we measured a latent heat of

Q0,h = 698 J kg−1 on heating (red peak in Figure 6.6). Hence, the entropy change ∆S0 due

to changes in temperature.

∆S0 =

∫
dQ

TdT
dT = 2.40 J kg−1K−1
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Figure 6.6: Zero-field calorimetric measurement in PST MLC. Heat flow measurements
on 18 mg of PST MLC cut at its centre. The red and blue curves denotes respectively the
heating and cooling.

6.3 Discussion

By using the Clausius-Clapeyron equation we were able to reach similar transition entropy

in PST MLC when driven electrically and thermally without electric field. From the change of

polarization and the field dependence of the transition temperature in PST MLC we obtained

the entropy change by driving completely the transition (latent heat).

Despite the mass (300 mg) of the PST MLC bigger than the mass limit to obtain accurate

values of DSC signals, we were able to determine the field dependence of the transition tem-

perature T0 from isofield measurements carried out with our customized DSC under electric

field. This was possible by choosing the right heating rate in order to measure the precise
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position of the transition peak. At 5 K min−1, heat flow measurements on 18 mg of PST

MLC broken at its centre, shows similar peak transition as in 300 mg of entire PST MLC.

Therefore, the isofield measurements only possible on the entire PST MLC in which one can

apply an electric field, were carried out at 5 K min−1. The application of an electric field in the

18 mg broken PST MLC is impossible as after breaking broken, the electrodes are in contact

with each other therefore, creating a short circuit. At large electric fields, the transition peak

is lost as the material behaves more like a second-order material. This is also observed in

the polarization versus temperature curves where the jump in polarization is barely visible

with the increasing field.

Our approach works well to estimate the entropy change at the transition (latent heat)

for PST MLC using isofield measurements in a DSC. The difference of 0.2 J kg−1K−1 in

entropy change could be attributed to errors in fitting.
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6.4 Conclusion

As a conclusion, we suggested in this study an approach to determine the ECE in a MLC us-

ing the Clausius-Clapeyron equation. From isofield measurements on PST MLC using DSC

and polarization versus electric fields loops we show that the entropy change from driving

completely the transition (latent heat) is almost similar to the entropy change at the transition

driven with temperature. Therefore, our approach could be considered as an alternative to

measure the transition entropy in MLC.



Chapter 7

Explaining the negative

electrocaloric effect in the

antiferroelectric lead zirconate

7.1 Motivation

Alike ferroelectrics (FEs), antiferroelectrics (AFEs) are part of the family of dielectric mate-

rials. Firstly defined in 1951 by Kittel [174], AFEs have been less studied than their coun-

terpart FEs discovered for the first time in 1665 in Rochelle salt (sodium potassium tartrate

tetrahydrate). AFEs have been mainly attractive due to their high energy storage density

[127, 175–178]. They also find applications in pyroelectricity sensors and solid-state cooling

devices [179]. Recent studies [62, 180–182] have shown that AFEs could display a negative

electrocaloric (NECE). In contrast to the conventional ECE, the NECE or also called inverse

ECE is described by the decrease of the material’s temperature under the application of an

electric field and an increase of its temperature after the removal of the field. The combi-

nation of the conventional ECE with the NECE could enable working on large temperature

ranges and help improve the efficiency of solid-state cooling devices. However, the origin of

this NECE in AFEs remains controversial in the literature.

135
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In this chapter, we will study the archetypical AFE Lead Zirconate – short form - PbZrO3.

Using calorimetric measurements under electric field carried out by myself at LIST, we will

explain the origin of the NECE in bulk ceramic PbZrO3. This work was done in collaboration

with the Catalan Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona, which

suggested the study and provided the samples for characterization. This work has led to

the publication of one of my co-author papers “Pablo Vales-Castro, Romain Faye, Miquel

Vellvehi, Youri Nouchokgwe et al., Origin of negative electrocaloric effect in antiferroelectric

PbZrO3, Physical Review B, 103, 054112(2021), https://doi.org/10.1103/PhysRevB.103.054112.

We will first present a background on AFEs and more precisely the material used here

PbZrO3. Secondly, we will explain the controversy around the NECE by describing the

different origins of this abnormal effect which still remains unclear. Subsequently, we will

show our results on the calorimetric measurements under different electric fields in PbZrO3.

Finally, based on the later measurements and EC measurements carried out by P. Vales-

Castro we will give our explanation of the NECE observed in bulk ceramic PbZrO3.
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7.2 Antiferroelectrics

7.2.1 Background

The family of dielectric materials includes FEs, AFEs, relaxor ferroelectrics (RFs), and lin-

ear dielectrics (LDs). FEs remain one of the most studied dielectric materials. To better

understand AFEs, we will first define FEs. FEs are characterized by: a spontaneous electric

polarization i.e a non-zero polarization when the electric field is zero and the reversibility or

switching of the spontaneous polarization by applying an external electric field in the oppo-

site direction. Hence, the hysteresis loop observed in FE materials as shown in Figure 7.1a.

In these materials, the adjacent dipoles are parallel, and their orientation can be aligned by

an external electric field as displayed in Figure 7.1b.

Figure 7.1: Ferroelectrics. a Hysteresis loop of a FE material. Ps is the saturation po-
larization, Ec the coercive field (value of the electric field at zero polarization), and Pr the
remanent (spontaneous) polarization. b FE dipoles in domains in the absence (E = 0) and
presence (E ̸= 0) of an electric field.

In contrast, as demonstrated in Figure 7.2b, AFEs possess antiparallel adjacent dipoles

(antipolar state) which can be aligned by applying a sufficient electric field (EAFE−FE) lead-

ing to a polar state. The electric field induces a phase switching from an AFE phase to a FE

phase. The stability of this polar phase until EFE−AFE leads to a hysteresis loop thereby, a

double hysteresis when applying the field in the opposite direction (Figure 7.2a). This dou-

ble hysteresis loop is the feature commonly used to define an AFE material, though it is not
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sufficient to conclude on antiferroelectricity. The last characteristic to confirm the antiferro-

electricity of a material in addition to its antiparallel dipoles and double hysteresis loop is its

anomaly in the dielectric permittivity at the AFE to paraelectric (PE) transition temperature

[183, 184]. These three features altogether define the antiferroelectricity of a material.

Figure 7.2: Antiferroelectrics. a Double hysteresis loop of an AFE material b AFE dipoles
in domains in abscence (E = 0) and presence of an electric field (E ̸= 0)

Lead Zirconate - PbZrO3 - short form PZO, is an archetypical and first studied [185] AFE

material. It has a perovskite structure (ABO3 ) and an antiparallel atomic arrangement as

shown in Figure 7.3a. PbZrO3 has a transition temperature Tc around 505 K. It transitions

from an orthorhombic AFE phase at low temperature to a cubic paraelectric phase at high-

temperature [186]. In addition, as shown by Shirane et al. [185] in 1951, PbZrO3 shows

a dielectric anomaly at Tc with a double hysteresis loop at the applied field of 20 kV cm−1

(Figure 7.3c). This anomaly is described in Figure 7.3b by a jump in the dielectric permittivity

around Tc = 506 K.

AFEs are good candidates for high-energy storage applications and electrocaloric cool-

ing devices.

Due to their low remanent polarization and high critical field, AFEs display high-energy

storage density compared to the other dielectric materials (FEs, relaxor ferroelectric, and
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Figure 7.3: Lead Zirconate - PbZrO3 . These images were adapted from [185]. a Atomic
arrangement showing antiparallel dipoles of PbZrO3 in the AFE phase. The arrows show
the shift of the lead (Pb) ions. b Dielectric constant versus temperature of PbZrO3 and
its anomaly at the AFE-PE transition. c Double hysteresis loop of PbZrO3 at 501 K under
applied field of 20 kV cm−1.

linear) [187]. One can store energy in a dielectric material as the energy used to charge the

dielectric can be recovered by discharging the material [184]. The energy stored per unit

volume Wstored energy is defined as the sum of the recoverable energy (shaded in orange in

Figure 7.4) and the energy loss [188]. The energy loss corresponds to half of the area in the

loop shaded in blue in Figure 7.4. Wstored energy and Wrecoverable energy are defined as:

Wenergy stored =

∫ Pmax

0
EdP. (7.1)

Wenergy recovered = −
∫ Pr

Pmax

EdP. (7.2)

With E the applied electric field, P the polarization, Pr the remanent polarization and

Pmax the maximum polarization at maximum electric field.

7.2.2 Negative electrocaloric effect in AFEs

As FEs, AFEs also show a high pyroelectric coefficient which is a requisite for large ECE.

Contrary to FEs they show a NECE at the AFE to FE transition. As shown in Figure 7.5,

NECE means that the AFE material cools down when the electric field is applied and heats
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Figure 7.4: Energy storage in dielectric materials. a linear dielectric b relaxor ferroelectric
c ferroelectric d antiferroelectric. The shaded area in orange represents the energy recov-
ered Wenergy recovered by each dielectric material. Wenergy recovered is larger in AFE compared
to its counters dielectrics.The energy loss corresponds to half of the area shaded in blue.

up when the field is withdrawn. This implies a positive slope of P(T ) and a positive value

of ∂P
∂T . Therefore, a negative ∆Tadiab is obtained from the Maxwell relations. It is worth it to

mention that NECE could also be observed in FEs that present different FE transitions with

different polarization directions [171, 180, 189–192] or in FE materials with polar defects

configurations [190, 193]. In this section we are only interested in NECE observed in AFEs

and more specifically in bulk ceramic PbZrO3.

Theoretical and experimental measurements done by Pirc et al. [182] have confirmed a

maximum NECE of -1.5 K at 80 kV cm−1 in the prototypical PbZrO3 ceramics. In 2015, the

same group reported on a NECE of nearly -1 K at 40 kV cm−1 in Ba-doped PbZrO3 ceramics

[194]. Furthermore, in AFE La-doped PbZrTiO3 thin films, Geng et al. [62] have obtained
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Figure 7.5: Negative electrocaloric effect Temperature of a material (y-left axis) as a func-
tion of time. The y-right axis in red shows the voltage applied. Here, the material’s temper-
ature decreases when the voltage (electric field * thickness) is on and increases when the
voltage is off.

a giant NECE of -5 K near room temperature using the indirect method (Maxwell relations).

Intriguingly, there is so far in the literature two different explanations for this abnormal effect:

the dipole canting model [62, 75] and the latent heat of transformation model [182].

Dipole canting model

In a conventional (positive) ECE, the adiabatic application of an electric field aligns the elec-

trical dipoles of the material, and thus reduces its dipolar entropy ∆Sdipolar. This leads to an

increase in the phononic contribution ∆Sphononic (vibrational degrees of freedom) thus, the

material gets hot. The decrease and increase of respectively ∆Sdipolar and ∆Sphononic, sat-

isfy equation (7.3) as the total entropy (∆Stot) of the system should be zero under adiabatic

conditions.



7.2. ANTIFERROELECTRICS 142

∆Stot = ∆Sphononic +∆Sdipolar (7.3)

On the contrary, in an inverse ECE, ∆Sdipolar increases as the electric field creates dis-

order by destabilizing (canting) the dipoles sublattice, antiparallel to the electric field. This

will therefore induce a reduction of ∆Sphononic thereby a decrease in the material’s tempera-

ture. More specifically, at a temperature smaller than Tc, by applying a modest electric field

smaller than the AFE-FE transition field (EAFE−FE), the temperature change of the material

will decrease as shown in Figure 7.6. At a larger electric field, greater than EAFE−FE , this

temperature change will change to a positive effect (green and blue curves in Figure 7.6) as

the AFE dipoles are now aligned with the electric field applied.

Figure 7.6: Dipole canting illustration. This figure was adapted from Liu et al. [75]. It
illustrates the NECE of an AFE material based on the dipole canting model. The tempera-
ture change ∆Tadiab as a function of temperature T at increasing electric fields E. Tc is the
transition temperature.
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Latent heat of transformation model

The latent heat of transformation model is based on the fact that the field-induced first-

order phase transition (latent heat) between two phases could be responsible for the NECE.

The changes in applied voltage (electric field * thickness) induce an intermediate transition

described by the appearance of an endothermic peak with a higher entropy than the low-

temperature phase. Therefore, ∆Stot in equation (7.3) can be written as:

∆Stot = ∆Sphononic +∆SLH +∆Sp = 0 (7.4)

with ∆Sdipolar = ∆SLH +∆Sp. ∆Sp is the contribution from the smooth variation of polar-

ization with T and E. ∆SLH is the change of entropy obtained from the first-order transition

(latent heat). It stems from the discontinuous jump in polarization.

Contrary to the dipole canting model, in the latent heat of transformation model, the

NECE continues to increase above EAFE−FE until the effect saturates.

The main purpose of this work is to determine which of these two reasons is responsible

for the NECE measured directly in bulk ceramics PbZrO3.

7.3 Results

7.3.1 Experimental details

Sample preparation

The bulk ceramics of PbZrO3 were fabricated at the Institute of Physics of the University of

Silesia in Katowice in Poland. The samples were done following the instructions in [195].

Using 99.95% powdered pure PbO and ZrO from Reachim, ceramics of PbZrO3 were

first synthesized at 900 °C for 3 h and then pulverized and pressed in discs form of 10 mm

diameter. Subsequently, they were annealed for 1 h at 1150 °C and pressure of 150 MPa.
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The samples obtained, show a low porosity. The discs obtained were polished to a thickness

between 100 and 150 µm with a Multi-prep polishing system.

DSC measurements under an electric field

The zero-field measurements and isofield measurements were done using a DSC (as de-

scribed in Chapter 3) from NETZSCH. The sample used for characterization weighs 6 mg.

The measurements were done at the heating rate of 10 K min−1 and at different constant

electric fields of 0, 2.5, 5, 10 kV cm−1. From the heat flux measurements and after removal

of the baseline we obtained dQ
dT . The specific heat measurements Cp were done as de-

scribed in Chapter 3 on the same sample. The silver paste was deposited on both surfaces

of the ceramic and connected with copper wires for the application of an electric field us-

ing a power source (Keithley 2410). The entropy curves were drawn using the equations

described in Chapter 3.

InfraRed (IR) Imaging measurements

The adiabatic temperature change data were collected using the IR cameras FLIR x6580sc

and FLIR SC5500. More details on the technique are given in Chapter 3. The starting

temperature was controlled with a Linkam cell (described in Chapter 3) and the voltage was

applied at the current of 0.1 mA using a power source Keithley 2410. These measurements

were carried out by P. Vales-Castro.

7.3.2 Zero-field thermal properties of PbZrO3

The zero-field calorimetric measurements carried out with a DSC in a pure compound

PbZrO3 are shown in Figure 7.7. The heat flow and specific heat measurements show the

first-order behaviour of ceramic PbZrO3 with sharp peaks on heating and cooling. On heat-

ing, we observe one single endothermic peak at the transition temperature of 507 K. This

peak (red in Figure 7.7a and 7.7b) corresponds to a transition from the AFE (orthorhombic)

phase to a PE (cubic) phase. In contrast to the heating, we note an additional peak on
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Figure 7.7: Zero-field measurements in PbZrO3 This figure shows the calorimetric mea-
surements as a function of temperature T, done on bulk ceramic PbZrO3 on heating (red
curves) and cooling (blue curves) at 0 kV cm−1. a Heat flow dQ/dT. b Specific heat Cp. c
S’(T ) the entropy referenced at 482 K far from the transition. S’(T ) = S(T ) -S(482 K) with
S(482 K) = 0. ∆S0 is the entropy change at the transition driven thermally.
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cooling. This additional peak suggests a stable intermediate phase between the PE and

AFE phases. Therefore, the two exothermic peaks (blue in Figure 7.7a and 7.7b) on cool-

ing, describe a transition from PE to FE (rhombohedral) and then to the AFE phase. The

PE-FE and FE-AFE respectively peak at 502 K and 493 K. This is consistent with the ca-

pacitance measurements carried out by P. Vales-Castro [63] on the same batch of samples.

The first-order behaviour of PbZrO3 is accompanied with a thermal hysteresis ≥ 5 K. The

integration of the red peak in Figure 7.7a yields Q0,h of 6,140 J kg−1. Q0,h is the latent heat,

the energy absorbed (endothermic) per unit kilogram of PbZrO3. In the same way, we ob-

tained the energy released per unit kilogram by PbZrO3, by integration of the two peaks on

cooling. We access 3,480 J kg−1 and 2,330 J kg−1 respectively from the PE-FE peak and

FE-AFE peak. It is worth it to mention that the sum (Q0,c = 5,810 J kg−1) of the latent heat of

both peaks on cooling is almost equal to the latent heat obtained on heating. The Cp mea-

surements in Figure 7.7b shows a constant background value of 457 J kg−1 K−1. From the

zero-field Cp, we draw in Figure 7.7c, S’(T ) the entropy referenced to the entropy at 482 K far

from the transition (described in Chapter 3). We achieve a thermally driven entropy change

∆S0,h = 12.12 J kg−1 K−1 on heating and ∆S0,c = 11.65 J kg−1 K−1 on cooling. The latter

corresponds to the sum of entropy change obtained from both peaks on cooling; respec-

tively 6.93 J kg−1 K−1 (PE-FE) and 4.72 J kg−1 K−1 (FE-AFE). As shown in Figure 7.7c, the

thermally driven entropy change corresponds to the jump in the S’(T ) diagram.

7.3.3 Electrocaloric effect in PbZrO3 ceramic

Direct measurements of ECE in bulk ceramic PbZrO3 under application of different electric

fields are presented in Figure 7.8. These measurements were carried out by P. Vales-Castro

using an IR Camera (see experimental details). In the range of temperatures from 473 K to

493 K i.e in the AFE phase, we observed an increasing NECE with the increasing electric

field. At the lowest electric field applied of 10 kV cm−1, we measured a small ∆Tadiab ≤

-0.6 K. This value decreases (or increases in absolute value) to -3.6 K at the maximum

field applied of 42 kV cm−1. This field is higher than the phase transition field EAFE−FE(≈

35 kV cm−1). In the FE phase between 493 K to 500 K, the NECE changes to zero or weakly
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Figure 7.8: Adiabatic temperature change of PbZrO3. Direct measurements of ∆Tadiab

as a function of different starting temperatures Ts under the application of different electric
fields EON (10, 16, 21, 24, 28, 35 and 42 kV cm−1). These measurements were done by P.
Vales-Castro.

positive effect. ∆Tadiab ≤ 1 K is measured in this temperature range at the maximum field

applied. At higher temperatures around T c, between 500 K to 509 K, we observed a positive

ECE which increases with the increasing electric field. The highest value of ∆Tadiab = +5.6 K

is measured in this temperature range at 42 kV cm−1. Finally, this effect drops to nearly zero

or zero above T c.

7.3.4 Isofield measurements of PbZrO3

Isofield measurements carried out on bulk ceramic PbZrO3 were realized using a customized

DSC (see Experimental details). These measurements correspond to the heat flow mea-

sured at constant electric fields (0, 2.5, 5, 10 kV cm−1) while sweeping in temperature. The

results are presented in Figure 7.9 on heating (Figure 7.9b) and on cooling (Figure 7.9a).

As already observed in Figure 7.7a, our sample shows a single endothermic peak from
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Figure 7.9: Isofield measurements in PbZrO3 ceramic Heat flow measurements of bulk
ceramic PbZrO3 at different constant electric fields (0, 2.5, 5 and 10 kV cm−1). These mea-
surements were carried out on cooling (a) and heating (b) using a customized DSC (see
experimental details).

AFE-PE on heating with two peaks on cooling. These two peaks describe the presence of an

intermediate stable phase (FE) between the PE and the AFE phase. Under the application of

the modest electric field of 2.5 kV cm−1, we observe a shoulder on the endothermic peak (red

peak in Figure 7.9b). It suggests a splitting of the endothermic peak in two. By increasing the

field to the maximum field applied of 10 kV cm−1, it is clear from Figure 7.9b that we separate

the single endothermic peak at 0 kV cm−1 into two distinct endothermic peaks. Thereby, the

field induces an intermediate FE phase between the AFE and PE phases. Moreover, the

increase of the electric field shifts the AFE-FE peak to lower temperature and the FE-PE

to higher temperature. As a result, the electric field stabilizes the intermediate FE phase

(Figure 7.10) which is at higher temperatures than the AFE phase. Similarly, on cooling, the
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Figure 7.10: Temperature-Electric field diagram of PbZrO3 ceramic This T -E diagram
was constructed from DSC measurements on PbZrO3 ceramic. The application of an electric
field in the AFE and PE phase, leads respectively to a NECE to the FE phase, and a positive
ECE to the FE.

PE-FE and FE-AFE peaks are shifted to respectively higher and lower temperatures with

the increasing field. These results are in line with the Dynamic Mechanical Analysis (DMA)

measurements carried out by P. Vales-Castro in [63].

7.4 Discussion

From direct adiabatic temperature measurements done with an IR camera, we observed in

the AFE phase an increase of the NECE even above the transition electric field of EAFE−FE .

Besides, the DSC measurements show that the electric field induces a FE phase between

the AFE and the PE phases. These observations, prove that the positive and negative ECE

measured in ceramic PbZrO3 are due to the field-induced phase transitions. Furthermore, it

is seen from the DSC measurements that the field induces an endothermic AFE-FE peak.

In other words, heat is being absorbed by the material leading to cooling under the appli-
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Figure 7.11: Entropy curves of PbZrO3 ceramic. S’(T ) the entropy referenced at 482 K
as a function of temperature T at 0 kV cm−1 (c), 2. kV cm−1 (b), 10 kV cm−1 (a). T c is the
transition temperature which is shifted towards high temperature with increasing electric field
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cation of an electric field. Therefore, the AFE-FE peak is then responsible for the NECE of

-3.5 K in PbZrO3. These results show that the NECE doesn’t arise from the destabilization

of the anti-parallel dipoles but rather from the first-order (latent heat) endothermic transi-

tion between the AFE (antipolar) and FE (polar) phases induced by changes in the electric

field. If the dipole canting, was responsible for the NECE, we would have expected the heat

to be released (entropy decreases) or ∆Tadiab to turn positive as the anti-parallel dipoles

are ordered above the coercive field EAFE−FE . Evidently, this is not the case as shown in

our results. The FE phase has a higher entropy (Figure 7.11) than the AFE phase yielding

the absorption of heat (endothermic peak from AFE to FE). Contrarily, the positive ECE ob-

served (+5.6 K) at higher temperature (in the PE phase) stems from the PE to FE exothermic

(heat is released) peak.

It is worth it to mention that, in La-doped PbZrO3 (PLZT) [196, 197] and Pb0.99(Zr, Sn,

Ti)0.98Nb0.0203 (PNZST) [198] AFEs, the authors measured a positive ECE rather than a

NECE as we observed in pure ceramic PbZrO3. This discrepancy is explained by the

dopants which affect the position of the FE phase. Contrary to PbZrO3, PLZT and PNZST

show a FE phase at low temperature and an AFE at high temperature. Thereby, the field

induces an exothermic peak from FE-AFE leading to heating when the field is applied.
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7.5 Conclusion

In summary, we have explained the negative electrocaloric effect observed directly in PbZrO3

ceramic. By calorimetric measurements under electric field, we have shown that this NECE

is not a consequence of the destabilization of the dipoles (dipoles canting) but rather a result

of the field-induced a first-order (latent heat) endothermic transition from an antiferroelectric

phase to a ferroelectric phase. Moreover, from the adiabatic temperature change, we have

seen that the NECE doesn’t disappear or turn positive above the coercive fields. This work

gives more insight into the origin of NECE in antiferroelectrics and shows that the magni-

tude of NECE can keep on increasing above critical fields. This could enable working on

a large temperature range by combining large NECE with conventional ECE. However, dif-

ferent ways such as doping have to be found to shift the material transition close to room

temperature.



Chapter 8

Conclusions and future perspectives

The main goal of this dissertation has been to study the intrinsic efficiency of EC materials

as it plays a role in the efficiency of the device. The figure of merit ”materials efficiency” ηmat

defined as the ratio of the electrocaloric (EC) heat to the electrical work required to drive this

heat, has been used for this purpose. As explained in the Introduction, the main goal of this

dissertation was to answer the following research questions: How energy efficient are our

best EC materials? How much electrical work is required to drive EC heat in an EC

material? How does the shape of material influences its materials efficiency? To an-

swer these questions we have studied the materials efficiency of the benchmark first-order

transition material: lead scandium tantalate (PST), in the shape of bulk ceramic and multi-

layer capacitors. In this section, we will summarize the results obtained in this dissertation

and we will discuss potential outlooks.

In Chapter 4, we firstly investigated the electrocaloric effect of highly ordered bulk ce-

ramic PST. Secondly, we extracted the electrical work required to drive these EC effects and

finally calculated its materials efficiency. The ECE in bulk PST was measured directly using

an infrared camera. A differential scanning calorimeter under an electrical field was also

utilized to describe and quantity the ECE in bulk PST ceramic. Near the material’s ferro-

electric to paraelectric transition at T0 = 300 K, we measured a maximum direct ∆Tadiab =

3.7 K at the modest electric field of 40 kV cm−1 with an entropy change of 3.4 J kg−1 K−1 at

153
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22 kV cm−1. PST bulk can reach efficiency values as high as 128. This is as efficient as the

best caloric materials. We observed a strong decrease of ηmat with the increasing electric

field. For the same heat exchanged in PST and prototypical Gadolinium, we showed that

PST requires four times less work than Gd. Nevertheless, due to its strong first-order transi-

tion, PST’s high efficiency is limited to a narrow temperature range (2.5 K) which could be a

handicap for cooling devices. Following the results presented in Chapter 4, in Chapter 5 we

studied the efficiency of PST in the shape of multilayer capacitors. This structure offers large

temperature change (∆Tadiab = 3.5 K) under large electric fields (197 kV cm−1), and on very

large temperature range (higher than 60 K) advantageous for cooling devices. The materials

efficiency of PST MLC is limited to 25. This is four times less compared to PST bulk and

as efficient as Gadolinium for the same heat exchanged. We showed that even though PST

MLC and PST bulk are first-order transition materials, the strong electric fields applied in

PST MLC induce a second-order-like behavior which, explains the smooth decrease in the

efficiency of PST MLC.

Our study on the materials efficiency of PST in different shapes has shown the pros on

cons of the material’s shape on its efficiency. In general, our work shows that PST is not

only an EC performant material but also a very efficient material comparable to the best

caloric materials (magnetocaloric materials driven with a permanent magnet). PST bulk

suffers from its small temperature, therefore, can be used in layered regenerator in which

PST bulk of different transitions (through doping) are assembled. This could help to benefit

from the high intrinsic efficiency of PST bulk and expand its temperature range for cooling

devices. PST MLC requires a large electric field inducing low efficiency. Caloric materials in

general are attractive because of their potential high efficiency. This work could serve as a

tool to consider the intrinsic efficiency of caloric materials in order to improve the efficiency

of devices. The direct open question one can ask himself for further investigations is: how

comparable is the efficiency of thin films to bulk and MLC? Ceramics materials have been

mainly studied in this work. One could wonder how energy efficient are non-ceramic mate-

rials such as polymers that offer high electrocaloric effect as reported in the literature [64].
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Moreover, the efficiency of plastic crystals [199] that show entropy changes comparable to

that of the fluorinated gases used currently in our cooling systems, could be investigated.

One crucial question that need to be answered is: What is the impact of the materials ef-

ficiency on the overall efficiency of a cooling device ? How comparable is the efficiency of

a first-order transition MC material such as LaFeCoSi to a first-order transition EC material

like PST ?

In Chapter 6, we quantified the entropy change from driving the transition in PST MLC.

This entropy change was calculated from direct measurements of the field dependence of

the transition temperature obtained from differential scanning calorimetry under an electric

field, and from the polarization change at the materials’ transition temperature. The results

obtained are in adequation with reported values. Our approach which combines, isofield

measurement under DSC, isothermal polarization versus electric field measurements and

Landau theory could help deduce the transition entropy of caloric materials in general.

Chapter 7 stems from a collaboration with Gustau Catalan’s group in Spain. We studied

the negative electrocaloric effect in PbZrO3 (short form PZO) ceramic. From calorimetric

measurements under electric field and direct IR camera measurements of ∆Tadiab, we have

shown that the NECE in pure ceramic PZO is not a consequence of the destabilization

of the dipoles (dipoles canting) as claimed in the literature but rather a result of the field-

induced a first-order (latent heat) endothermic transition from an antiferroelectric phase to

a ferroelectric phase. Moreover, from the adiabatic temperature change, we have seen that

the NECE doesn’t disappear or turn positive above the coercive fields. This work gives more

insight into the origin of NECE in antiferroelectrics and shows that the magnitude of NECE

can keep on increasing above critical fields. Moreover, it could enable working on a large

temperature range by combining large NECE with conventional ECE.
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106I. Wadsö, “Chapter 3 - Calorimetric Techniques”, in Thermal and energetic studies of cel-

lular biological systems, edited by A. M. James (Butterworth-Heinemann, 1987), pp. 34–

67.

107E. F. Mueller and F. D. Rossini, “The Calory and the Joule in Thermodynamics and Ther-

mochemistry”, American Journal of Physics 12, 1–7 (1944).

108J. J.P, Philosophical Magazine 23, 263, 347, 435 (1843).
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172M. Marathe, A. Grünebohm, T. Nishimatsu, P. Entel, and C. Ederer, “First-principles-based

calculation of the electrocaloric effect in BaTiO3: a comparison of direct and indirect meth-

ods”, Phys. Rev. B 93, 054110 (2016).

173L. Landau and E. Lifshitz, Course of theoretical physics, 3rd ed. (Elsevier, Butterworth

Heinemann, 1980).

174C. Kittel, “Theory of antiferromagnetic resonance”, Phys. Rev. 82, 565–565 (1951).

175X. Hao, J. Zhou, and S. An, “Effects of PbO Content on the Dielectric Properties and

Energy Storage Performance of (Pb0.97La0.02)(Zr0.97Ti0.03)O3 Antiferroelectric Thin Films”,

Journal of the American Ceramic Society 94, 1647–1650 (2011).

176I. Burn and D. M. Smyth, “Energy storage in ceramic dielectrics”, Journal of Materials

Science 7, 339–343 (1972).

177H. Pan, Y. Zeng, Y. Shen, Y.-H. Lin, and C.-W. Nan, “Thickness-dependent dielectric

and energy storage properties of (Pb0.96La0.04)(Zr0.98Ti0.02)O3 antiferroelectric thin films”,

Journal of Applied Physics 119, 124106 (2016).

178J. Yi, L. Zhang, B. Xie, and S. Jiang, “The influence of temperature induced phase tran-

sition on the energy storage density of anti-ferroelectric ceramics”, Journal of Applied

Physics 118, 124107 (2015).

179X. Hao, J. Zhai, L. B. Kong, and Z. Xu, “A comprehensive review on the progress of

lead zirconate-based antiferroelectric materials”, Progress in Materials Science 63, 1–57

(2014).

180F. L. Goupil, A. Berenov, A.-K. Axelsson, M. Valant, and N. M. Alford, “Direct and indi-

rect electrocaloric measurements on 〈001〉-PbMg1/3Nb2/3O3-30PbTiO3 single crystals”,

Journal of Applied Physics 111, 124109 (2012).

181Y. Bai, G.-P. Zheng, and S.-Q. Shi, “Abnormal electrocaloric effect of Na0.5Bi0.5TiO3–BaTiO3

lead-free ferroelectric ceramics above room temperature”, Materials Research Bulletin

46, 1866–1869 (2011).

https://doi.org/10.1103/PhysRevB.93.054110
https://doi.org/10.1103/PhysRev.82.565
https://doi.org/https://doi.org/10.1111/j.1551-2916.2011.04460.x
https://doi.org/10.1063/1.4944802
https://doi.org/10.1063/1.4931886
https://doi.org/10.1063/1.4931886
https://doi.org/https://doi.org/10.1016/j.pmatsci.2014.01.002
https://doi.org/https://doi.org/10.1016/j.pmatsci.2014.01.002
https://doi.org/10.1063/1.4730338
https://doi.org/https://doi.org/10.1016/j.materresbull.2011.07.038
https://doi.org/https://doi.org/10.1016/j.materresbull.2011.07.038


BIBLIOGRAPHY 177
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192M. Marathe, C. Ederer, and A. Grünebohm, “The impact of hysteresis on the electrocaloric

effect at first-order phase transitions”, physica status solidi (b) 255, 1700308 (2018).
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