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Abstract  

Solid-state refrigeration technology based on caloric effects represents a promising 
alternative for the replacement of the less energy efficient and environmentally problematic 
vapor-compression technology. Furthermore, it can be employed in fields where vapor-
compression technology cannot be used, such as the cooling of small electronic devices and 
their components. There is considerable interest in the use of the electrocaloric (EC) and 
magnetocaloric (MC) effects, which are well-known and studied phenomena. In most cases, 
however, the individual caloric effects exhibit small cooling effects, with the highest values 
located in narrow temperature ranges, which limits their commercial use. An idea of how 
to solve this problem is to combine the EC and MC effects in the same multicaloric material 
and thus enhance the cooling performance and/or extend the operating temperature range 
of a cooling device. 
In the first part of the thesis, single-phase Pb(Fe0.5Nb0.5)O3 (PFN) ceramics that 

combine EC and MC properties were successfully prepared by mechanochemical synthesis 
followed by sintering. The enhanced electrical conductivity was controlled with a careful 
optimization of the sintering conditions, resulting in the lowest value (~7·10ʞ12 ǧʞ1mʞ1) in 
a ceramic sintered at 1000 °C. In this sample, the maximum electrocaloric effect of ~0.9 °C 
at 28 °C and 100 kV·cmʞ1; and the maximum magnetocaloric effect of ~0.1 °C at ʞ271 
°C and 50 kOe were obtained. The EC as well as the MC properties of the PFN were 
further improved by doping with manganese. The addition of manganese successfully 
suppresses the excessive electrical conductivity at high temperatures, leading to superior 
EC effect of ~2.5 °C at 80 °C and 140 kV·cmʞ1. At the same time, the MC properties of 
the material were also improved, resulting in a maximum MC effect of ~0.4 °C at ʞ271 °C 
and 50 kOe. Despite the promising room-temperature EC effect, the maximum value of the 
MC effect is still too small for practical usage. 
In the second part, the ferroic properties of PFN were tailored by the addition of 

multiferroic BiFeO3 (BFO). Seven single-phase PFNɰ100xBFO (x = 0ɰ0.5) compositions 
were successfully prepared using mechanochemical synthesis followed by sintering. With a 
gradual increase in the BFO content, the temperature of the permittivity peak of the PFNɰ
100xBFO solid solutions first decreased (reaching RT when x = 0.2), while at higher BFO 
contents (x > 0.2) it increased and reached ~200 °C in the PFNɰ50BFO. Introducing BFO 
into the PFNɰ100xBFO solid solution leads to the formation of a pseudocubic phase, 
consequently strengthening the relaxor behavior. This is accompanied by a broadening of 
the peak in the temperature-dependent permittivity, narrowing of ferroelectric PɰE 
hysteresis loops and decreasing the size of the ferroelectric domains into polar nanoregions. 
Among the prepared compositions, PFNɰ20BFO exhibited low ferroelectric hysteresis 
losses and peak-permittivity near ambient temperature, making it a promising candidate 
for room-temperature multicaloric applications. 
In the last part of this work, we focused on studying the multicaloric properties of 

PFNɰBFO-based solid solutions. In PFNɰ20BFO, both the peak-permittivity anomaly as 
well as the paramagnetic-to-antiferromagnetic phase transition coincided at RT, making it 
one of the first such single-phase room-temperature multiferroic materials. Despite the 
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favorable room-temperature position of both ferroic anomalies, the excessive electrical 
conductivity and poor magnetic response of the material limit its EC and MC cooling 
capability. The further doping of PFNɰ20BFO with manganese and gadolinium ions 
successfully suppressed the excessive electrical conductivity and enhanced the magnetic 
response, leading to the improvement of the EC and MC properties. This results in a PFNɰ
BFO composition with negligible Joule heating up to 75 °C, a room-temperature EC effect 
of more than 1 °C at 140 kV·cmʞ1, a high MC effect above 3 °C at cryogenic temperatures 
and 50 kOe, and the highest room-temperature MC effect among all the prepared PFN-
based multicalorics.
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Povzetek  

Tehnologija hlajenja na osnovi hladilnih elementov v trdnem stanju, ki izkazujejo kalorični 
učinek, predstavlja obetavno alternativo za zamenjavo energijsko manj učinkovite in okolju 
neprijazne parno-kompresijske tehnologije. Poleg tega se lahko uporablja na področjih, kjer 
parno-kompresijske tehnologije ni mogoče uporabiti, to je hlajenje majhnih elektronskih 
naprav in njihovih komponent. Med bolj razşirjene ter dobro raziskane kalorične pojave 
uvrşčamo elektrokalorični (EK) in magnetokalorični (MK) učinek, ki pa v večini primerov 
izkazujeta relativno nizke hladilne učinke. Poleg tega so njune maksimalne vrednosti 
omejene na ozka temperaturna območja, kar omejuje njihovo komercialno uporabo. Ena 
izmed reşitev tega problema je zdruźitev EK in MK učinkov v istem multikaloričnemu 
materialu, kar lahko izboljşa hladilno zmogljivost hladilne naprave oz. razşiri njeno 
temperaturno območje delovanja. 
V prvem sklopu doktorskega dela smo s pomočjo mehanokemijske sinteze in sledečim 

sintranjem uspeşno pripravili enofazno Pb(Fe0.5Nb0.5)O3 (PFN) keramiko, ki zdruźuje EK 
in MK lastnosti. Z optimizacijo pogojev sintranja smo zniźali električno prevodnost 
materiala, ki doseźe najniźjo vrednost (~7·10ʞ12 ǧʞ1mʞ1) v keramiki, sintrani pri 1000 °C. 
V tem vzorcu je bila izmerjena najvişja vrednost EK učinka ~0,9 °C pri 28 °C in 100 
kV·cmʞ1 ter doseźen največji magnetokalorični učinek ~0,1 °C pri ʞ271 °C in 50 kOe. EK 
in MK lastnosti PFN keramike so bile nadalje izboljşane z dodatkom mangana. Dodatek 
mangana namreč uspeşno zavira visoko električno prevodnost pri vişjih temperaturah, kar 
vodi do dobrih EK lastnosti, ki doseźejo maksimalno vrednost EK učinka ~2,5 °C pri 80 
°C in 140 kV·cmʞ1. Hkrati se izboljşajo tudi MK lastnosti materiala, kar pripelje do vişje 
maksimalne vrednosti MK učinka ~0,4 °C pri ʞ271 °C in 50 kOe. Kljub obetavnemu EK 
učinku pripravljenega materiala so njegove najvişje vrednosti MK učinka şe vedno 
premajhne za uporabo v hladilnih sistemih. 
V drugem sklopu doktorskega dela smo spreminjali feroične lastnosti PFN keramike z 

dodatkom multiferoičnega BiFeO3 (BFO). Z uporabo mehanokemijske sinteze, ki ji je 
sledilo sintranje, smo uspeşno pripravili sedem enofaznih PFNɰ100xBFO (x = 0ɰ0,5) trdnih 
raztopin. Ugotovili smo, da se s postopnim povečevanjem vsebnosti BFO temperatura vrha 
dielektrične konstante PFNɰ100xBFO trdnih raztopin najprej zniźa (doseźe sobno 
temperaturo pri x = 0,2), medtem ko se pri vişjih vsebnostih dodanega BFO (x > 0,2) le-
ta povişa ter doseźe ~200 °C v PFNɰ50BFO. Uvajanje BFO v PFNɰ100xBFO trdno 
raztopino vodi do tvorbe psevdokubične faze in okrepi relaksorski značaj pripravljenih 
materialov. To je bilo razvidno iz şiritve vrhov temperaturne odvisnosti dielektrične 
konstante, zoźitve feroelektričnih PɰE histereznih zank ter zmanjşanja velikosti 
feroelektričnih domen v nano-področja. Med pripravljenimi sestavami PFNɰ20BFO 
izkazuje nizke feroelektrične histerezne izgube in vrh dielektrične konstante v bliźini sobne 
temperature, kar ga uvrşča med obetavne kandidate za multikalorično hlajenje pri sobni 
temperaturi. 

V zadnjem sklopu doktorskega dela smo proučevali multikalorične lastnosti trdnih 
raztopin na osnovi PFNɰBFO. V PFNɰ20BFO se temperatura, pri kateri se nahaja vrh 
dielektrične konstante, kot tudi temperatura paramagnetnega-antiferomagnetnega faznega 
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prehoda nahajata v bliźini sobne temperature, kar ga uvrşča med prve tovrstne enofazne 
multiferoične materiale. Kljub ugodnemu poloźaju obeh feroičnih anomalij v bliźini sobne 
temperature povişana električna prevodnost ter şibek magnetni odziv materiala omejujeta 
njegove EK in MK učinke. Nadaljnja modifikacija PFNɰ20BFO z dodatkom manganovih 
in gadolinijevih ionov uspeşno zavre prekomerno električno prevodnost ter poveča magnetni 
odziv, kar vodi do izboljşanja EK kot tudi MK lastnosti materiala. Posledično PFNɰ20BFO 
z dodatkom mangana in gadolinija izkazuje zanemarljivo Joulovo gretje vse do 75 °C, EK 
učinek vişji od 1 °C pri sobni temperaturi in 140 kV·cmʞ1, visok MK učinek nad 3 °C pri 
kriogenih temperaturah in 50 kOe, ter najvişji MK učinek pri sobni temperaturi med vsemi 
do sedaj pripravljenimi multikaloričnimi materiali na osnovi PFN. 
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Chapter 1 

1 Int roduction  

The Introduction provides a brief literature overview of the relevant topics of this thesis. 
It begins with the motivation and a brief description of the problem. The second section is 
focused on the basic definitions, characteristics and challenges related to the different 
caloric effects, while the following three sections cover the descriptions of promising 
candidates for caloric cooling applications, namely ferroelectric, ferromagnetic and 
multiferroic materials. At the end, the multiferroics lead iron niobate and bismuth ferrite, 
representing the two core materials investigated in this work, are introduced. 

1.1 Definition of the Problem  

With an increasing world population, better living standards and global warming, there is 
an increasing demand for refrigeration and air conditioning. According to the European 
Commission, a half of the European Unionɴs energy consumption is spent on heating and 
cooling. The assumption is that by 2060, the consumption of energy consumed for cooling 
will exceed that for heating [1]. The majority of commercial refrigeration systems are still 
based on the vapor-compression refrigeration cycle, which was discovered at the beginning 
of the 19th century. Despite all the improvements, which were made with respect to higher 
energy efficiency and using less environmentally hazardous refrigerants, the method still 
exhibits some drawbacks. The next difficulties are the relatively large size of the cooling 
system, which prevents its miniaturization, and the emergence of noise and vibrations 
during its operation, making this method unsuitable for cooling small electronic devices 
and their components [2, 3]. All these disadvantages of conventional cooling systems have 
driven the development of more efficient and environmentally friendly cooling alternatives. 
Solid-state refrigeration technology represents a promising alternative for their 

replacement, or better, for using it in fields where vapor-compression technology cannot be 
used, such as the cooling of small devices, electronic circuits or cooling in harsh 
environments [4, 5]. Most of the current activity in the research of new cooling technologies 
is oriented towards one of the caloric effects where the entropy of the material and thus its 
temperature changes during the application of external stimuli, such as an electric field, 
magnetic field, or stress [6-8]. However, all the individual caloric materials still face 
drawbacks, primarily a small caloric effect, which limits their commercial use. An 
interesting way to enhance the total caloric effect or, alternatively, expand the temperature 
range of their use, is to prepare a material exhibiting more than one caloric effect, 
commonly called a multicaloric material [6, 9, 10]. This a relatively new and promising 
area whose development has only just begun. The focus of this thesis is exactly the 
preparation and investigation of new, single-phase multicaloric materials, combining the 
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electrocaloric and magnetocaloric effects, which could potentially be used as active elements 
for future cooling devices. 

1.2 Caloric Effect  

The term caloric effect refers to the reversible thermal changes, namely the adiabatic 
temperature and isothermal entropy changes, of a material under the influence of external 
stimuli, such as an electric field, magnetic field or stress. Depending on the type of stimulus 
that causes the reversible temperature changes of the material, the caloric effects can be 
classified as electrocaloric (EC), magnetocaloric (MC) and mechanocaloric (mC). Based on 
the direction of the applied stress, i.e., uniaxial or isotropic (hydrostatic pressure), the mC 
effect can be further divided into two subgroups, namely the elastocaloric (eC) and 
barocaloric (BC) effects, respectively (Figure 1.1) [3, 6, 7, 11]. In this thesis we focus only 
on the EC effect, the MC effect and their combination, hereafter defined as the multicaloric 
effect. Therefore, their detailed descriptions, working principles, thermodynamics and 
measurement methods are presented in the next three subsections. 

 

Figure 1.1: Schematic representation of the working principles of four different caloric 
effects (EC, MC, eC and BC), where the application of external stimuli (electric field, 
magnetic field, uniaxial stress and pressure, respectively) causes a change in the materialɴs 
temperature, accompanied by a subsequent heat flow (after [3, 8]).  

1.2.1 Electrocaloric Effect  

The EC effect is defined as a reversible adiabatic temperature change and isothermal 
entropy change of a polar dielectric material under the influence of an external electric 
field. The working principle of the EC cooling/heating cycle can be divided into four 
periodic stages, i.e., two adiabatic and two iso-field processes (Brayton thermodynamic 
cycle process), which are schematically shown in Figure 1.2 [12-15]: 
¶ Stage I. The application of an external electric field (E) causes partial alignment 
of the electric dipoles in the polar EC material, which consequently leads to a 
reduction in the entropy (S) of the dipolar subsystem. Under the adiabatic 
conditions (fast enough to prevent any heat exchange with the environment), the 
total entropy of the material remains constant. Therefore, in order to compensate 
for it, the lattice vibration entropy is increased, resulting in an increasing of the 
temperature (T) of the material by ǓT. This stage is often called the adiabatic 
polarization. 
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¶ Stage II. In this step the electric field remains applied, while the excessive heat 
(Q) is transferred to the heat sink, leading to cooling of the EC material back to 
the initial temperature (T). 

¶ Stage III: In the third step of the cycle, also called adiabatic depolarization, the 
electric field is removed. The electric dipoles are returned back to the disordered 
state, which increases the entropy of the dielectric subsystem and consequently 
cools down the material by ǓT, hereafter called the EC temperature change 
(ǓTEC). 

¶ Stage IV. In the last step of the cycle, the temperature drop is compensated by 
heat transfer from the heat source, which heats up the EC material back to the 
initial temperature (T) and prepares the material for the next cycle. The heat sink 
and heat source now serve as the hot and cold parts of a refrigeration device [12-
16]. 

 

Figure 1.2: Schematic representation of the EC cycle (after [15, 16]).  

The EC effect is a thermodynamic phenomenon that can be described using the so-
called Maxwell thermodynamic approach [13, 17]. Referring to the first and second laws of 
thermodynamics, the differential form of the Gibbs free energy density (G) for a dielectric 
material is defined as: 

 ӯӘ= Ӥ˻ӯӥ˻Ԃӯө˻ӡӯӖ, (1.1) 

where xij, Xij and Pi represent the strain, stress and electric polarization, respectively 
(indexes indicate their tensorial nature) [12, 13, 17]. With the assumption that Xij is 
constant, the total entropy density change (dS) expressed according to E and T 
(independent variables are written as subscripts) can be represented as [13]: 

 ӯӤ=
ἹӤ

Ἱӥ
ӯӥ+

ἹӤ

ἹӖ
ӯӖ. (1.2) 

The relation between the (S, T) and (P, E) pairs of parameters are described by the 
following Maxwell relation: 
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ἹӤ

ἹӖ
=
Ἱӡ

Ἱӥ
, (1.3) 

and the expression for the specific heat capacity at electric field E (cE) is given by: 

 Ӯ=
ӥ

ἰ

ἹӤ

Ἱӥ
, (1.4) 

where ƫ is the density of the material. By introducing Eqs. (1.3) and (1.4) into Eq. (1.2), 
the expression for dS is given as [13]: 

 ӯӤ=
ἰ Ӯ

ӥ
ӯӥ+

Ἱӡ

Ἱӥ
ӯӖ. (1.5) 

Under isothermal conditions (dT = 0), the EC entropy density change (ǓSEC) can be 
determined by integrating Eq. (1.5): 

 Ӥ˯ =
Ἱӡ

Ἱӥ
ӯӖ

♩

▄

, (1.6) 

where E1 and E2 are the starting (usually E1 = 0) and final electric fields, respectively [12, 
13]. Finally, the EC temperature change, or more briefly the EC effect (ǓTEC), can be 
described by integrating Eq. (1.5) under adiabatic conditions (dS = 0) [12-14]: 

 ӥ˯ =˻
ӥ

ἰӮ

Ἱӡ

Ἱӥ
ӯӖ

♩

▄

. (1.7) 

Based on Eq. (1.7), the properties of the effective EC material can be predicted. In order 
to obtain a large EC effect, the EC material must show a large change of polarization with 
the temperature and exhibit a low cE. In addition, the size of the applied electric field (ǓE) 
also plays an important role in achieving large EC effects. However, it is strongly dependent 
on the dielectric breakdown strength of the material, which is usually the main limiting 
factor when it comes to achieving larger EC effects [18]. 

By definition, the EC effect can be determined as the adiabatic temperature change 
(ǓT) or isothermal entropy change (ǓS) at selected T and ǓE. Despite many decades 
from the first observation of the EC effect in Rochelle salt in 1930 [19], there is still no 
validated, commonly accepted and commercially available method for its determination 
[14]. However, many different techniques and approaches have been demonstrated so far, 
which can, in general, be divided into two main groups, namely, the direct and indirect EC 
measurement methods [12-14].  
Direct EC measurement methods are based on a direct measurement of the adiabatic 

ǓT or isothermal heat flow (Q) when the electric field is applied/removed, while the 
isothermal ǓS cannot be measured directly. The majority of direct methods are based on 
a determination of the adiabatic ǓT using contact (e.g., thermistors and thermocouples) 
or non-contact (e.g., thermal cameras) thermometry, where ǓT is determined directly as 
a change of the temperature when the step-like electric field is applied (Figure 1.3). In 
most cases, especially for bulk samples, modified commercial differential scanning 
calorimeters (DSCs), or high-resolution calorimeters that enable precise temperature 
stabilization, are employed, where EC temperature changes are read out using small 
thermocouples or thermistors that are glued directly onto the samples (Figure 1.3) [12-14, 
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20]. In such measurements, the actually measured ǓT is usually lower than the intrinsic 
ǓTEC of the material due to heat losses in the non-active parts of the measuring system 
(i.e., sample areas without electrodes, thermistor, wires, glue, electrodes and/or possible 
presence of a substrate). Such heat losses can be successfully compensated using the so-
called correction factor (k): 

 ӥ˯ = ӥ˯
˺ Ӕ

Ӕ
=ӵϽ˯ ӥ, (1.8) 

where Cp,i represent the heat capacity of all the EC active and non-active parts, while Cp,EC 
is the heat capacity of the EC active sample (covered with electrodes) (details of the 
method used in this thesis are described in Appendix A) [12, 13]. In the case that cE(E,T) 
is electric-field independent or only weakly dependent (i.e., exhibit no singularities), 
cE(E,T) and T(E) can be taken out of the integral and ǓSEC can be calculated from the 
measured ǓTEC using the following equation: 

 Ӥ˯ =
ӷϽӮ

ӥ
ӥ˯ , (1.9) 

where m is the mass of the measured sample. In general, this equation is valid only at 
temperatures far from the absolute zero and far from any ferroelectric phase transitions, 
e.g. TC [12, 13]. 

 

Figure 1.3: (a) Example of Pb(Fe0.5Nb0.5)O3-based ceramic pellet with attached thermistor 
and wires and (b) its directly measured temperature changes during the EC cycle, when a 
step-like electric field is applied [21].  

On the other hand, in the case of the indirect EC measurement method, adiabatic ǓT and 
isothermal ǓS can be determined indirectly by integrating the aforementioned Eqs. (1.6) 
and (1.7). To solve both integral equations, experimental measurements of the temperature 
and electric-field dependence of polarization (P(E,T)), the temperature and electric-field 
dependence of the specific heat capacity (cE(E,T)) and the density (ƫ) of the sample are 
needed. Note that the assumption of the electric-field independence of cE(T), which 
significantly simplify the integration of Eq. (1.7), can lead to an erroneous estimate of 
ǓTEC, especially close to the absolute zero and TC [12-14]. Obviously, more reliable results 
are obtained with the direct methods; however, the indirect measurements are faster and 
more easily achievable [6, 12, 20]. 
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1.2.2 Magnetocaloric Effect  

The MC effect is analogous to the EC effect and is defined as the reversible adiabatic 
temperature change and isothermal entropy change of a magnetic material under the 
influence of an external magnetic field. In analogy with the EC effect (Figure 1.2), the 
working principle of MC cooling/heating cycle can be divided into four periodic stages, i.e., 
two adiabatic and two iso-field processes (Brayton thermodynamic cycle process), which 
are schematically shown in Figure 1.4 [22-25]: 

¶ Stage I. The application of an external magnetic field (H) causes partial alignment 
of magnetic moments in the material, which consequently leads to a reduction in 
entropy (S) of the magnetic subsystem. Under the adiabatic conditions (fast enough 
to prevent any heat exchange with environment), the total entropy of the material 
remains constant. Therefore, in order to compensate for it, the lattice vibration 
entropy is increased, resulting in an increasing of the temperature (T) of the 
material by ǓT. This stage is often called the adiabatic magnetization. 

¶ Stage II. In this step the magnetic field remains applied, while the excessive heat 
(Q) is transferred to the heat sink, leading to cooling of the MC material back to 
the initial temperature (T). 

¶ Stage III: In the third step of the cycle, also called adiabatic demagnetization, the 
magnetic field is removed. The magnetic moments are returned to the disordered 
state, which increases the entropy of the magnetic subsystem and consequently 
cools the material by ǓT, hereafter called the MC temperature change (ǓTMC). 

¶ Stage IV. In the last step of the cycle, the temperature drop is compensated by 
heat transfer from the heat source, which heats up the MC material back to the 
initial temperature (T) and prepares the material for the next cycle. The heat sink 
and heat source now serve as the hot and cold parts of a refrigeration device [23-
25]. 

 

Figure 1.4: Schematic representation of the MC cycle (after [3, 15]).  

The MC effect is a thermodynamic phenomenon that can be described using the so-
called Maxwell thermodynamic approach [23, 24]. Referring to the first and second laws of 
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thermodynamics, similar to the EC effect, the differential form of the Gibbs free energy 
density for a magnetic material is defined as: 

 ӯӘ= Ӥ˻ӯӥ˻Ԃӯө˻ἫӞӯә, (1.10) 

where Mi represents the magnetization of the material (indexes indicate the tensorial 
nature) and Ʀ0 is magnetic permeability of a vacuum. With the assumption that Xij is 
constant, the total entropy density changes of the system expressed according to H and T 
(independent variables are written as subscripts) can be represented as [23, 24]: 

 ӯӤ=
ἹӤ

Ἱӥ
ӯӥ+

ἹӤ

Ἱә
ӯә. (1.11) 

The relation between the (S, T) and (M, H) pairs of parameters are described by the 
following Maxwell relation: 

 
ἹӤ

Ἱә
=Ἣ

ἹӞ

Ἱӥ
, (1.12) 

and the expression for the specific heat capacity at magnetic field H (cH) is given by: 

 Ӯ =
ӥ

ἰ

ἹӤ

Ἱӥ
. (1.13) 

By introducing Eqs. (1.12) and (1.13) into Eq. (1.11), the expression for dS is given as: 

 ӯӤ=
ἰ Ӯ

ӥ
ӯӥ+Ἣ

ἹӞ

Ἱӥ
ӯә. (1.14) 

Under isothermal conditions (dT = 0), the MC entropy density change (ǓSMC) can be 
determined by integrating Eq. (1.14): 

 Ӥ˯ =Ἣ
ἹӞ

Ἱӥ
ӯә

♩

▄

, (1.15) 

where H1 and H2 are the starting (usually H1 = 0) and final magnetic fields, respectively 
[24]. Finally, the MC temperature change, or more briefly the MC effect (ǓTMC), can be 
described by integrating Eq. (1.14) under adiabatic conditions (dS = 0) [23, 24]: 

 ӥ˯ = Ἣ˻
ӥ

ἰӮ

ἹӞ

Ἱӥ
ӯә

♩

▄

. (1.16) 

Based on Eq. (1.16), the properties of the effective MC material can be predicted. In order 
to obtain a large MC effect, the MC material must show a large change of magnetization 
with the temperature and exhibit a low cH. In addition, the size of the applied magnetic 
field (ǓH) also plays an important role in achieving large MC effects. However, unlike EC 
materials, MC materials can easily withstand very high external fields; therefore, the main 
limitation when it comes to achieving large MC effects lies in the magnetic field strength 
of the magnets. In general, more affordable permanent magnets and electromagnets are 
limited to a maximum magnetic flux density of 2 T. 



8  Chapter 1. Introduction   

Like the EC effect, the MC effect can be determined as an adiabatic temperature change 
(ǓT) or an isothermal entropy change (ǓS) at selected T and ǓH. So far, many different 
techniques and approaches have been demonstrated, which can in be general divided into 
two main groups, namely, the direct and indirect MC measurement methods. 
In the case of the indirect MC measurement method, the adiabatic ǓT and isothermal 

ǓS can be determined indirectly by integrating the aforementioned Eqs. (1.15) and (1.16). 
To solve both integral equations, an experimental measurement of the temperature and 
magnetic-field dependence of magnetization (M(H,T)) (Figure 1.5), the temperature and 
magnetic-field dependence of the specific heat capacity (cH(H,T)) and the density (ƫ) of 
the sample are needed. Note that the assumption of the magnetic-field independence of 
cH(T), which significantly simplify the integration of Eq. (1.16), can lead to an erroneous 
estimate of ǓTMC, especially close to the absolute zero and T*C. However, combining 
M(H,T) data together with cH(T) measurements at different constant magnetic fields can 
lead to an accurate estimation of ǓTMC effect with a relative uncertainty of 20-30%, which 
can increase at low ǓTMC values [22, 23, 26, 27]. 

 

Figure 1.5: (a) An example of the temperature dependence of M at different applied H with 
(b) related indirectly calculated ǓTMC(T,H) of Pb(Fe0.5Nb0.5)O3 ceramics [21].  

On the other hand, direct MC measurement methods are based on a direct measurement 
of the adiabatic ǓT when a magnetic field is applied/removed using contact or non-contact 
thermometry, where ǓT is determined directly as a change of the temperature when the 
magnetic field suddenly changes. To ensure the adiabatic conditions, a rapid change of the 
magnetic field is required, which is achieved either by using pulsed magnetic fields or by 
moving the sample in and out of a uniform magnetic field. However, due to the challenges 
of providing a rapid change of the magnetic field and the possible influence of the magnetic 
field on the thermal sensors (e.g., induced parasitic signals, the appearance of eddy 
currents, etc.), direct measurements can be subject to large experimental errors. Because 
the direct MC measurement methods are challenging and time consuming, in most reported 
studies indirect methods are used to determine the MC effects of the materials [22, 23, 28, 
29]. 

1.2.3 Multicaloric Effect  

As the name implies, the multicaloric (MultiC) effect refers to a combination of more than 
one type of caloric effect in the same material. A combination of all three main individual 
caloric effects, namely, EC, MC and mC, leads to many different combinations, which are 
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schematically shown in Figure 1.6. The focus of this thesis is on a combination of the EC 
and MC effects in single-phase materials. Therefore, the definition of the multicaloric effect 
(EC+MC) in this study is related to the adiabatic and reversible temperature change that 
occurs in a material under the simultaneous or sequential application of an external electric 
and magnetic field [9, 10, 30, 31]. 

 

Figure 1.6: Schematic representation of the individual caloric effects and their combinations 
forming different types of MultiC effects (after [11]).  

The working principle of MultiC cooling/heating cycle is simply a combination of the 
aforementioned EC and MC cycles, which is schematically shown in Figure 1.7. The MultiC 
material combining the EC and MC effects consists of two subsystems, i.e., electric dipoles 
and magnetic moments. Without the application of external electric and magnetic fields 
both subsystems are randomly oriented and possess the same temperature as the 
surroundings. The simultaneous or sequential application of both electric and magnetic 
fields causes the partial alignment of the electric dipoles and magnetic moments, which 
leads to a reduction in the entropy of the system and consequently an increase in the 
temperature of the material by ǓT. In the reverse process, when both fields are removed, 
the electric dipoles and magnetic moments are returned to the disordered state, which 
increases the entropy of the system and consequently cools the material by ǓT, hereafter 
called the multicaloric temperature change (ǓTMultiC) [9, 32]. 
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Figure 1.7: Schematic representation of the MultiC (EC+MC) cycle (after [3]).  

The thermodynamic description of the MultiC effect follows from previously mentioned 
Maxwell approaches of both individual caloric effects. The MultiC temperature change, or 
more briefly the MultiC effect (ǓTMultiC), can be described as the sum of both single EC 
and MC effects [30, 32]: 

 

ӥ˯ = ӥ˯ + ӥ˯ , 

ӥ˯ =˻
ӥ

ἰӮ

Ἱӡ

Ἱӥ
ӯӖ

♩

▄

+Ἣ
ӥ

ἰӮ

ἹӞ

Ἱӥ
ӯә

♩

▄

. 
(1.17) 

However, Eq. (1.17) stands for the systems where zero or negligible cross-coupling between 
the magnetic and electrical order parameters are present or in the case that electric and 
magnetic field are applied simultaneously (scenarios shown in Figures 1.8a and 1.8b). On 
the other hand, in the case of substantial magnetoelectric (ME) coupling or ME effect, 
which is defined as a change of M under the influence of external E or change of P under 
the influence of external H, an additional term must be introduced into the equation. This 
additional cross-coupling term is derived from the Maxwell relation between the (P, E) and 
(M, H) pairs of parameters: 

 
ἹӞ

ἹӖ
=
Ἱӡ

Ἱә
=ἠ, (1.18) 

where ƛ is a linear ME coupling coefficient; and by assuming linear relations between P, 
M and their corresponding fields E, H: 

 ӯӡ=ἤἶӯӖ, (1.19) 

 ӯӞ=Ἣἶ ӯә, (1.20) 
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where Ɵ0 is the dielectric permittivity of vacuum, while Ʊe and Ʊm are the electric and 
magnetic susceptibilities, respectively [9, 30, 32]. By introducing Eqs. (1.18), (1.19) and 
(1.20) into Eq. (1.17), the expressions for the electrically induced MultiC effect (ǓTe,MultiC) 
and magnetically induced MultiC effect (ǓTm,MultiC) are given as: 

 ӥ˯ =˻
ӥ

ἰӮ

Ἱӡ

Ἱӥ
+
ἠ

Ἣἶ

ἹӞ

Ἱӥ

♩

▄

ӯӖ, (1.21) 

 ӥ˯ = Ἣ˻
ӥ

ἰӮ

ἹӞ

Ἱӥ
+
ἠ

ἤἶ

Ἱӡ

Ἱӥ

♩

▄

ӯә, (1.22) 

where ƛe and ƛm are the electrically and magnetically induced linear ME coefficients, 
respectively [9, 32]. From both equations it follows that in the case of large cross-coupling 
between the electrical and magnetic subsystems, the application of only one external field 
leads to a much higher MultiC effect compared to the individual EC or MC effects (Figure 
1.8c). On the other hand, where ƛe = ƛm = 0, Eqs. (1.21) and (1.22) are simplified to the 
previously described equations for the single EC (1.7) and MC (1.16) effects, respectively 
[9, 32]. 

The combination of EC and MC effects in one material can lead to different working 
principles of the MultiC effect, which are schematically shown in Figure 1.8. The three 
most common scenarios of the MultiC effects are described below, along with their 
advantages over the individual caloric effects: 
a.) Both the EC and MC effects take place in the same temperature range, ideally close 
to room temperature (RT), where most refrigerators for everyday use operate 
(Figure 1.8a). In this case, the simultaneous application of both external fields can 
increase the overall cooling effect, as described in Eq. (1.17). This enables the use 
of smaller external fields to achieve a certain caloric effect. 

b.) Both the EC and MC effects take place in different temperature regions, which can 
extend the operating temperature range of a cooling device (Figure 1.8b). For 
example, the EC effect can be employed for cooling above 0 °C (i.e., kitchen 
refrigerator) and the MC effect for cooling below 0 °C (i.e., freezer) or using the 
EC effect at RT and the MC effect at cryogenic temperatures, etc. 

c.) In materials with high ME coupling, the MultiC effect can be driven by only one 
external field, as follows from Eqs. (1.21) and (1.22) (Figure 1.8c). This enables a 
larger cooling effect compared to a single EC or MC effect at the same strength of 
applied external field. This allows the use of smaller external fields to achieve a 
certain cooling effect, which can reduce the operating costs of a cooling device and 
improve the fatigue life of their active elements. Of particular interest for 
commercial use is the application of an external electric field to drive the EC and 
MC effects, because the electric field is relatively easy and cheap to deliver [33]. 
However, ME coupling is relatively large only in composite materials [34-37], while 
its value in single-phase materials is negligible. Therefore, this scenario is not 
covered in this thesis. 
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Figure 1.8: Schematic representation of different working principles and temperature 
ranges of the MultiC (EC+MC) effect. The MultiC effect can be defined as (a) a 
combination of ǓTEC and ǓTMC in the same temperature range, where both stimuli are 
simultaneously applied, (b) ǓTEC and ǓTMC that are located in different temperature 
regions, where a sequential application of external stimuli can broaden the operating 
temperature range, and (c) the MultiC effect (ǓTe,MultiC and ǓTm,MultiC) can be achieved by 
the application of only one external stimulus (i.e., electric and magnetic field, respectively).  

Since the field of multicaloric materials is relatively new, very few experimental studies 
combining the EC and MC effects in single-phase materials have been reported so far. In 
part, a reason for that could lie in the totally different origins and mechanisms for the 
occurrence of polar dielectric and magnetic subsystems and thus the appearance of the EC 
and MC effect, respectively. Usually, the occurrence of one order parameter (P or M) 
reduces the tendency for the emergence of the other one and vice versa, which subjects 
multicalorics to a compromise between good EC and MC properties. 
The first experimental observation of both the EC and MC effect in a single-phase 

material was reported by J. Krishna Murthy et al. [38] in 2014. They indirectly obtained 
the EC and MC effects in Y2CoMnO6 double perovskite. The maximum ǓTMC value of ~5.8 
°C was obtained at ~ʞ200 °C and using a very high magnetic flux density of 5 T. However, 
due to the improper ferroelectricity that is driven by a specific magnetic order rather than 
non-centrosymmetric crystal structure [39], the material exhibited very poor ferroelectric 
properties and thus a weak EC response. In addition, due to the very high electrical 
conductivity, the EC properties could only be measured at very low external electric fields 
(i.e., up to 4 kV·cmʞ1). An indirect experimental observation of the EC and MC effects 
was also reported in FeCr2S4 and CoCr2S4 sulpho spinels [40], where similar behavior, 
namely, a relatively large MC effect and a poor EC effect, was observed. 
In 2016, H. Urşič et al. [41] demonstrated the coexistence of EC and MC effects and 

thus the MultiC effect in relaxor 0.8Pb(Fe0.5Nb0.5)O3ɰ0.2Pb(Mg0.5W0.5)O3 (PFNɰ20PMW) 
ceramics, where the MC effect was measured using the indirect Maxwell approach, while 
the EC effect was measured directly using a high-resolution calorimeter. They reported a 
maximum EC effect of ~0.25 °C at ʞ93 °C and 60 kV·cmʞ1 and a maximum MC effect of 
~0.26 °C at ʞ268 °C and 70 kOe. Despite the fact that both caloric effects are too low for 
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any practical applications and that their maximum values lie far below the desired RT, it 
is one of the first examples where the coexistence of the EC and MC effects in a single-
phase material were unequivocally experimentally proven. This research work triggered our 
interest in such single-phase multicalorics and represented a starting point for this thesis. 

1.3 Ferroelectric Materials  

In this section, typical candidates and their requirements for achieving sufficient EC effects 
are introduced and their characteristics are described. In principle, in order to eliminate 
the Joule heating effect and other self-heating sources inside the material [42, 43], all EC 
candidates must exhibit a low electrical conductivity and small losses associated with the 
movement and switching of the domain walls [43]. Among them, the best EC properties 
are shown by ferroelectrics and relaxor ferroelectrics [6, 44, 45], which belong to the 
subgroup of dielectric materials (Figure 1.9). 
Dielectrics are a group of electrically insulating materials, which can be polarized by an 

applied electric field (E). The electric field induces polarization (P), which is defined as a 
shift of the positive and negative electric charges relative to the direction of E. P is 
proportional to E: 

 ӡ= ἤ(ἤ˻1)Ӗ= ἤἶӖ, (1.23) 

where Ɵr is the relative dielectric permittivity of the material, representing a measure of 
the ability of materials to store the electric charge [46-49]. The total amount of charge, 
which is induced by the applied electric field, is equal to the electric displacement (D): 

 ӕ= ἤӖ+ӡ=ἤἤӖ. (1.24) 

All crystal structures are classified into 32 different crystallographic point groups. 11 of 
them have a center of inversion and therefore they are not suitable for polar phenomena. 
Among 21 non-centrosymmetric crystal classes, 20 of them exhibit piezoelectric properties. 
Piezoelectrics are a group of materials that can be polarized under the influence of an 
external mechanical stress or inversely, the application of an external electric field causes 
an elastic strain. Among 20 piezoelectric point groups 10 of them shows spontaneous 
polarization in a given temperature range. This group of materials is called the pyroelectrics 
and they exhibit an electric dipole moment even in the absence of an applied external 
electric field [46-48]. 
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Figure 1.9: One of the possible classifications of materials according to their electro-thermo-
mechanical properties (after [47]).  

A subgroup of pyroelectrics is ferroelectrics (Figure 1.9). These materials exhibit two 
or more equilibrium orientations of the spontaneous polarization, which can be switched 
by the application of a sufficiently large external E [47-49]. Typically, ferroelectrics exhibit 
a structural phase transition from a high-temperature paraelectric (non-polar, with zero 
spontaneous polarization) to a low-temperature ferroelectric phase (polar, with non-zero 
spontaneous polarization) at the ferroelectric Curie temperature (TC). This phase transition 
is accompanied by a high peak-permittivity anomaly, as evidenced by the temperature 
dependence of the real part of the complex dielectric permittivity (ʀ') shown in Figure 
1.10a [46, 48, 50]. In addition, ferroelectrics exhibit a characteristic non-linear dependence 
of the polarization relative to the electric field, known as a PɰE hysteresis loop (Figure 
1.10b). Such a non-linear behavior is a consequence of the switching and alignment of 
regions with the uniformly oriented electric dipoles (Figure 1.10c), called ferroelectric 
domains, which are formed to minimize the electrostatic energy of the depolarizing field 
and elastic constraints [46-48]. In such materials, even in the absence of the external E, a 
relatively large P is maintained. The value of the polarization at zero field is called the 
remanent polarization (PR), while the minimum electric field that is needed to switch the 
polarization orientation is called the coercive electric field (EC). The maximum or saturated 
polarization is defined as PS [48, 51]. 

 

Figure 1.10: Schematic representations of (a) the temperature dependence of Ɵ' around the 
paraelectric-to-ferroelectric phase transition, (b) PɰE hysteresis loop and (c) domain 
structure of typical ferroelectric material (after [48, 21]).  
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According to Eq. (1.7), a large change of polarization with temperature is required to 
achieve large EC effects. Therefore, ferroelectrics near the paraelectric-ferroelectric phase 
transition, where P drastically changes, represent promising candidates for achieving high 
caloric performance [6, 30, 52, 53]. However, in ferroelectrics, the ferroic phase transition 
and thus the high EC effect is usually limited to a narrow temperature range, which limits 
their commercial use. 
The narrow temperature range with the highest caloric effects can be extended using 

relaxor ferroelectrics or, more briefly, relaxors. These are materials where, unlike in normal 
ferroelectrics, no long-range structural order is present. A reason for that lies in the 
chemical or compositional heterogeneity at the nanoscale, which arises when differently 
sized ions with different valence states occupy a crystallographically equivalent site in the 
crystal lattice. The presence of this chemical disorder and thus the formation of random 
fields/bonds disturbs the long-range ferroelectric order and leads to the formation of 
ɶunderdevelopedɷ nano-sized domain patterns, called polar nanoregions (PNRs) [54-58]. 
PNRs are responsible for the unique dielectric, ferroelectric and electromechanical behavior 
of relaxors. Relaxors typically exhibit very broad, diffuse and highly frequency-dependent 
dielectric peak-permittivity, reaching relatively high dielectric permittivity values through 
a wide temperature range (Figure 1.11a). Since there are no structural phase transitions in 
relaxors, such a peak-permittivity anomaly appears as a result of the dynamic response of 
PNRs to an external electric field [54-58]. The absence of long-range ferroelectric domains 
and a macroscopically zero polarization is also reflected in slim PɰE hysteresis loops (Figure 
1.11b). 
It is experimentally proven that relaxors are composed of PNRs and exhibit macroscopic 

cubic symmetry. However, there is still a debate about which model best describes their 
local structure [58-60]. At the beginning of the studies on relaxors [61], the widely accepted 
model of relaxors assumes a local structure consisting of PNR islands embedded in a non-
polar matrix [56-58] (Figure 1.11c, left). Recently, this initial model has been replaced with 
a one that assumes that relaxors are composed of a low-symmetry, nano-sized domains 
surrounded by high-density, low-angle domain walls (DWs). In this case, the non-polar 
matrix is nonexistent (Figure 1.11c, right) [58-60, 62, 63]. 
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Figure 1.11: Schematic representations of (a) temperature and frequency (Ƨ) dependences 
of Ɵ' and (b) PɰE hysteresis loop of typical relaxor material [21]. (c) Schematic 
representation of two proposed models of relaxorɴs local domain structure (after [48, 58]).  

Relaxors have proven to be very good EC candidates, as PNRs are very responsive to 
external electric fields, leading to large changes in polarization and large EC effects [53, 64, 
65]. Besides that, a broad peak-permittivity anomaly results in a large EC effect across a 
wide temperature range (a few tens of degrees) [66, 67]. In addition, the slim PɰE loops of 
relaxors show low hysteresis losses and thus better cooling efficiency and better fatigue life 
compared to classic ferroelectrics [43, 68]. 

1.4 Ferromagnetic Materials  

In this section, typical candidates and their requirements for achieving sufficient MC effects 
are introduced and their characteristics are described. All MC candidates must contain 
magnetic dipole moments and ideally show a large change of magnetization with the 
temperature. Among all the materials, the best MC properties are shown by ferromagnets 
[6, 69-71], which belong to the subgroup of diamagnetic materials (Figure 1.12). 
Diamagnetism is a fundamental magnetic property and occurs in all materials. 

Diamagnetism arises from the interaction of an applied magnetic field (H) with the orbital 
motion of only paired electrons and it results in a very weak negative magnetization (M). 
H induces M, which is defined as magnetic dipole moment per unit volume and represents 
the material's response to the magnetic field: 

 Ӟ =(Ἣ˻1)ә=ἶ ә, (1.25) 

where µr is the relative permeability, representing a measure of the degree to which the 
material can be magnetized [49, 72-74]. The materialsɴ response to the magnetic field is 
described with the magnetization and magnetic flux density (B), which is analogous to the 
electric displacement (Eq. (1.24)): 

 ӓ=Ἣ(ә+Ӟ)=ἫἫә. (1.26) 
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As crystal structure and symmetry are important in the electrical properties, magnetic 
point groups govern the magnetic properties. Besides the common crystallographic 
symmetry, magnetic structures also possess time-reversed symmetry elements, which, with 
respect to 32 crystallographic point groups, increase the number of magnetic point groups 
to 90. Among the 90 point groups, 66 of them exhibit piezomagnetic properties, which are 
the magnetic analog of the piezoelectric properties and show a linear relationship between 
magnetization and mechanical stress. Among the 66 piezomagnetic point groups, 31 of 
them show spontaneous magnetization in a given temperature range. This group of 
materials is called the pyromagnets and they exhibit magnetic dipole moment even in the 
absence of an applied external magnetic field, which changes as the temperature is changed 
(hence, pyro term) [49]. 

 

Figure 1.12: One of the possible classifications of materials according to their magnetic 
properties (after [49]).  

Within the pyromagnets there is a subgroup of ferromagnets (Figure 1.12), which are 
a magnetic analogue of ferroelectrics. These materials exhibit two or more equilibrium 
orientations of the spontaneous magnetization, which can be switched by the application 
of a sufficiently large external H [49, 72-74]. Typically, ferromagnets exhibit a structural 
phase transition from a high-temperature paramagnetic (with zero macroscopic 
magnetization) to a low-temperature ferromagnetic phase (with non-zero macroscopic 
magnetization) at the ferromagnetic Curie temperature (ӥ̀). This phase transition is 
typically accompanied by a drastic change of M, shown in Figure 1.13a [49, 72-74]. Similar 
to PɰE loops in ferroelectrics, ferromagnets also exhibit a characteristic non-linear 
dependence of the magnetization relative to the magnetic field known as MɰH hysteresis 
loop (Figure 1.13b). Such non-linear behavior is a consequence of the motion and rotation 
of domain walls (DWs), which separate the regions with the uniformly oriented magnetic 
dipoles (Figure 1.13c). Such regions are called ferromagnetic domains, which are formed to 
minimize the magnetostatic energy of the demagnetizing field [49, 72-74]. In such materials, 
even in the absence of the external H, a relatively large M is maintained. The value of the 
magnetization at zero field is called the remanent magnetization (MR), while the minimum 
magnetic field, which is needed to switch magnetization orientation is called the coercive 
magnetic field (HC). The maximum or saturated magnetization is defined as MS [72-74]. 
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Figure 1.13: Schematic representations of (a) the temperature dependence of M around the 
paramagnetic-to-ferromagnetic phase transition, (b) MɰH hysteresis loop and (c) domain 
structure of typical ferromagnetic material (after [21, 75, 76]).  

According to Eq. (1.16), a large change of magnetization with temperature is required 
to achieve large MC effects. Therefore, ferromagnets near the paramagnetic-ferromagnetic 
phase transition represent promising candidates for good caloric performance [6, 69-71]. 
However, despite the outstanding performance of ferromagnets, a lot of complex oxide 
ceramics exhibit an antiferromagnetic arrangement. In these materials, magnetic moments 
are aligned in an antiparallel direction relative to each other, resulting in zero macroscopic 
magnetization at zero magnetic field. Such an arrangement often occurs in systems with 
two independent crystal sublattices, such as in complex perovskites. Typically, 
antiferromagnets exhibit a structural phase transition from a high-temperature 
paramagnetic to a low-temperature antiferromagnetic phase (both with zero macroscopic 
remanent magnetization) at the so-called Néel temperature, TN (Figure 1.14) [49, 72-74]. 

 

Figure 1.14: Schematic representations of typical temperature dependence of M around the 
paramagnetic-to-antiferromagnetic phase transition (after [21, 74]).  

1.5 Multiferroic Materials  

Multiferroics are a class of materials in which at least two primary ferroic orders ɰ 
ferroelectric, ferromagnetic or ferroelastic ɰ coexist in the same material. According to the 
latest definitions, also antiferroic and ferric orders (e.g., antiferromagnetic and ferrielectric) 
are included [34, 77-79]. Recently, a lot of attention is being paid to the so-called 
magnetoelectric (ME) multiferroics, combining ferroelectric and ferromagnetic properties 
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in the same material (Figure 1.15), which are attractive due to the completely different 
origins and opposite mechanisms of both ferroic orders [35, 77, 80]. 

 

Figure 1.15: Schematic representation of primary ferroic materials, i.e., ferroelectrics and 
ferromagnets, and their combination called multiferroics (after [78]).  

It is known that the highest caloric effects are obtained near the ferroic phase 
transitions, where the order parameters (i.e., P and M) are strongly temperature dependent 
[6, 30, 53]. Consequently, ME multiferroics with both ferroic phase transitions in the 
temperature ranges close together represent one of the most promising candidates for 
achieving large multicaloric (EC+MC) effects [30, 32]. However, single-phase ME 
multiferroics are rare, due to the numerous competing factors that are necessary for the 
appearance of one ferroic order, but at the same time reduce the tendency for the emergence 
of the other one [32, 36, 77, 80, 81]. Additionally, the majority of single-phase ME 
multiferroics exhibit ferroic phase transitions at different temperatures or temperature 
regions, resulting in a smaller multicaloric effect. Therefore, the search for new, single-
phase multicalorics, especially those with both ferroic transitions close to RT, is challenging 
and timely [35, 80]. 

1.5.1 Lead Iron Niobate, Pb(Fe 0.5Nb 0.5)O 3 

Lead iron niobate, Pb(Fe0.5Nb0.5)O3 (PFN) is a well-known multiferroic material, where the 
ferroelectric and magnetic (antiferromagnetic) orders coexist [82, 83]. Pb(Fe0.5Nb0.5)O3 
belongs to the class of lead-based complex perovskites with the general formula A(B'xB"1-
x)O3 (Figure 1.16a), where multiferroic behavior arises from ferroelectrically active Pb2+ 
and Nb5+ ions (completely full or empty d-orbitals) and magnetically active Fe3+ ions 
(partially filled d-orbitals) that are randomly distributed on the B-site of the perovskite 
lattice [84, 85]. PFN exhibits a diffuse structural phase transition from the paraelectric to 
the ferroelectric phase (TC) at ~95ɰ115 °C (Figure 1.16b) [86-88]. Such a large range of 
reported TC is most likely related to the diffuse nature of the transition, which arises from 
local fluctuations of similarly large Nb5+ and Fe3+ ions (ionic radii of 64 pm and 64.5 pm, 
respectively) [89] at the B-site sublattice. Consequently, the phase-transition temperature 
largely depends on the sample preparation, the variation of its local composition and the 
measurement technique used to determine TC [90, 91]. Additionally, increased electrical 
conductivity as well as various charge point defects can lead to the frequency dependence 
of the peak-permittivity temperature. Therefore, there is still a debate about whether PFN 
exhibits more ferroelectric-like or relaxor-like behavior [87, 88, 92-94]. However, the 
frequency-independent peak-permittivity temperature (Figure 1.16b) and micron-sized 
ferroelectric domain structure (Figure 1.16c) [88, 92] clearly indicate long-range ferroelectric 
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order, confirming ferroelectric-like behavior at RT. Nevertheless, a minor role of the 
relaxor-like character of the material cannot be completely ruled out. 
On the other hand, PFN exhibits two magnetic phase transitions that are visible as 

peak anomalies in the M(T,H) curves, shown in Figure 1.16d. A structural phase transition 
from paramagnetic to long-range antiferromagnetic order (TN) is located at approximately 
ʞ125 °C, while at around ʞ260 °C an additional magnetic phase transition related to the 
formation of short-range, spin-glass-like phase (Tg) is present [85, 95, 96]. The spin-glass-
like phase arises from the local short-range order on the B-site perovskite sublattice (namely 
from the Nb-rich-Fe-poor regions), where long-range antiferromagnetic order (defined by 
Fe-O-Fe linkages) is disturbed due to the presence of the nonmagnetic Nb5+ ions [85, 95, 
96]. 

 

Figure 1.16: (a) Schematic representation of a perovskite unit cell, (b) temperature and 
frequency dependences of ʀ', (c) piezo-response force microscopy image of ferroelectric 
domain structure at RT and (d) temperature dependence of M measured at 10 kOe of PFN 
ceramics (after [21, 48, 88]).  

Despite promising dielectric and ferroelectric properties, i.e., the peak-permittivity 
temperature slightly above RT and the large spontaneous polarization, prior to this thesis, 
no studies of EC properties of PFN have been reported. The main reason for this lies in 
the typically high electrical conductivity of PFN ceramics (in the range of 10ʞ6ɰ
10ʞ10 ǧʞ1mʞ1) [86, 87, 91, 97], which mostly originates from the presence of oxygen 
vacancies and/or various oxidation states of the Fe ions (2+, 3+ or 4+) [87, 91, 94] that 
is common for Fe-containing oxides [98, 99]. However, with proper optimization of the 
synthesis process and effective suppression of the excessive electrical conductivity, PFN-
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based materials with their favorable peak-permittivity position, offer a good starting point 
for achieving improved EC as well as MultiC performance. 

1.5.2 Bismuth Ferrite, BiFeO 3 

Bismuth ferrite, BiFeO3 (BFO), is one of the best-known and well-studied single-phase 
multiferroic materials, where the ferroelectric and magnetic (antiferromagnetic) orders 
coexist. In addition, it is a rare example of a single-phase material that exhibits multiferroic 
properties even above RT [100, 101]. BiFeO3 belongs to the class of lead-free perovskites 
with the general formula ABO3 (Figure 1.17a), where multiferroic behavior arises from the 
ferroelectrically active Bi3+ ions (full d-orbitals) on the A-site and the magnetically active 
Fe3+ ions (partially filled d-orbitals) on the B-site of a perovskite structure [101]. 

BFO exhibits a structural phase transition from the non-polar paraelectric to the polar 
ferroelectric phase (TC) at ~825 °C [101, 102]. Long-range ferroelectric order is clearly 
evident from the ferroelectric domain structure, where at RT, micron-sized domains are 
present (Figure 1.17b). On the other hand, BFO exhibits a magnetic structural phase 
transition from the paramagnetic to the long-range antiferromagnetic order (TN) at ~370 
°C [101, 103, 104]. Similar to PFN, the antiferromagnetic arrangement in BFO derives from 
Fe-O-Fe linkages, where the magnetic moment of each Fe3+ ion is surrounded by six 
approximately antiparallel-oriented Fe3+ neighbors [100, 101, 103]. Additionally, the 
magnetic spin structure forms a long-range magnetic cycloidal spiral with a period of ~62 
nm, resulting in very weak average macroscopic magnetization of the material [100, 104, 
105]. 

Despite a seemingly simple chemical composition, the preparation of single-phase BFO 
material is extremely difficult. The thermodynamic instability of BFO, the reaction kinetics 
of the Bi2O3-Fe2O3 system, the presence of impurities and the volatility of Bi2O3 often favor 
the formation of undesired secondary phases, namely, Bi-rich sillenite (e.g. Bi25FeO39) and 
Fe-rich mullite (e.g. Bi2Fe4O9) phases (Figure 1.17c) [102, 105-107]. All these processes can 
lead to the formation of various charged point defects, which were shown to have a strong 
influence on the functional properties of the material. This is often reflected in the increased 
electrical conductivity of the material (usually in the range of 10ʞ10ɰ10ʞ2 ǧʞ1mʞ1), which 
can critically affect its dielectric, ferroelectric and electromechanical properties [102, 105, 
106]. 

 

Figure 1.17: (a) Schematic representation of two BFO perovskite unit cells (after [108]), 
(b) piezo-response force microscopy image of BFO ferroelectric domain structure at RT 
(after [109]) and (c) scanning electron microscopy image of polished BFO surface, where 
mullite and sillenite secondary phases are marked with blue and red arrows, respectively 
(after [110]).  
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Due to the typically high electrical conductivity and weak spontaneous magnetization, 
BFO ceramics in unmodified form are not suitable for use in caloric applications. However, 
with appropriate modifications, i.e., by doping or the formation of solid solutions, as 
presented in the next section, BFO-based materials can represent promising candidates for 
achieving good MC as well as MultiC properties. 

1.5.3 Pb(Fe 0.5Nb 0.5)O 3ɰBiFeO 3 Solid Solutions  

The first examples of Pb(Fe0.5Nb0.5)O3ɰBiFeO3 solid solutions were reported in the 1960s 
[111-114], followed by other studies [115-119]. It was shown that the increasing amount of 
BFO in the (1-x)PFNɰxBFO (PFNɰ100xBFO) solid solutions shifts the paramagnetic-to-
antiferromagnetic phase transition to higher temperatures, i.e. towards the TN of pure BFO 
[112, 116]. On the other hand, the addition of BFO to PFN also affects the paraelectric-
to-ferroelectric phase-transition temperature. The reported studies indicate that in 
compositions with low BFO contents (x < 0.2) the TC slightly decreases [111, 113, 118], 
while in compositions with a high BFO content (x > 0.2) the TC shifts above the one of 
pure PFN [111, 113, 114, 116, 118, 119]. However, all compositions prepared by classic 
solid-state synthesis exhibit increased electrical conductivity, leading to high leakage 
currents and thus poor dielectric and ferroelectric properties [113, 116, 118, 119]. Therefore, 
for better understanding, a detailed systematic study of the dielectric and ferroelectric 
properties of this system is still needed. 
Nevertheless, the formation of PFNɰBFO solid solutions offers a bridge between the 

low-temperature phase transitions of PFN and the high-temperature phase transitions of 
BFO, which enables the tailoring of the multiferroic properties and, ideally, may bring 
both ferroic transitions closer to RT. Since the highest caloric effects are obtained near 
ferroic phase transitions [6, 30, 53, 71], this system offers a unique opportunity for designing 
new, room-temperature multicalorics that can be used as active elements in future cooling 
applications. 

1.6 Objectives a nd Hypotheses of the Dissertation  

The main goal of this thesis is to develop new singe-phase multicaloric materials with 
enhanced EC and MC properties. PFN material represents a good starting point due to its 
peak-permittivity position slightly above RT, which could lead to increased EC effects near 
RT. The addition of BFO to PFN and, accordingly, the formation of PFNɰBFO solid 
solutions could further enable tailoring of the magnetic properties by shifting paramagnetic-
to-antiferromagnetic phase transition towards RT, which offers the improvement of room-
temperature multicaloric properties. In addition, doping with Mn ions can successfully 
compensate possible charge imbalances in the materials, which could suppress electrical 
conductivity and consequently enhance EC properties. On the other hand, rare earth 
elements, such as Gd ions possess strong localized magnetic moments, which can break the 
long-range antiferromagnetic order and increase the magnetization of the material. 
 
The objectives of this doctoral dissertation are the following: 
1.) To optimize the processing conditions of PFN ceramics using mechanochemical-
activation-assisted synthesis followed by sintering at different temperatures aiming 
to prepare samples with low electrical conductivity (< 10ʞ10 ǧʞ1mʞ1) for caloric 
applications. 

2.) To determine the EC and MC properties of optimized PFN ceramics. 
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3.) To modify PFN ceramics by doping with Mn to decrease the electrical conductivity 
and consequently enhance the effective EC cooling effect. 

4.) To determine the EC and MC properties of optimized Mn-doped PFN ceramics. 
5.) To prepare single-phase PFNɰ100xBFO (x Ò 0.5) solid solutions using 
mechanochemically-activation-assisted synthesis followed by heat treatment. 

6.) To study how the addition of BFO into PFN influences the ferroelectric Curie 
temperature and ferroelectric properties. 

7.) To modify selected PFNɰ100xBFO solid solutions by target doping with Mn and 
Gd ions, to reduce the electrical conductivity and improve their magnetic 
properties, respectively. 

8.) To study caloric (EC and MC) properties of selected pure, Mn- and Gd-doped 
PFNɰ100xBFO solid solutions. 

 
This doctoral dissertation is based on the following hypotheses: 
1.) The EC effect of pure PFN is strongly affected by an increased electrical 
conductivity. Therefore, further modifications of PFN with dopants are required 
for its improvement. 

2.) Due to the very high TN of BFO, the addition of BFO into the PFN (the formation 
of PFNɰ100xBFO solid solution) will shift the magnetic anomalies towards room 
temperature. At the same time, the high ferroelectric Curie temperature of BFO 
will also affect the peak-permittivity temperature. 

3.) The electrical conductivity of PFNɰ100xBFO solid solutions increases with 
increasing content of BFO. 

4.) Modification of PFNɰ100xBFO with Mn will suppress the enhanced electrical 
conductivity, while Gd will improve the magnetic properties of the PFNɰ100xBFO 
solid solution. 
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Chapter 2 

2 Improving the Multicaloric Properties 

of Pb(Fe 0.5Nb 0.5)O 3 by Controlling the 

Sintering Conditions and Doping with 

Manganese  

Multiferroic PFN exhibits a paraelectric-to-ferroelectric phase transition slightly above RT, 
which offers a good starting point for achieving a high room-temperature EC response and 
thus upgrading the caloric effects of the so-far only known single-phase relaxor PFNɰ
20PMW multicaloric material [41]. 
In this study, single-phase PFN ceramics were successfully prepared using 

mechanochemical synthesis, followed by sintering at four different temperatures ranging 
from 950 °C to 1100 °C. Among them, the ceramic sintered at 1000 °C possessed low 
dielectric losses, the lowest specific electrical conductivity and, accordingly, exhibited no 
enhanced conduction at the grain boundaries. However, further evaluation of its 
multicaloric properties revealed that the excessive electrical conductivity still limits the 
materialɴs cooling ability, leading to the appearance of Joule heating that degrades the EC 
cooling effect. For this reason, the multicaloric properties of PFN were further improved 
by doping with manganese. In fact, 0.5 mol% of added dopant successfully suppressed the 
excessive electrical conductivity, leading to a superior EC effective cooling effect of ~1.6 °C 
at RT, while reaching a maximum value of ~2.5 °C at 80 °C (at 140 kV·cmʞ1). At the 
same time, the MC properties of the material were also improved, resulting in a maximum 
value of 0.44 °C at ʞ271 °C and 50 kOe. 
The Mn-doped PFN multicaloric prepared in this work exhibits the highest EC and 

MC effects reported to date. The maximum EC and MC effects are located in two different 
temperature regions, one above and the other below RT, indicating a potential use of such 
materials in applications where the operating temperature is changing significantly. 
However, the maximum value of the MC effect is located at cryogenic temperatures and it 
is only 0.44 °C. Therefore, further work is needed to improve this value. 
 
This chapter addresses thesis objectives 1, 2, 3 and 4. 
 
Published in: U. Prah, T. Rojac, M. Wencka, M. Dragomir, A. Bradeşko, A. Benčan, R. 
Sherbondy, G. Brennecka, Z. Kutnjak, B. Malič and H. Urşič, ɶImproving the multicaloric 
properties of Pb(Fe0.5Nb0.5)O3 by controlling the sintering conditions and doping with 
manganese,ɷ J. Eur. Ceram. Soc., vol. 39, no. 14, pp. 4122ɰ4130, 2019. (IF = 4.320, 2019) 
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Sintering Conditions and Doping with Manganese  

My contribution: I optimized the synthesis process and prepared the powders and ceramic 
samples. I performed the scanning electron microscopy, energy-dispersive X-ray 
spectroscopy and thermal analysis studies, performed the characterization of the electrical 
properties, measured the EC and calculated the MC effects. I prepared the concept of the 
paper and jointly wrote the manuscript with the co-authors. 
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