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Abstract

Solid-state caloric effects, such as the magnetocaloric (MCE) and barocaloric (BCE) ef-
fects, may be utilized in future cooling technologies that are more efficient and environment-
friendly. Large caloric effects often occur near phase transitions, especially near coupled
first-order magnetostructural transitions (MST), and are initiated by external parameters,
such as magnetic field or hydrostatic pressure. In this dissertation, the effects of pressure,
temperature, and magnetic field on the phase transitions in three material systems are
studied in order to elucidate how the respective caloric effects are affected.

In the first study, the realization of a coupled MST in a MnNiSi-based system through
isostructural alloying is explored, which resulted in a giant conventional MCE. The MST
shifts towards lower temperature with increasing applied hydrostatic pressure, whereas it
shifts towards higher temperature with an increase in magnetic field. The strong pressure
dependence along with a large volume change during the MST suggested the possibility
of pressure-induced BCE in this material. In a subsequent study, we observed a giant
hydrostatic pressure induced inverse BCE through pressure-dependent calorimetric mea-
surements. The multiple caloric effects in the same material for the same phase transition
qualify this material as a multicaloric material.

In second study, we investigated the hydrostatic pressure dependence of the metam-
agnetic transitions in DyRusSiy, which shows multiple metamagnetic transitions at atmo-
spheric pressure. With the application of moderate hydrostatic pressure, the metamag-
netic transitions disappeared, but then reappeared with increasing pressure. We discuss
the pressure-induced magnetostrictive behavior, the variation of the entropy changes with
pressure, and a possible origin of the pressure-dependent behavior in light of the variation
of the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interactions.

For x = 0.25 in the Ni;Mn;_,Cu,Ga Heusler alloy series, the structural and magnetic
transitions coincide to create a coupled first-order MST. Since giant MCE was reported

for this system, it is useful to understand the underlying physics driving the coupling of
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transitions. Although first-order transitions cannot be investigated through the critical
behavior analysis, the structural and magnetic transitions in Ni;MnGa (parent alloy) and
NisMng g5Cug.15Ga are not coupled. In this case, investigating the critical behaviors of
the two alloys near their second-order phase transitions will provide insight as to how the
magnetism in these materials evolve with increasing copper doping. In this study, through
the calculated critical exponent values, we identified the universality classes which best
described the parent and Cu-doped (x = 0.15) alloys. The exponent values shed light into
the range of the magnetic interactions, and the evolution of the interactions due to the non-
magnetic Cu substitution scheme. This type of analysis can be performed in other material
systems to get a picture of the systematic trends, through doping or other processes, such

as applied pressure, that lead to first-order phase transitions.
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Chapter 1
Introduction
1.1 Solid State Caloric Phenomena

In light of global energy and environmental concerns, it is becoming increasingly im-
portant to develop more efficient and environment-friendly options for commercial and
household devices. In the United States, 42% of the total energy production is consumed
by the residential and commercial sectors. A significant portion of this energy is used
for various temperature control purposes, such as air-conditioning, refrigeration, freezing,
etc. For instance, around 50% of the total residential energy consumption is spent on
temperature control, whereas this number is 57% for the commercial establishments [1, 2].
Moreover, household refrigeration alone is responsible for 14% of the total energy consump-
tion worldwide [3].

Conventional cooling technology is based on the absorption or emission of heat due
to a change in pressure in the working material, usually a chlorofluorocarbon (CFC) gas,
the type of which has been linked to the depletion of the ozone layer [4]. Moreover, the
efficiency of this cooling technology is rather low, around 40%, even for the best com-
mercial refrigerators. In this regard, solid-state cooling technology has the potential to
replace conventional CFC gas-based cooling technology, and provide a more efficient and
environmentally friendly solution.

Solid-state cooling is based on solid-state caloric effects, which are defined as the change
of the temperature of a material due to an abrupt change of an external parameter. It has
been shown that magnetic refrigeration using the magnetocaloric effect can reach 60% of
the ideal Carnot efficiency [1], and has the potential to reduce the energy consumption
by 20-30% relative to conventional CFC gas based cooling technology [5, 6]. In addition,
solid-state cooling does not require environmentally harmful CFC gases, making it both an
efficient and environmentally friendly alternative to conventional cooling technologies.

Apart from refrigeration technologies, solid-state caloric materials may be used in a



variety of other potential applications. For instance, the magnetocaloric effect can be
utilized in energy harvesting [7], thermomagnetic generators [8], and even in drug delivery
systems or in thermoseeds for cancer treatment [9, 10].

As stated earlier, the solid-state caloric effect in a material is induced by an abrupt
change of an external parameter, such as magnetic field, electric field, pressure, stress,
etc. The applied external stimulus modifies the material’s order parameter, such as the
magnetization (M), electric polarization (P), or strain (¢), etc. This creates a change in
entropy, and a corresponding change in temperature. The caloric effects are quantified by
the isothermal entropy change, AS;,,, and the adiabatic temperature change, AT,,;. For
brevity, these quantities are often reported as AS and AT. All materials show caloric ef-
fects upon a change in an external applied parameter, however, this effect is often negligible
[11]. Nevertheless, by employing various strategies, especially by tailoring the phase transi-
tions of materials, the caloric effects can be modified to a level where practical application
becomes feasible.

The isothermal application of an external parameter such as magnetic field usually de-
creases the material’s entropy, whereas the adiabatic application increases the temperature.
This behavior is observed for most materials, and this type of caloric effect is known as a
“conventional caloric effect”. However, the opposite scenario, i.e., increasing entropy and
decreasing temperature, is not rare, and is known as the “inverse caloric effect” [11]. Table

1.1 summarizes these features for an increase in the external driving field.

Table 1.1: Changes in solid state caloric effect parameters due to conventional and inverse
caloric effects.

Caloric Effect Adiabatic Temperature Change Isothermal Entropy Change Isothermal Heat

Conventional ATyq >0 AS;so <0 Q<0
Inverse AT,y <0 ASiso >0 Q>0

Caloric effects can be divided into different categories based on the external driving
field and the order parameter it modifies, as illustrated in Fig. 1.1. We now briefly define

some of these effects [12].
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Figure 1.1: A schematic diagram of various solid state caloric effects. This diagram has
been reproduced based on a diagram by Melvin M Vopson [3].

Magnetocaloric effect: In this case, a magnetic field acts as the external driving
field, which modifies the magnetization (M). Changes in the applied magnetic field (AH)
cause thermal changes. Here, the thermal changes are defined as the isothermal entropy
change, AS, the adiabatic temperature change, AT,;, and isothermal heat, Q.

Electrocaloric effect: An applied electric field (AE) modifies the electric polarization
(P), which gives rise to thermal changes.

Mechanocaloric effect: An applied stress (Ac) modifies the structural, magnetic, or
polar degrees of freedom, and generates thermal changes. If the applied stress is uniaxial,
the caloric effect is called an elastocaloric effect, whereas the applied hydrostatic pressure
or isotropic stress induced caloric effects are known as barocaloric effects.

Multicaloric effect: If more than one type of caloric effect can be driven simulta-
neously or sequentially in the same sample, then the caloric effect can be described as a
multicaloric effect. A “multicaloric material” can show multiple caloric effects, each driven

by a different external parameter.



In the next few sections, further details about these caloric effects will be discussed.
Since our research was mostly focused on magneto- and barocaloric effects, these two effects
will now be discussed in more detail.

1.2 The Magnetocaloric Effect (MCE)

Since the early nineteenth century, the interplay between magnetism and heat had in-
trigued numerous scientists, for example Faraday and Joule [13, 14]. Later, Lord Kelvin
laid out groundwork based on the general thermodynamics of the thermoelastic, thermo-
magnetic, and pyroelectric properties of matter [13, 15]. It was known at that time that
the magnetism would be lost in a ferromagnetic material if sufficiently heated. Lord Kelvin
proposed that an applied magnetic field can modify the temperature dependence of mag-
netization. He also predicted that the temperature of iron would decrease if it was slowly
pulled away from a magnet near the temperature where iron losses its magnetization, and
the temperature would increase if the iron is moved closer to a magnet. This effect is
exactly what we now refer to as the magnetocaloric effect [13].

Magnetic cooling is based on the magnetocaloric effect (MCE) observed in magnetic
materials. The MCE results from the alignment of magnetic moments due to the ap-
plication of an external magnetic field, which reduces the magnetic randomness, thereby
decreasing the magnetic component of the total entropy. This reduction in magnetic en-
tropy is compensated by an increase in other components of the total entropy, such as
electronic and lattice entropy, which results in a temperature increase of the material. This
is the case for the conventional magnetocaloric effect, where the temperature of the ma-
terial increases during magnetization and decreases during demagnetization. However, if
the material shows an inverse magnetocaloric effect, then its temperature decreases during
magnetization and increases during demagnetization. The inverse magnetocaloric effect is
usually observed in materials that have antiferromagnetic interactions.

In most of the literature, Warburg is credited with the discovery of the magnetocaloric

effect. However, Anders Smith [13, 16] pointed out that Warberg neither claimed to have



discovered MCE, nor was it possible to measure the temperature change due to the MCE
from his experiment [17]. Warburg studied the magnetic hysteresis of iron during magne-
tization and demagnetization. He postulated that the area of the hysteresis loop in the
magnetization (M) versus field (H) curve represents the work done on the magnetic mate-
rial by the field. Since iron shows a reversible MCE due to a second-order phase transition,
the total temperature change during magnetization and demagnetization would be zero.

There had been efforts to employ magnetothermal effects to other applications in the
late 19'" century. For instance, the concept of the “thermomagnetic motor” was introduced
by J. Stefan [13, 18, 19]. According to this concept, electricity could be generated by
thermally cycling a ferromagnetic material through its Curie temperature. Both Edison
and Tesla designed and patented devices known as “pyromagnetic generators” based on
the effects described as pyromagnetic or thermomagnetic effects [13, 20-23].

In their 1918 report, Weiss and Piccard coined the term “magnetécalorique” in French
scientific literature [12, 24]. Near the Curie temperature of nickel (627 K), they reported a
temperature change of 0.7 K for a 1.5 T field change [16, 24]. They also pointed out that
the effect is reversible, and that it is most prominent near the phase transition temperature.
These are the characteristic features of the conventional magnetocaloric effect. The authors
provided an explanation for this effect from a thermodynamics point of view, which was
later developed further by Debye and Weiss et al. [16, 25, 26].

In the 1920s, Giauque and Debye proposed to use the magnetocaloric effect to reach very
low temperatures—near absolute zero [25, 27]. In 1933, Giaucque and MacDougall reached
a temperature of 250 mK by using the adiabatic demagnetization of a paramagnetic salt
Gd2(S04)3.8H20, and breaking the 1 K barrier for the first time [28]. For this work, Giauque
won the Nobel Prize in chemistry in 1949. This technique is still used in laboratories around
the world to reach millikelvin temperatures [12]. However, the paramagnetic salts usually
exhibit very small MCEs, and this is why adiabatic demagnetization of paramagnetic salts

is primarily used to reach ultra-low temperatures rather than in near-room-temperature



applications.

The true beginning of near-room-temperature magnetic cooling can be traced back to
the seminal paper by Brown [29]. Brown showed that, if a device operates continuously,
much larger temperature spans than the maximum observed magnetocaloric effect (AT)
can be achieved. In his refrigerator, 1 mm thick Gd plates separated by wire screens
were used as the MCE material. An 80% water - 20% ethanol solution was used as the
regenerator, while a 70 kOe alternating magnetic field was supplied by a superconducting
magnet. According to the definition by J. A. Barclay [30], the function of a regenerator is
to absorb heat from the working material in one stage of a cycle, and to return the heat to
the working material on the next stage of the cycle. A maximum temperature span of 47
K was achieved with this system after 50 cycles with T}, = 319 K (46 °C) and T,pq = 272
K (-1°C), where Tjo and T,y4 are the temperatures of the hot and cold ends, respectively.
This temperature span is three times larger than the maximum MCE (AT) of Gd metal
between 272 K (AT, = 11 K) and 319 K (AT,, = 13 K) [6].

The concept of active magnetic regenerators (AMR) was introduced by Steyert in 1978
following the works of Brown [6, 31]. In 1982, Barclay and Steyert proposed that a MCE
material can be used simultaneously as an active magnetic component and as a regenerator.
In this way, temperature changes greater than the adiabatic temperature change can be
obtained in the magnetic refrigerant [32]. This concept of AMR has been used, in one form
or another, in most of the later devices [16].

At this point, the significant impact of the collaboration between Ames Laboratory
and the American Astronautics Corporation on realizing feasible, near-room-temperature
magnetic cooling must be noted. In 1997, this collaboration led to a proof-of-principle mag-
netic refrigeration device, which demonstrated the feasibility of the magnetic refrigeration
technology to be on par with conventional cooling technology near room temperature. This
device was built on the active magnetic regeneration (AMR) principle, where commercial

grade gadolinium was used as the AMR. Gadolinium rods were prepared at Ames Labo-



ratory from raw ingots, which were later converted into spheres using a plasma rotating
electrode process (PREP) at the Starmet Powders Corporation. The device was operated
continuously for 18 months with only minor maintenance. A superconducting magnet was
used to apply up to a 50 kOe magnetic field, and it had a temperature span of 10 K
(between 281 K and 291). It delivered a cooling power of around 600 W, and reached a
maximum Carnot efficiency of 60% [6, 33, 34].

Another important breakthrough was delivered by the same group in 2001, when they
replaced the superconducting magnet in the device with permanent magnets. Magnetic
fields up to 15 kOe were applied using a permanent magnet array, which resulted in a
temperature span of 5 K, and a cooling power of around 200 W [6, 35]. After this successful
demonstration of the feasibility of magnetic cooling, numerous prototypes have been built
around the world. Currently, there are many companies, such as BASF, Haier, General
Electric, Camfridge Ltd., Cooltech Applications, etc., that are engaged in developing and
delivering commercial magnetic cooling devices in the near future [6, 16].

Despite the limited successes of these prototypes, there are numerous challenges that
still need to be overcome in order to realize the full-scale commercial operation of mag-
netic refrigeration technology. One of the principle challenges is to design or discover an
ideal material to be used as the magnetic refrigerant (working material) in the device.
One major breakthrough that prompted a paradigm shift in magnetocalorics research was
the discovery of the giant MCE in GdsSioGe; near room temperature by Pecharsky and
Gschneidner in 1997 [36, 37]. Previously, magnetocaloric effects from materials only near
second-order phase transitions were investigated and used in prototype devices. The second-
order magnetic phase transitions limited the magnitude of the MCE, despite the absence
of thermal hysteresis. However, in GdsSisGes, a coupled magnetostructural transition (i.e.,
both second-order magnetic and first-order structural transitions) was responsible for the
giant MCE and, consequently, a scurry of subsequent research efforts followed, leading to

discoveries of large MCEs in materials showing first-order magnetostructural transitions.
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Figure 1.2: A simple magnetic cooling cycle using an MCE material.

This also prompted the search for methods to tailor materials to undergo first-order cou-
pled magnetostructural transitions, and to investigate the underlying physics that drives
them.

In order to illustrate the practical function of a cooling device that employs MCE
materials, we now describe a simple magnetic cooling cycle (Fig. 1.2). In step 1, no
applied magnetic field is present and the moments in the material are disordered. In step
2, a magnetic field is applied and the magnetic moments align with the field direction,
become more ordered, and the magnetic entropy decreases. Consequently, the temperature
of the material increases because of the compensating increase in lattice and electronic
entropy. In step 3, while the field is still present, a heat conducting fluid conducts heat
away from the MCE material. In step 4, the material returns to ambient temperature while
the moments are still aligned. In step 5, the moments become disordered as the field is
removed and the temperature of the material drops below ambient temperature, following
the opposite mechanism described in steps 1 and 2, and can now be used to cool a load.

The importance of MCE materials in magnetic cooling technology cannot be over
emphasized. Until now, few systems had been discovered that show a giant MCE near
room temperature. These include, but are not limited to, MnAs based systems [38, 39,

La(Fe;_xSix)13 [40], Ni;MnGa based Heusler alloys [41, 42], MnCoGe alloys [43], MnNiSi



alloys [44, 45], and so on. A large MCE at low temperatures, especially around the boiling

temperatures of various gases is also useful for gas liquification purposes [46-48]. Even

though these materials exist, none have been successfully employed in a system that could

be commercially realized. The reason for this lack of success is that a viable material

must possess multiple properties in addition to a large isothermal entropy change (AS)

and adiabatic temperature change (AT,4).

In order to be an ideal functional device candidate, working materials should satisfy

the following criteria [4, 49, 50]:

1.3

The phase transition responsible for the MCE should be reversible with respect to

temperature and magnetic field.
There should be low magnetic hysteretic losses.

The MCE must occur near the working temperature (i.e., near room temperature for

room-temperature magnetic refrigeration).

It should have large MCE potentials (AS;s, and AT,,) for a reasonable applied mag-
netic field, preferably not exceeding 2 T so that permanent magnets can be used

instead of superconducting magnets.
The MCE material should have low specific heat and high thermal conductivity.

The material should be non-toxic with low manufacturing costs, and with no potential

harmful effects on the environment.

The material should retain its structural form or shape even after temperature and

field cycling, unless systems are developed to incorporate powders.

The Mechanocaloric Effect (mCE)

Although the magnetocaloric effect (MCE) is probably the most studied solid state

caloric phenomenon so far, there are other mechanisms that can generate significant caloric
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effects in solid materials. Research in materials that exhibit the mechanocaloric effect
(mCE) is still in its early stages, however, the enormous potential of this technology has
been acknowledged by researchers [51]. The mechanocaloric effect arises when an applied
stress modifies the structural, magnetic, or polar degrees of freedom [51]. Moreover, it is
possible for the applied stress to modify multiple degrees of freedom, which will generate
a multicaloric effect. Depending on the nature of the applied stress, the mechanocaloric
effect can be divided into two categories: elastocaloric and barocaloric. The elastocaloric
effect (eCE) originates from a change in the applied uniaxial stress | Ao |, whereas a
change in the applied isotropic stress, that is, a change in the hydrostatic pressure (AP),
is responsible for the barocaloric effect (BCE) [12].

In most cases, mechanocaloric effects are seen in materials that show structural phase
transitions accompanied by a modification of the unit cell [51]. There are various mecha-
nisms by which the crystal unit cell can be modified, namely, shear, dilation, and a com-
bined effects of shear and dilation. Brief descriptions of materials that show mechanocaloric
effects owing to stress-induced structural changes will now be discussed.

Materials with Purely Structural Transitions

Giant mechanocaloric effects are often seen in non-magnetic shape memory alloys
(SMA), where the phase transition is purely structural [51]. These alloys exhibit shape
memory effects, which are defined as the ability of a material to repeatedly recover from
large plastic deformation[52]. The structural phase transitions in these types of alloys are
known as martensitic transformations, through which the crystal lattice is modulated via a
shear mechanism. Martensitic transformations are classified as first-order phase transitions,
which usually involve large volume effects, latent heat, and thermal hysteresis [53]. These
transitions occur between a high-temperature, high-symmetry crystal phase, known as the
austenite phase, and a low-temperature, low-symmetry phase, known as the martensite
phase [51, 53]. In general, martensitic transitions are very sensitive to uniaxial pressure,

due to the large shear-induced crystal distortions that usually accompany these transitions.
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On the other hand, these materials show little sensitivity to applied hydrostatic pressure
or isotropic stress. Moreover, due to the first-order nature of the transitions, large latent
heats are generated, which in turn give rise to large elastocaloric effects.

Some of the materials that show large elastocaloric effects include Cu-Zn-Al alloys [54—
56], Ni-Ti alloys [57-59], Cu doped Ni-Ti alloys [60, 61], and so on [51]. In a Cu-Zn-Al
single crystal, an entropy change of AS ~ 21 J/kg K was observed for ~ 0.1 GPa of
applied uniaxial stress [51, 54, 55]. An adiabatic temperature change of AT,; ~ 6 K was
also observed in a single crystal with slightly different stoichiometry through an infrared
thermal imaging technique [51, 56]. An inherent advantageous property of non-magnetic
shape memory alloys is their ductility, and the ability to retain their shapes fairly well over
multiple stress and/or temperature cycles.

Materials with Magnetostructural Transitions

Mechanocaloric effects are also observed in materials that show first-order magne-
tostructural transitions, where magnetic and structural degrees of freedom are coupled,
and external fields, such as magnetic field and stress, can alter the magnetization and/or
strain. In this case, the structural transition can occur through two mechanisms: dilation,
where the crystal lattice uniformly expands or contracts with no change in crystal sym-
metry, or a combination of dilation and shear in which the lattice completely transforms
from one crystal symmetry to another [51]. In most of the giant MCE materials, coupled
first-order magnetostructural transitions are responsible for the giant caloric effects.

Both elastocaloric and barocaloric effects can be expected in materials where the lattice
undergoes uniform expansion or contraction due to applied stress (uniaxial or hydrostatic
pressure). One early example is Fe-Rh alloys, which show both of these effects [51, 62-64]
along with the magnetocaloric effect [65]. Fe-Rh alloys have a cubic CsCl-type crystal struc-
ture and, when the stoichiometry is close to FeRh, the phase transition occurs between a
ferromagnetic (high-temperature) phase to an antiferromagnetic (low-temperature) phase.

The crystal symmetry does not change during the phase transition, but its volume changes
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(by around 1%) as the high temperature ferromagnetic (FM) phase has a larger volume
than the low-temperature antiferromagnetic (AFM) phase. This change in the structure
is due to dilation [51, 66]. In FeyRhs, an entropy change of AS ~ 12 J/kg K and an
adiabatic temperature change of AT ~ 10 K were observed for an applied hydrostatic
pressure of around 0.25 GPa, due to the barocaloric effect [51, 63, 64]. On the other hand,
an adiabatic temperature change of AT ~ -5 K was observed for an applied tensile stress
of o ~ 0.5 GPa [51, 62]. It should be noted that the elastocaloric effect is inverse for this
material, i.e., the entropy change is positive, whereas the barocaloric effect is conventional
[51].

Another class of materials that exhibits mechanocaloric effects is the La-Fe-Si family
of compounds, which has a cubic NaZnjs-type crystal structure. The first-order mag-
netostructural transition is from a paramagnetic phase to a ferromagnetic phase during
cooling [51, 67]. In the Co substituted sample, LaFe; 33C0¢.47Si;.2, an entropy change of
AS ~ 9 J/kg K for an applied hydrostatic pressure of around 0.2 GPa was observed due to
an inverse barocaloric effect [68]. In this case, an adiabatic temperature change of AT ~
2 K was measured through direct measurements. Giant barocaloric effects have also been
reported for MnzGaN [51, 69].

Magnetostructural Transitions with Changes in Crystal Symmetry

Materials exist that undergo a first-order magnetostructural transition involving a
structural transition between two completely different crystallographic symmetries, e.g.,
from cubic to tetragonal, from hexagonal to orthorhombic, etc. In such a case, a combina-
tion of shear and dilation mechanisms is involved in the structural transition, which often
exhibits a high sensitivity to applied hydrostatic pressure [51]. Moreover, these transitions
usually give rise to giant MCEs. The total entropy change for materials showing these
types of transitions is a sum of the magnetic and structural entropy changes. It had been
observed that materials that exhibit large volume changes during the phase transition,

along with strong hydrostatic pressure sensitivity, are the most likely candidates to show
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large barocaloric effects [70].

The well known giant MCE material Gds(Si,Ge;_y )4 also shows large barocaloric effects
[71]. In this case, there is a magnetostructural transition from a paramagnetic monoclinic
structure to a ferromagnetic orthorhombic phase [50, 51]. This transition is responsible for
the barocaloric effect, which is accompanied by an entropy change, AS ~ 11 J/kg K for
an applied hydrostatic pressure of 0.2 GPa [51, 71]. A further discussion of this material
will be provided in later sections.

Another class of materials that shows magnetostructural transitions is the MnTX (T
= Ni, Co, and X = Si, Ge) system [43, 51]. These materials also undergo coupled magne-
tostructural transitions. The transitions usually have to be tuned through various strategies
such as substitution, stoichiometry variation, etc., that sometimes exhibit giant MCEs and
BCEs. We have investigated giant caloric effects in one such system, and the details will
be discussed in chapter 4.

Based on the abovementioned discussion, it can be summarized that hydrostatic pres-
sure has a weak effect in materials where the structural transition occurs through a purely
shear mechanism. This factor, along with the small volume change, render large barocaloric
effects unlikely in these materials. However, uniaxial stress usually has a stronger affect on
these materials, resulting in possible large elastocaloric effects. On the other hand, when
the structural transition is a combination of shear and dilation mechanisms, hydrostatic
pressure is likely to strongly affect the transition, leading to potential barocaloric effects.
However, a large volume change must also occur in this case [51, 70].

The reported direct measurements of the temperature change due to elastocaloric ef-
fects are close to the theoretically estimated maximum values. On the other hand, direct
measurements of the temperature change due to barocaloric effects yield far lower values
than the estimated values. The lack of proper adiabatic measurement conditions are likely
responsible for this trend [51]. To apply hydrostatic pressure, it is necessary to have a

pressure conducting fluid, which makes it challenging to achieve adiabatic conditions. This
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feature will be discussed in chapter 4.5, where a description of the experimental setup
we constructed to measure the temperature change due to the barocaloric effect will be
provided.

Currently, no prototype cooling device based solely on the solid-state barocaloric effect
exists. There are, however, prototype devices based on the elastocaloric effect. These
devices utilize non-magnetic shape memory alloys such as Ni-Ti as the working materials
[51, 72, 73]. Although the research in this field is still in its early stage, it shows promise
for future solid-state cooling technologies.

1.4 The Electrocaloric Effect (ECE)

The electrocaloric effect arises when an applied electric field modifies the electric polar-
ization in a dielectric material. This change in polarization causes an entropy change, and
consequently, a temperature change [74]. Similar to other caloric materials, electorcaloric
materials have the potential to be used as the working material in a solid-state cooling de-
vice. One particularly promising aspect of ECEs is that large ECE parameters have been
observed in thin-films, which can be used to create chip-scale micro-cooling devices [74, 75].
Furthermore, the ECE may have potential applications in sensors, medical applications,
and electronic devices [74, 75].

Similar to the magnetocaloric effect (MCE), the ECE is characterized by the isother-
mal entropy change (AS) and the adiabatic temperature change (AT). As the MCE is
maximum near a magnetic phase transition, a large ECE is usually observed near the fer-
roelectric (F) to paraelectric (P) transition. Similiar to the MCE, the ECE is usually the
largest for first-order phase transitions, and moderate for second-order transitions [75-77].

A typical cooling cycle using ECE materials is identical to the MCE cooling cycle. In
this case, an electric field is applied in the first stage, which aligns the electric dipoles,
and reduces the entropy contribution from the dipoles to the total entropy. In order to
compensate this reduction in dipole entropy, contributions from other sources (e.g., lattice,

vibrational, etc.) increase, and the temperature of the material increases. In the second
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stage, a heat conducting fluid conducts heat away from the material. This reduces the
temperature of the material, while the dipoles remain aligned because of the electric field.
In the third stage, the electric field is removed, the dipoles become disordered, and the
temperature of the material drops below the ambient temperature following the opposite
mechanism described in the first stage. At this point, the ECE material can be used to
cool a load as its temperature is lower than that of the environment [75].

In 1930, Kobeko and Kurtschatov first studied the ECE in Rochelle salt [74, 78], but
they did not report any specific values. A few decades later, in 1963, an adiabatic temper-
ature change of AT = 0.0036°C was reported for Rochelle salt by Wiseman and Keubler
for an applied electric field of 1.4 kV ecm™! at 22°C [79]. ECEs were further investigated in
various ceramics and single crystals, such as KHyPOy crystals [80], SrTiO3 ceramics [81],
Pb(Scy5Tag5)03 ceramics [82], and so on. However, the ECEs in these materials are not
large, and a large electric field cannot be applied to these materials because of their low
breakdown fields [74]. Since the breakdown fields are larger in thin films and polymers,
the ECE has been widely investigated in these materials. A significant breakthrough took
place when Mischenko et al. [83] reported a giant ECE in thin films of PbZrg.95Ti.0503
in 2006. They observed an adiabatic temperature change of AT = 12°C at 226°C for an
applied electric field of 48 MV /m [74, 75, 83].

Since the discovery of giant ECEs, there has been vigorous research activity in this field.
A few prototypes based on ECE materials have been built [82, 84, 85]. However, the ECEs
in these materials are relatively low, which reduce the possibility of full-scale practical
applications. Nevertheless, this field is relatively unexplored, and further investigations
may open up new possibilities.

1.5 The Multicaloric Effect

It is possible for two or more solid state caloric effects to occur simultaneously in the

same material. According to the definition by Moya et al., [12], if more than one type of

caloric effect can be driven simultaneously or sequentially in the same sample, then the
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combined caloric effects can be described as a multicaloric effect. In this respect, the mul-
tiferroic materials are the most promising class of materials to show multicaloric effects,
since these materials can simultaneously exhibit multiple ferroic ordered phases, such as
electric, magnetic, or elastic. The concept of multicaloric effects in multiferroic materials
was first introduced theoretically in 2012 by Melvin M. Vopson [86]. He pointed out that
the multicaloric effect is strongly dependent on the cross-coupling between the various fer-
roic ordered states in a multiferroic material [3]. For instance, in a multiferroic material,
either the electric field (F) or the magnetic field (H) can modify the polarization and mag-
netization, which can lead to the multicaloric effect. The phenomenon has the potential to
drastically enhance the caloric effects, and advance solid-state cooling technology. Further-
more, it can have promising application in sensor technology [87, 88], memory technology
[89-91], transformers [92], and energy harvesting devices [93].

A typical refrigeration cycle using multicaloric effects would be similar to the previously
mentioned cycles. For instance, if the applied magnetic field (H), or the electric field (£), or
both, can align the magnetic and electric dipole moments, then the material’s temperature
will increase. The heat can then be conducted away through a heat-conducting fluid. This
will reduce the material’s temperature to the ambient temperature. Now, if the magnetic
field (H) or the electric field (F) is removed, the magnetic and electric dipole moments
will be disordered, and the temperature of the material will be less than the ambient
temperature. At this point, this material can be used to cool a load [3, 86].

It is known that an applied hydrostatic pressure can modify the magnetic entropy of
a solid, which is called the barocaloric effect [70, 94]. N. A. de Oliveira [70] theoretically
studied the effect of observing the magneto- and barocaloric effects in the same material
undergoing a first-order phase transition. He pointed out that the application of a magnetic
field can also change the barocaloric potentials, i.e., the isothermal entropy change (ASgpcE)
and the adiabatic temperature change (ATpcg). Although the first-order transitions usu-

ally generate large entropy changes, these changes occur over a very narrow temperature
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span. In other words, the entropy change (AS) versus temperature (7') curves would have
a very sharp peak for materials showing first-order transitions. N. A. de Oliveira showed
that, by simultaneously varying the pressure and magnetic field, a table-like shape in the
AS vs. T curve could be achieved. This could, in effect, increase the working tempera-
ture range of the magnetocaloric materials. This feature, however, relies on the fact that
the hydrostatic pressure can shift the first-order transition temperature, and the entropy
change does not reduce significantly throughout the applied pressure range [70]. We ob-
served similar magneto- and barocaloric effects in a single material for the same first-order

transition. A detailed discussion on this topic will be provided in chapter 4.4.
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Chapter 2
Theoretical Aspects
2.1 Thermodynamics of the Magnetocaloric Effect

In this section, a brief description of the origin of the magnetocaloric effect will be pro-
vided from a theoretical point of view. The relationship between different thermodynamic
variables, such as magnetization, magnetic field, pressure, temperature, and entropy will
be established. Although the magnetocaloric effect is intrinsic to all magnetic materials,
pronounced effects are seen only in materials where the magnetic part of the entropy is
significantly changed due to the application of magnetic field (or pressure, electric field,
etc.).

The magnetocaloric effect is quantified by the isothermal entropy change (AS;s,) and
the adiabatic temperature change (AT,4). These two quantities are often referred to as mag-
netocaloric potentials. The total entropy of a magnetic material consists of contributions
from the crystalline lattice (Sj4), conduction electrons (Sg;), atomic magnetic moments
(Smag), and atomic nucleus (Sy,.). We can neglect the contribution from the nucleus as it
is significant only at very low temperatures. Therefore, the total entropy of a solid can be

written as [95, 96]

S(T, B, P) = Su(T, B, P) + Spay(T, B, P) + Siat(T, B, P). (2.1)

For simplicity, it can be assumed that the electronic and lattice entropies do not change
with applied magnetic field and pressure. Although this is not true in certain situations,
such as first-order coupled magnetostructural transitions, this assumption is valid for ma-
terials undergoing second-order phase transitions. As mentioned in the previous chapter,
an external magnetic field aligns the magnetic moments, and hence reduces the magnetic
component of the total entropy. Consequently, other components of the total entropy,

such as lattice entropy and electronic entropy, increase to compensate the reduction in the
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