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Abstract of Dissertation

Functional Nanomaterials Usefulfor Magnetic Refrigeration Systems

Magnetic refrigeration is an emerging energy efficient and environmentally
friendly refrigeration technologylhe principle of magnetic refrigeration is based on the
effect of varying a magnetic field on the temperatrange of a magnetocaloric material
(refrigerant) By applying a magnetic field, the magnetic moments of a magnetic material
tend to align parallel to it, and the thermal energy released in this process heats the
material. Reversibly, the magnetic momeiriscome randomly oriented when the
magnetic field is removed, and the material cools down. The heating and the cooling of a
refrigerantin response to a changing magnetic field is similar to the heating and the
cooling of a gaseous medium in response tadiabatic compression and expansion in a
conventional refrigeration system.

One requirement to make a practical magnetic refrigerator is to have a large
temperature change per unit of applied magnetic field, with sufficiently wide operating
temperatee. So far, no commercially viable magnetic refrigerator has been built
primarily due to the low temperature change of bulk refrigerahe added burden of
hysteresis, and the systembs | ow cooling cap

The purpose of this dissertation is to explore magmefrigeration system. First,
the Active Magnetic Regenerator (AMR) systdilt by Shir et al a t t he GWUSOGSs
Institute for Magnetics Research (IMR) is optimizgdtuning the heat transfer medium
parameters and syst &exjlsy redewiag litetatura gnd wookea di t i on

done ® far on refrigerantsa number of materials that may be suitable to be used in

Vi



magnetic refrigeratiortechnologywere identified Theoretical work by Bennettt al

showed an enhancement in magnetocaloric effect of eti@gnanoparticles.Research

was performed on functional magnetic nanoparticleend their use inmagnetic

refrigeration technology. Different aspects such as the size, shape, chemical composition,

structure and interaction of the nanoparticle with theosunding matrix and neighboring

particles all have a profound effect on the magnetic behavianadterial. To carry out

this researclsome nanoparticg namely yttriumiron anda Ni-Mn-In Heusler alloy,in

the range of 10 t@00 nmwere synthesized and characterized in ortiedetermine the

correlation between the size, shape, and the morphology of nanopadicléseir

magnetic properties such as magnetization, magnetocaloric effect, Curie temperature, etc.
Results showed significant improvementin the AMR coolingperformance when

the heat transfer fluidgpr amet er s and eogpditione and gptimzgdeln at i ng

addition,the magnetizationesultsof the yttriumiron nanoparticlesevealedmore than a

six-fold increase in the amount of magnetization at room temperature when their size

reduced from 42 to 2fim. For Heusler alloy sampléhe magnetization improvemeat

room temperature was more thafolds when the size dhe nanoparticleseduced from

200to 30 nm. Hencea larger magnetocaloric effect can be expecteddnyeasinghe

nanopart.ikulthermdre, resulzpresenteda drop in the coercivity of the

nanoparticles as their size reduced, therefore a reduction in the bigstemoparticles,

as compared to their bulk counterpdrgve alarger magnetocaloric effeatith less

hysteresis.
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Chapter 1. Introduction

1.1 Background

The vapofrcompression refrigerators have become ubiquitous in the large number
of cooling applications. However, the use of chlorofluorocarbons (CFCs) and -hydro
chlorofluorocarbons (HCFCs) as working fluids has raised serious environmental
concerns, primarily for the role in the destruction of the ozone layer and the global
warming. Replacemerity fluid hydrofluorocarbons (HFCs), which contain no chlorine
and therefore have no ozone depletion potential, is not without problems because the
HFCs are greenhouse gases with higher global warming potential tharinCGiddition,
the efficiency of thevaporcompression refrigeration systems is not expected to be
significantly improved in the future. Thus, due to slow improvement of the efficiency and
serious concern for the environment, alternative technologies that use either inert gases or

no fluid & all become attractive solutions to the environment prob[8rosn 14].

Magnetic refrigeration is an emerging energy efficient and environmentally
friendly refrigeration technology. In contrast with conventional vamonpression
refrigerator systems that work based on compression and evaporation of gas, magnetic
refrigeration systems work by magnetizing and demagnetizing a magnetic material
(refrigerant). Magnetic refrigeration exploits a property of magnetic materials called the
magnetocaloric effect (MCE): the temperature of most ferromagnetic materials is
observed to risepon the application of a magnetic field and fall upon its removal.

Magnetic refrigeration has been in use in scientific applications for a long time for

cooling below 1 K. Even though there has been a surge in research on magnetic



refrigeration in the padew years, the magnetic materials available and studied by the
scientific community do not have yet the needed characteristics to be used in large scale
(commercial applications) at temperatures around room temperature, due to economical
and/or technologal restrictions namely the low temperature change of solid bulk
refrigerant, low cooling capacity, and the added burden of hysteresis. The major problem
in magnetic refrigeration is still to find working materials with a large MCE in different
temperatue regions.

There are at least three important characteristics to consideainatinga good
magnetocaloric material: (i) the process must be reversible with respect to
changing/reversing magnetic field and show negligible hysteresis loss, (ii) thienedfgic
occur near room temperature for room temperature application, and (iii) the MCE must
be significant at reasonable applied magnetic field values.

One requirement to make a practical magnetic refrigerator is to have a large
temperature change per upit applied magnetic field, with sufficiently wide operating
temperature range around room temperature. So far, no commercially viable magnetic
refrigerator has been built primarily due to the low temperature change of solid bulk
refrigerant, the added e n o f hysteresis, and the syst.
Previous works on magnetic refrigeration technology are based on bulk refrigerants that
undergo firstorder transitions. Some materials yield apparently high MCE values near
room temperature due tmi sappl i cati on of Maxwel |l 6s equat
roomtemperature magnetic refrigeration employs theesol | ed figi ant magne
effecto, which uses hysteretic materi al s.

Maxwel | 6s e g u alid foronoshystaretie matemal. Yhe gorrect calculation



produces much lower MCEs. In addition irreversibility remains an impediment by

decreasing the cyclebdbs Carnot efficiency.

1.2 Scope

The main goals of my dissertation work are to optimize a direct magnetocaloric
temperature change measurement apparatus with-clotiirolled magnetic field,
temperature, and time capabilities to measpik for different materials, and also study

the usge of magnetic nanopatrticles as refrigerant in magnetic refrigeration systems.

1.3 Motivation

The magnetocaloric effect (MCE) is the reversible temperature change of a
magnetic materi al upon the application or r
years, there has been a surge in research on the magnetocaloric response of materials, due
mainly to the possibility of applying this effect for magnetic refrigeration close to room
temperature. However, nowadays, the magnetic materials available aret dtydihe
scientific community do not have yet the needed characteristics to be used in large scale,
due to technological and/or economic restrictions. For a successful application, we need a
material of low cost, notoxic, and good thermal conductivit@Qur research is devoted
to explore and optimize the magnetocaloric properties of known materials, as well to seek
for new magnetocaloric features in new materials. We also discuss the use of
magnetocaloric characterization to gain fundamental insight timo nature of the
underlying phase transition.

The motivation for this research is the importance of magnetic refrigeration as a

good candidate for reducing our energy cons:.



than the process based on the compragsxpansion of gases. Magnetic refrigeration is
an emerging energy efficient and environmentally friendly refrigeration technology with
the following desirable design characteristics: (i) it does not use ozone depleting
chemicals (CFCs), hazardous cheatsNH3) or greenhouse gases (HCFCs and HFCs);
(i) the cooling efficiency of magnetic refrigeration can be significantly higher than
compressebased techniques, e.g. the cooling efficiency in magnetic refrigerator working
with gadolinium has been showa reach 60% of the theoretical limit compared with
only about 40% in the best gasmpression refrigerators; and (iii) the magnetic

refrigerator can be built more compactly and generates much less noise

1.4 Objective

The objective of this dissertations ito explore an energy efficient and
environmentally friendly magnetic refrigeration system, and also study of different
properties of magnetocaloric materials such as gadolinytnum-iron, and Heusler
alloys, and study of magnetic nanoparticles asigefant in magnetic refrigeration
technology.

The tremendous interest in magnetic nanoparticles is reflected in published
research that ranges from methods of synthesis of unique nanoparticle shapes and
composite structures to a large number nognetic anoparticlescharacterization
techniques, and finally to their use in mamgineeringbiomedical and nanotechnology
based applications. The complex magnetic behavior exhibitedalgyetic nanoparticles
is governed by many factors such as size, composisbape, and sheatbre structure;

these factors can either improve or adversely affect the desired magnetic propeeties.



unigue properties of magnetic nanoparticles derive from the fact that these nanoscale
magnets differ from bulk materials due teithhigh surfacego-volume ratios.

We show that nanomaterials usually have higher MCE temperature change per
unit of applied magnetic field, and higher refrigerant capacity (RC) than that of their bulk
counterparts since nanomaterials exhibit a substarif@adening of ferrdo-
paramagnetic transition due to a considerable augmentation of the disordergdainter
boundaries. In addition by utilizing a nanocomposite refrigerant, the hysteresis problem
associated with materials that undergo foter nagnetostructural phase transition will
be substantially reduced. These results are desirable for practical magnetic refrigeration

that could cover a wide temperature span.

1.50rganization of Dissertation

The thesis consists @fight chapters which aims to describe the rosap of the
research and suggests future research work. The next seven chapters are theory and
background review, optimization of magnetic refrigerators, characterization methods,
nanomaterials in magnetic refrigéicm technologymagnetic properties ofttrium-iron
(Y2Fer7) nanoparticles, magnetocaloric effect and magnetic propertieanaistructured

NisiMnz3 415 6 Heusler Alloy, anduture research.



Chapter 2. Theoretical aspects and background

2.1 Introduction

Magnetic refrigeration is an emerging energy efficient and environmentally
friendly refrigeration technology withmany desirable design characterist{@Uck,
2005], [Yu, 2010]. With the push for the commercialization of the magnetic refrigerator,
it is vitally important to perform evaluation of the magnetocaloric effect (MCE) of
suitable magnetic refrigerants [Hansen, 2010], [Law, 2@Kljvell as implementing a
better design and optimization of active magnetic regener&efsre expanding the talk
andgoing into details, it is necessary to have a brief overview to cover the fundamental

of magnetism and magnetic refrigeratiarthis chapter.

2.2Magnetism Classification

The best way to introduce the different types of magnetism is to describe how
materals respond to magnetic fieldBhe magnetic behavior of materials can be
classified into the following five major groups:

Diamagnetism

Paramagnetism

1

1

1 Ferromagnetism
1 Ferrimagnetism
1

Antiferromagnetism

The two most common types of magnetisan bediamagnetism and paramagnetism,
which account for the magnetic properties of most of the periodic table of eteaten

room temperaturdigure 2-1 illustrates these classificationsthre periodic table.


http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#diamagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#paramagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferromagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferrimagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#antiferromagnetism
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Figure2-1: Magnetism classification of elements in periodic table [Birmingham 15]
2.2.1Diamagnetism

Diamagnetism is a fundamental property of all matter, although it is usually very
weak. It is due to the netooperative behavior arbiting electrons when exposed to an
applied magnetic field. Diamagnetic substances are composed of atoms which have no
net magnetic momentse( all the orbital shells are filled and there are no unpaired
electrons). However, when exposed to a fieldegative magnetization is produced and
thus the susceptibility is negatives shown in Figure -2. The other characteristic

behavior of diamagnetic materials is that the susceptibility is temperature independent.

Type of Magnatism  Susceptibility Atomic / Magnetic Behaviour Exampla /
Susceptibility
Diamagnetism Small & Atoms ¥ Al 2. 74x10
nagative. have no Cu o]
magnetic E ]
maomednt -6
H

Figure2-2: Diamagnetic materials properties and atomic behavior [Birmingham, 2015].
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2.2.2Paramagnetism

In this class of materials, some of the atoms or ions in the material have a net
magnetic moment due to unpaired electrons inigdrtfilled orbitals. One of the most
important atoms with unpaired electrons is iron. However, the individual magnetic
moments do not interact magnetically, and like diamagnetism, the magnetization is zero
when the field is removed. In the presence Géla, there is now a partial alignment of
the atomic magnetic moments in the direction of the field, resulting in a net positive
magnetization and positive susceptibility. In addition, the efficiency of the field in
aligning the moments is opposed by taadomizing effects of temperature. This results
in a temperature dependent susceptibility, known as the Curie Law. At normal
temperatures and in moderate fields, the paramagnetic susceptibility is small (but larger
than the diamagnetic contribution). Usdethe temperature is very low (<<100 K) or the
field is very high, paramagnetic susceptibility is independent of the applied Gietde
law is shown below in Equation 2.1, where C is a material constant called the Curie
constant.

FoL (2-1)
1

Materials which obey this law are materials in which the magnetic moments are
localized at the atomic or ionic sites and where there is no interaction between
neighboring magnetic moments. The hydratsalts of the transition metals, e.g.
CuSQ.sH,0, are examples of this type of behavior as the transition metal ions, which
have a magnetic moment, are surrounded by a number afhagnetic ions / atoms,

which prevent interaction between neighboring mégmeoments.



In fact the Curie law is a special case of the more general -Gleiss law
(Equation 2.2), which incorporates a temper
theory, proposed for ferromagnetic materials, that incorporates the interadiiceebe

magnetic moments.

=

F (2-2)

o

I n this equation d can either be positi Ve
the CurieWei ss | aw equates to t-heeo th€ruthereeggan!| a w. Wh
interaction between neighboring magnetic moments and the material is only
paramagnetic above a certain transition tem
ferromagnetic below the transition temperat
transition temperature (Curie temperature;) T | f d is negative the
antiferromagnetic below the transition temperature (Néel temperatyrehdwever the
val ue of d d aoelsisimportant to edteathatthistequation is onbfidr
when the material is in a paramagnetic state. It is also not valid for many metals as the
electrons contributing to the magnetic moment are not localized. However, the law does
apply to some metals, e.g. the raaaths, where the 4f electrons, thegate the magnetic
moment, are closely bound.

The Pauli model of paramagnetism is true for a material where the electrons are
free and interact to form conduction band this is valid for most paramagnetic metals. In
this model the conduction electrons amnsidered essentially to be free and under an
applied field an imbalance between electrons with opposite spin is set up leading to a low
magnetization in the same direction as the applied field. The susceptibility is independent

of temperature, althoughedhelectronic band structure may be affected, which will then



have an effect on the susceptibiiBlar amagneti ¢ material 6s prope

Figure 23.
Type of Magnaetism  Susceptibility Atomic /| Magnetic Behaviour Example /
Susceptibility
Pa il & A 3 B-Sr 0.19x10
ositive have M Pt -6
randomly I A Mr 21.04x10
anted /1 / ‘N—'\ 6
N - 1 ‘ & 86.10x10
4-'\4-' > ¢ e £
1 I

Figure2-3: Paramagnetic materigbsoperties and atomic behavior [Birmingham, 2015].
2.2.3Ferromagnetism

Unlike paramagnetic materials, the atomic moments in these materials exhibit
very strong interactions. These interactions are produced by electronic exchange forces
and result in goarallel or antiparallel alignment of atomic moments. Herein exchange
forces are very large. The exchange force is a quantum mechanical phenomenon due to
the relative orientation of the spins of two electrons. Ferromagnetic materials exhibit
parallel aligment of moments resulting in large net magnetization even in the absence of
a magnetic field. The elements Fe, Ni, and Co and many of their alloys are typical
ferromagnetic materials.

Two distinct characteristics of ferromagnetic materialstlae@, (1) pontaneous
magnetization and the existence(®f magnetic ordering temperatuféhe spontaneous
magnetization is the net magnetization that exists inside a uniformly magnetized
microscopic volume in the absence of a field. The magnitude of this magoetizitO
K, is dependent on the spin magnetic moments of electdn®lated term is the
saturation magnetization which we can measure in the laboratory. The saturation
magnetization is the maximum induced magnetic moment that can be obtained in a

10



magneic field (Hsa); beyond this field no further increase in magnetization ocdurs.
difference between spontaneous magnetization and the saturation magnetization has to do
with magnetic domains. Saturation magnetization is an intrinsic property, indepehden
particle size but dependent on temperature.

There is a big difference between paramagnetic and ferromagnetic susceptibility.
As compared to paramagnetic materials, the magnetization in ferromagnetic materials is
saturated in moderate magnetic fieldsdaat high (roortemperature) temperatures
Table 2-1 compares the susceptibilityf ggaramagnets with ferromagnets and the
properties of a ferromagnetic material are depicted in Figdre 2

Table2-1: Susceptibility of paramagnetic and ferromagnetic material

Hsat(T) | Trange (K) [ 6 An®/kg
Paramagnets | >10 <<100 ~50
Ferromagnets | ~1 ~300 100610000
Type of Magnaetism  Susceptibility Atomic /| Magnetic Behaviour Exampla /

Susceptibility

Figure2-4: Ferromagnetic materials propertasd atomic behavior [Birmingham, 2015].

2.2.3.1Curie temperature

Even though electronic exchange forces in ferromagnets are very large, thermal
energy eventually overcomes the exchange and produces a randomizing effect. This
occurs at a particulaemperature called the Curie temperature).(Below the Curie

temperature, the ferromagnet is ordered and above it, disordered. The saturation

11



magnetization goes to zero at the Curie temperature. The Curie temperature is also an

intrinsic property.

2.2.32 Magnetic Hysteresis

In addition to the Curie temperature and saturation magnetization, ferromagnets
can retain a memory of an applied field once it is removed. This behavior is called
hysteresis and a plot of the variation of magnetization with magfelicis called a

hysteresis loops shown in Figure-3.

Magnetization NN N
. A
: M l\\ 1 \ /

M,
M,

Figure2-5: Typical ferromagnetic hysteresis loop showing saturation magnetization Ms, remnant
magnetization Mr, coercive field Hc.

In otherwords, when d&erromagnetionaterial is magnetized in one direction, it
will not relax back to zero magnetization when the imposed magnetizing field is
removed. The amoundf magnetization it retains at zero driving field is called its
remanence. It must be driven back to zero by a field in the opposite direction; the amount
of reverse driving field required to demagnetize it is called its coercivity. If an alternating
magretic field is applied to the material, its magnetization will trace out a loop called a
hysteresis loopThe lack of retraceability of the magnetization curve is the prpper
called hysteresis and it is related to the existenceaginetic domaing the material.

Once the magnetic domains are reoriented, it takes some energy to turn ¢ckexgada.

12
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One important factor is the area within the loop, since this represents the loss of
energy within the specimen when it is magnetized and demagnetized. This energy is lost
as heat within the specimen, and the larger the area within the loopotkeenergy is
lost in magnetizing and demagnetizing the specimen. A soft magnetic material will have
a small energy loss and therefore a narrow hysteresis loop while that for a hard magnetic

material will be wider.

2.2.3.3Thermal Hysteresis

Thermal hystresis is a phenomenon in which a physical quantity depends not
only on the temperature but also on the preceding thermal history. It is usual to compare
the behavior of the physical quantity while heating and the behavior while cooling
through the same igperature rangd-igure 26 shows the thermal hysteresis which has
been observed in the behavior of the dielectric constant of single crystals of barium
titanate. On heating, the dielectric constant was observed to follow the path ABCD, and

on cooling the path DCEFG.

3x104 |
£ 2F
7 B
§ C
L \
B ~
2 D
2o I
| F

G| B

Al — |

115 120 125

temperature, °C
Figure2-6: Plot of dielectric constant versus temperature fora single crystal of barium titanate
[McGraw 03].
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2.2.4Ferrimagnetism

In ionic compounds, such as oxides, more complex forms of magnetic ordering
can occur a® result of the crystal structure. One type of magnetic ordering is called
ferrimagnetism. Within these materials the exchange interactions lead to parallel
alignment of atoms in some of the crystal sites andpantllel alignment of others. The
materid breaks down into magnetic domains, just like a ferromagnetic material and the
magnetic behavior are also very similar, although ferromagnetic materials usually have
lower saturation magnetizationBroperties of a ferrimagnetic material are depicted in

Figure 27.

Type of Magnaetism  Susceptibility Atomic /| Magnetic Behaviour Exampla /
Susceptibility

Figure2-7: Ferrimagnetic materials properties and atomic behavior [Birmingham, 2015].

2.2 .5Antiferromagnetism

In the periodic table the only element exhibiting antiferromagnetism at room
temperature is chromium. Antiferromagnetic materials are very similar to ferromagnetic
materials but the exchange interaction between neighboring atoms leads to the
antiparallel &gnment of the atomic magnetic moments. Therefore, the magnetic field
cancels out and the material appears to behave in the same way as a paramagnetic
material. Like ferromagnetic materials these materials become paramagnetic above a

transition temperatet known as the Néel temperaturg, (Cr: TN =37°C).
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Type of Magnetism

Antiferromagnetism

Figure2-8: Antiferromagnetic materials properties and atomic behavior [Birmingham, 2015].
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In summary magnetic classifitions of materials are shownFigure 29.
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Figure2-9: Magnetism Classifications [Birmingham, 2015].

15



2.3 Magnetic Anisotropy
The theory of ferreand ferrimagnetism is based on electronic exchange forces.
These forces are so strotigt these materials are spontaneously magnetized, even in the
absence of an applied field. Yet, in the laboratory magnetic fields need to be applied to
saturate a ferroor ferrimagnetic material. The reason why all ferand ferrimagnetic
materials arenot magnetized to their saturated states, even in zero fields, is because
ferromagnets are subdivided into many smallgolomes, called domains. Each domain
is spontaneously magnetized to saturation, but the direction of magnetization varies from
domainto domain. The net vector sum of all the domains therefore produces a total
magnetization of near zerBefore explaining domains, one needs to know about the
influence of the crystal structure and the shape of grains on the direction of
magnetization.
The dependence of magnetic properties on a preferred direction is called magnetic

anisotropy. There are several different types of anisotropy:

1 magnetocrystallinecrystal structure

1 stressapplied or residual stresses

1 shapegrain shape
Magnetic anisotropystrongly affects the shape of hysteresis loops and controls the
coercivity and remanence. Anisotropy is also of considerable practical importance
because it is exploited in the design of most magnetic materials of commercial

importance.

2.3.1 Magnetocrystalline Anisotropy

16



Magnetocrystalline anisotropy is an intrinsic property of a ferrimagnet,
independent of graisize and shape. ¢an beseen by measuring magnetization curves
along different crystal directions. Magnetocrystalline anisotropy is the emexpssary

to rotatethe magnetic moment in a single crystal from the easy to the hard direction.

2.3.2 Stress Anisotropy

In addition to magnetocrystalline anisotropy, there is another effect related to
spinorbit coupling called magnetostrictiodMagnetostriction arises from the strain
dependence of the anisotropy constants. Upon magnetization, a previously demagnetized
crystal experiences a strain that can be measured as a function of applied field along the
principal crystallographic axes. A magit material will therefore change its dimension
when magnetized.

The inverseaffect or the change of magnetization with stress also occurs. A
uniaxial stress can produce a unique easy axis of magnetization if the stress is sufficient

to overcome all otheanisotropies.

2.3.3 Shape Anisotropy

The third type of anisotropy is due to the shape of a mineral grain. A magnetized
body will produce magnetic charges or poles at the surface. This surface charge
distribution, acting in isolation, is itself anothesyusce of a magnetic field, called the
demagnetizing field. It is called the demagnetizing field because it acts in opposition to
the magnetization that produces it.

For example, in a long thin needle shaped grain, the demagnetizing field will be
less if tre magnetization is along the long axis than if is along one of the short axes. This
produces an easy axis of magnetization along the long axis. A sphere, on the other hand,
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has no shape anisotropy. The magnitude of shape anisotropy is dependent on the

satuation magnetization.

2.4 Magnetic Domains

The microscopic orderingof electron spins characteristic fefromagnetic
materials leads to the formation of regions of magnetic alignment called domains. Within
each of which the local magnetization is saturated but not necegsamaliel. The main
implication of the domains is that there is already a high degree of magnetization in
ferromagnetic materials within individual domains, but that in the absence of external
magnetic fields those domains are randomly oriented. A mogesed magnetic field
can cause a larger degree of alignment of the magnetic moments with the external field,
giving a large multiplication of the applied field. The boundary region between domains

is called domain wallSchematic depiction of domains isosvn in Figure 210.

e\t
AT
P T T 1

Non-Magnetic Material Magnetic Material Magnet
(no domains) [domains, but not lined up) (domains, and all are lined up)

Magnetic field absent In presence of magnetic field

Paramagnetism

Ferromagnetism
Figure2-10: Schematic depiction of domains in a ferromagnetic or ferrimagnetic material; arrows
represent atomic magnetic dipoles. Within each domain, all dipoles are aligrexdas the
direction of alignment varies from one domain to anotfMuonRay 14]
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Domain walls are interfaces between regions in which the magnetization has

different directions. Within the wall, the magnetization must change direction from that

in one danain to that in the other domaimhis is shown in Figure-21. Domain walls

have a finite width that is determined principally by exchange and magnetocrystalline

energy.

One domain | Another domain

Domain . Vi
wall Domain wall

Figure2-11: The gradual change magnetic dipole orientation across a domain wall [Kingery

76].

The magnetic behavior can be subdivided on the basis of grajrass®gown in Figure

2-12,into four ranges

1. SPM: superparamagnetic
2. SD: single domain

3.
4

. MD: multidomain

PSD: pseudaingle domain

SD

7

-
-*

MD

M

Unstable : Stable

e E—

SPM |

k

Coercivity H

d
0
Particle diameter d =~——p

Figure2-12: Grain size and magnetic domdMinnesota 15]
9
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The maximum coercivity for a given material occurs within its SD range. For
larger grain sizes, coercivity decreases as the grain subdividesomimns. For smaller
grain sizes, coercivity again decreases, but this time due to the randomizing effects of
thermal energy.

Domains constitute a fundamental concept in magnetism. A -feoro
ferrimagnetic material may be generally defined as one thaepsss a spontaneous
magnetization, Ms, dependent on temperature, but only slightly dependent on applied
field. The theory of ferromagnetism, based on electronic exchange forces, predicts the
magnitude of Ms, but says nothing about the direction of Ms.ekxgentally, it is
observed that for a homogeneous specimen at constant temperature, the magnitude of Ms
is uniform but the direction of Ms is in general not uniform from one region to another
(on a scale of microns to millimeters). Uniformity of directian attained only by
applying a large enough field to drive the domains out of the sample, or by reducing the
particle's dimensions to small enough size to prevent domaifiormation.

Domains are formed for the following reason. Consider a large sangital.
Suppose it is uniformly magnetized, and hence a single domain. Surface charges will
form on the ends due to the magnetization and are themselves a second source of a
magnetic field (the demagnetizing field). The energy associated with the scinfage
distribution is called the magnetostatic energy. It is just the volume integral of the field
over all space.The magnetostatic energy can be approximately halved if the
magnetization splits into two domains magnetized in opposite directions. Trigs bf)
and ¢) charges closer together, thus decreasing the spatial extent of the demagnetizing

field as shown in Figure-23. This subdivision into more and more domains cannot
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continue indefinitely because the transition region between domains (eatiedhain
wall) requires energy to be produced and maintained. Eventually an equilibrium number
of domains will be reached for a given particle slmeother words, e introduction of a
domain raises the overall energy of the system, therefore the diwdeadomains only
continues while the reduction in magnetostatic energy is greater than the energy required

to form the domain wall. The energy associated with a domain wall is proportional to its

area.
Y Yoy ¥ Y LR S
NNNN NN-SS NSNS
) \agnetisation
> Demagnetisation field
Y ~'- "."m .....
yYy $8§8S§ v, SS NN N SN S
A A A K Kk L N N
(a) (b) (c) (d)

Figure2-13: Schematic illustration of the brealp of magnetization into domains: (a) single

domain; (b) two domains; (c) four domains; (d) closure domains. [Birmingham 15]

The schematic representation of the domain,wgalbwn in kgure 2-14, illustrates
that the dipole moments of the atoms within the wall are not pointing in the easy direction
of magnetization and hence are in a higher energy state. In addition, the atomic dipoles
within the wall are not at 18Go each other and so the exchange energysis raised
within the wall. Therefore, the domain wall energy is an intrinsic property of a material
depending on the degree of magnetocrystalline anisotropy and the strength of the
exchange interaction between neighboring atoms. The thickness of theilivako vary
in relation to these parameters, as strong magnetocrystalline anisotropy will favor a

narrow wall, whereas a strong exchange interaction will favor a wider wall.
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Figure2-14: Schematigepresentation of a 180° domain wall [Birmingham 15].

If a domain wall in which the magnetization changes by 18@bnsidered,he

Figure 215b.

change in magnetization withthe wall can be gradual as in Figurd2aor abrupt as in
N wide wall/Hm

thin wall

TN

Figure2-15: Domain wall thicknesfMinnesota 15]

The exchange energy acts to keep spins parallel and can be kept small if treatRO?

takes place gradually, over many atomic units. Therefore, the exchamgg isn&mall in

(a) but large in (b). However, the spins within the wall are no longer aligned along an
easy axis of magnetization. This produces an anisotropy energy, which is high in (a) but
low in (b). The exchange energy tends to make the wall as asd®ossible whereas the

anisotropy tends to make the wall as thin as possible. As a result of this competition
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between exchange and anisotropy enerdies, domain wall has a finite width and
surface energy.

Therefore, a minimum energy can be achieved wisipecific number of domains
within a specimen. This number of domains will depend on the size and shape of the
sample (which will affect the magnetostatic energy) and the intrinsic magnetic properties
of the material (which will affect the magnetostatieergy and the domain wall energy).

The interplay between long range and short range effects results in the domain
states being graisize dependent. In addition, the number of domains for a given grain
size depends on the magnitudes of the exchange, toagystalline, and saturation
magnetizationThese constants are dependent on temperature as well as composition.
Hence domain states in different magnetic material will heifferent grain size
dependence. The domain states will also vary with temper&bura single grain size.

However, the larger the grain size the more domains it contains.

2.4.1 Single Domain (SD)

As the grain size decreases, a critical size will be reached where the grain can no
longer accommodate a wall. Below this critical size, ¢ginain contains a single domain
(SD). A SD grain is uniformly magnetized to its saturation magnetization.

The magnetization of a MD grain can be changed by translating the domain wall,
an energetically easy process, which can be accomplished in rglddwefields. Thus
MD grains are magnetically soft with low values of coercivitieg @hdremanence (M.
However, the only way to change the magnetization of a SD grain is to rotate the
magnetization, an energetically difficult process. Thus, SD geamsnagnetically hard

and have high coercivities {Hand remanence (M
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The critical size for SD behavior depends on several factors including, the
saturation magnetization and the shape of the grain. Most estimates of 4k SD

transition size are based theoretical calculations.

2.4.2 PseudeSingle Domain (PSD)

The distinction between SD and MD is straightforward. However, small MD
grains exhibit a mixture of Slike (high remanence) and Mlke (low coercivity)
behavior. For example in magnetiteistbhehavior occurs in the size range between 0.1

20 pm.

2.4.3 Superparamagnetism (SPM)

As particle size continues to decrease within the SD range, another critical
threshold is reached, at which remanence and coercivity go to zero. When this happens,
thegrain becomes superparamagnetic.

A single domain particle of volume v has a uniform magnetization directed along
the easy axis of magnetization. If v is small enough, or the temperature is high enough,
thermal energy (kT) will be sufficient to overcome #Hr@sotropy energy separating the
(+) and €) magnetization states and cause a spontaneous reversal of magnetization.

For superparamagnetic particles, the net magnetic moment in zero field and at
T>0K, will average to zero. In an applied field, there Wwéla net statistical alignment of
magnetic moments. This is analogous to paramagnetism, except now the magnetic
moment is not that of a single atonut o aSD particle containing f&toms. Hence, the
term superparamagnetism, which denotes a much hsgiseeptibility value than that for

simple paramagnetism.
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Normally, any ferromagnetic or ferrimagnetic material undergoes a transition to a
paramagnetic state above @arie temperature. Superparamagnetism is different from
this standard transition sinde occurs below the Curie temperature of the material.
Superparamagnetism occurs in nanoparticles whichiagédomain, i.e. composed of a
singlemagnetic domain. This is possible when their diameter is beld®0 ran,
depending on the materials. In tluendition, it is considered that the magnetization of
the nanoparticles is a single giant magnetic moment, sum of all the individual magnetic
moments carried by the atoms of the nanoparticle.

Because of t magneticaamisopapy, the magee@iecsment has
usually only two stable orientations antiparallel to each other, separatedemgray
barrier. The stable orientations define the
temperature, there is a finite probability for the magnetizattoflip and reverse its
direction. The mean time between two flips
particular, the Néel relaxation time is an exponential function of the grain volume, which
explains why the flipping probability becomes rapidigghgible for bulk materials or
large nanoparticles.

In response to a change in the applied field or temperature, an ensemble of SPM
particles will approach an equilibrium value of magnetization with a characteristic
relaxation time, first derived by Néellhe relaxation time is proportional to the
probability of transversing the energy barrieg)Broduced by the uniaxial anisotropy. In

the presence of an external field the Néel relaxation time is

l)O OJJV h
— l.ﬂ Be® |.4ﬂ*ﬁ| (2-3)

]

where



fo: Ferromagnetic resonance frequency in the demagnetization field (of order 1 GHz)
Eg: Energy barrier to moment reversal
k: Boltzmann constant
T: Absolute temperature
Ky: anisotropy constant
v: Particle volume
Ms: Saturation magnetization
he: External field
Hc: Coercivity

If the magnetization of a single superparamagnetic nanoparticle is measured and
Unisdefinedas t he meas ur esmeybtie nanoparéclenagnetization viill U
flip several times during the measurement, then the measured magnetization will average
to zero. If(< <yJthe magnetization will not flip during the measurement, so the
measured magnetization will be what the instantaneous magreetizats at the
beginning of the measurement. In the former case, the nanoparticle will appear to be in
the superparamagnetic state whereas in the |
initial state.The state of the nanopatrticle (superparamagoetblocked) depends on the
measurement time.

In other words, grains havirgg much less than a typical experimental tifje
(G> >Pwill reach equilibrium from any initial magnetic state during tigheand will
exhibit no remanence (superparamagnréfiblocked). In contrast, grains with much

greater thamxperimental timé}, ((h< <\Jwill preserve the initial state after tintl and
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their magnetization is effectively blocked|.transition between s@pparamagnetism and

blocked state occurs whéh= (] The blocking equation is

L _E+ N

(24
T4

o4
In several experiments, the measurement time is kept constant bermherature
is varied, so the transition between superparamagnetism and blocked state is seen as a

function of the temperature. The temperature for whighlJis called theblocking

temperaturgTg):

I 2 @9

B Jf
The exponential nature of the relaxation time on v and T makes it possible to define a
blocking temperature, gl{at constant volume), or blocking volume,at constant

temperature) at which the magnetization goes framuastable condition(> >\)J

(Superparamagneidnblocked) to a stable conditiobh& <n)J(Blocked).

Blocked Superparamagnetic Paramagnetic

I ! ! »
»

0 TB Tc T

The blocking temperature corresponds to the transition under cooling from the
superparamagnetic state to the blocking state, where the magnetic moments of the
particles stabilize in a definite direction due to impossibility of thermal agitation energy
overcoming the potential barrier created by the magnetic anisotropy energy of the
superparamagnetic particle.

Above the blocking temperature g)T both ferromagnetic and ferrimagnetic
nanoparticles exhibit superparamagnetic behavior manifested by rapid ramatgmetic
nanoparticle (MNP) magnetization reversals leading to a zercauwaege magnetic

moment. The value of g associated with the energy barrier, depends on the
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characteristic measuring time, which can vary from 100 8 40The magnetic behavior
arises from the relative difference between the measuring time and the relaxation time. If
the measuring time is greater than the relaxation time, the nanoparticles are considered to
be in thesuperparamagnetieegime; if, however, the measuring time esd than the
relaxation time, the nanoparticles are 1in
Experimentally, the value ofglt ypi cal ly corresponds to
the zerefield cooled (ZFC) and fieldooled (FC) magnetization curves. In ZFC
measwements, a sample is first cooled to low temperature (6.9 K) in the absence
of an external field (zer@eld). At this point, a small external field is applied, and the
temperature is gradually increased while measuring the sample magnetization as a
function of temperature. In FC measurements, the process is repeated, but the sample is
cooled in the presee of an external fieldnd the same external field is applied as the
temperature is increased. The point where the two curves merge is thesibigiyer
temperature, if, and the maximum on the ZFC curve is the blocking temperatgr@sT

shown in Figure 6.

c FC
% FC : Field-cooled
N ZFC: Zero field-cooled
L ZFC Tg : Blocking temperature
S Th
=
Temperature

Figure2-16: Experimental strategy for estimating the blocking temperature of magnetic
nanoparticles.

As shown by JeongO07] in Figure 2-17, in the single domain regime, the

coercivity can follow either the solid curve for nomeracting particles or the dashed line
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for particles that have coupling between them. The coercivity falls to fero

superparamagnetic colloidal particles.

Superparamagnetic Regime
b

; Single-Domain Regimej Multi-Domain Regime
: 7 N\

Coercivity, H,,

ﬁ
oF

Particle Size, r

Figure2-17: Schematic illustrating the dependence of magnetic coercivity on particle size. [Jeong
07]

24.3.1 MCE in Superparamagnetic Systems

In works by [McMichael 92],[Shull 93] and [Bennett 94]a superparamagnetic
system was taken toonsistof monalisperesed and noninteracting magnetic clusters

(particles) uniformly dispersed in a nonmagnetic maasxshown in Figure-28.

(a) (b)
Figure2-18: Schematic of magnetic spins in (a) paramagnetic and (b) superparamagnetic
nanomaterial. The circles in (b) represent magnetic clusters.

Each cluster contains a certain number of magnetic atoms. The entropy change of
amagnetic system can be calculated from the thermodynamic Maxwell equation,

= 4
- (2-6)
27 1 5

The magnetic entropy change under magnetization in magnetic field fraonHdin the

classicalimit can be calculated by
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(27)

for paramagnetic; and

L EEE @)
for a ferromagnetat T >c;JwhereNi s t he number of magneti c mor
magnetic moment,addi s Bol t zmannds constant.
In order to avoid the integration specified above, the magnetic entropy of
independent magnetic momemis in a fieldH, at temperaturd, is calculated directly

through the partition functiod, assuming classical behavior of the moments:
Y
dL Zi e (2-9)
Wherew —. A more general considerationi el ds t he foll owing exp
caused by magnetic field increase from zerH ta the classical limit:

w 7l el

oHi "mi i — (2-10)

he AR AR

: 1
: — 2-11

o and consequently the MCE <can beNignade | ar
simultaneously made smaller (to keep the saturation magnetic morgeN¢éEM const ant ) |,

because of the sguamed dpgeondéyceé NdoeampSdepe

superparamagnet it can be written as

.=

. - H A
\ T 2-12
r] E ﬁ _|| ( )

Wheren is the number of particlggluster)and( N/ n pisethrermagnetic moment of the

particle. The facto€ 0 ¢ ' in equation 2-12) may be much larger thai' in
equation 2-11).
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If there is some interaction betweelnsters(dipole and/or exchange interaction)
the system displays behavior similar to that of ferromagnets, with an effective interaction
temperatureT, (a.k.a. blocking temperatyreanalogous to the Curie temperaturig
Morup [ Morup 93] call ed the Tshesateriad isisuperf
superparamagnetic and beldw longrange order between the clusters occurs. In the
super par ama g i educed bythe fieid ochange fiqu8 Okbcan be obtained

by,

e RERE e

T, was defined asY —— wherel is magnetization andy is the meanmagnetic

coupling constanfior interaction of neighboring particle&According to Shao [Shao 86
T, should be less than thig of the particles material sindg andl have reduced values
in this state. Analogous to the superparamagnetic case, the f:acfé)r;g ‘ in
equation(2-13) may become larger than’ in equation(2-8). This implies thatgp &
aboveT, in a system with magnetically interacting clusters can become substantially
largerthanthat in a ferromagnet above.

The blocking temperature varies with the size of the ferromagnetaiadiyed
particles. As shown [McMichae®2], the magnetocaloric effect of a ferromagnetic
material as a function of temperature, T, and magnetic field, H, is

o JH. Jl
2 . — gy — 1 . 214
iasse o Hm =gy (19

the magnetocaloric effect above the blocking temperature would be expected to be

1
o . — H J|

H. 1.. — al - 11 . 2-1
1| + - H T "BEET il (2-19)

)

there will be N identical atoms,n ferromagnetic regiongclusters) each with a
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independent clustemagnetic moment; — ‘. Since¢ — —, IS much larger

than N (Reminder:n is much smaller thamN) , na§PT> Bllo Consequently, with

superparamagnetitanomaterials as the refrigerant, magnetic cooling would be practical.

2.4.4 Hysteresis Properties of SD, PSD, and MD Particles

The various hysteresis parametdes shown in Figure -29) are not solely
intrinsic properties but are dependent on grain size, domain state, stresses, and
temperatureCoercivity of remanencgHr) is the reverse field which, when applied and
then removed, reduces the saturation remanence to zero. It is alwgsss tlean the

coercive force.
- o . Magnetic domains are
When the magnetizing field is removed. o ;
F 7 B aligned after saturation
permanent magnets retain significant ?
E M portion of the magnetization < M
p—— i L >

Demagnetizing field drives the
4 i Magnetic Field magnetization to zero. The

H, alignment of magnetic domains

are random again.

n: _‘g
\ / Magnetization
/
/
/I =
/

Fysteresis
loop

—_

Initial magnetization curve

—— ey

Magnet is saturated in the opposite direction

Figure2-19: Field dependent magnetization (Hysteresis |¢Gganyi 16]

The shape of a hysteresis loop is determined partly by the domain state. Loops for
SD materials argypically wider than loops for MD materials. This is just a reflection of
the higher coercivity and remanence in SD material. The hysteresis loop pasamete
Mr/Ms and Hr/Hc, arevery useful in distinguishing domain stateor a SD material,

typical valuedor hysteresis parameters are:

=

»
J
3

A o
8 h!
v il

(2-16)

=
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For a MD material, thegearameters are typically:

And for a PSD material they are

J'I>
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=
v

T

il

=
v

7

=

(2-17)

(2-18)

SPM particles exhibit no remanence or coercivity and have high saturation

magnetization (N). The shape of the hysteresis loop is thus extremely thin. SPM grains

show a very steep initial rise in magnetization with field and then a more gradual increase

to saturation. However, in a mixture of mostly SPM grains but with some SD or MD

grains, tyjical values for hysteresis parameters are:

=
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(2-19)

Also temperature can affect the domain properties. Grains that are SPM at room

temperature can become blocked and Sbvatemperatureszigure 220 illustrates

field-dependent magnetization behavior of different magnetic material classes.

M
M

T
"

==  Ferromagnetism

=== Paramagnetism

== Superparamagnetism

<— Magnetization —

Ms

<— Field —>

Ferromagnetic
Superparamagnetic
Paramagnetic
Diamagnetic

Figure2-20: Field dependent magnetization behavior of ferromagnetic, paramagnetic,
superparamagnetic, and diamagnetic material

Coercivity as a function of particle size and its related ftiddendent magnetization is

shown in Figure 21.
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Figure2-21: Coercivity vs. particle sizg-ang 16]

D. Particle Size

In summary, the Mr/Ms and Hr/Hc diagram is a useful indicator of domain states

depicted in Figure-22.

SD
0.5
JI'
Jg PSD
01
. MD | SPM—»
1 2 3 4 5
Hy/H,

Figure2-22: Mr/Ms vs. Hr/Hc diagram and magnetic domain [Minnesota 15].

2.5 Magnetic Susceptibility

Magnetic susceptibility is a quantitative measure of the extent to which a material
may be magnetized in relation to a given appliedgnetic field The magnetic

susceptibility of a materialgy, is equal to the ratio of theagnetizationM within the
material to the appliednagnetic field strengthH, or ... —8This ratio, strictly

speaking, is the volume susceptibility, because magnetization essentially involves a
certain measure aghagnetism(dipole momentper unit volume. Thenagnetic induction

B is related to H by the relationship
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At € E i i € & (2-20)

w h e ryie themagnetic constanand (1+Gy) is therelative permeabilityf the material.
Thus the volume magnetic susceptibilgy and themagnetic permeability are related

by the following formula:

It Fo (2-22)

Magnetic materials may be classified as diamagnetic, paramagnetic, or
ferromagnetic on the basis of their susceptibilities. Diamagnetic materials, such as
bismuth, when placed in an external magnetic field, partly expel the external field from
within themselves. @magnetic materials are characterized by constant, small negative
susceptibilities, only slightly affected by changeseimperature

Paramagnetic materials, such as platinum, increase a rnafigldtin which they
are placed because their atoms have small magnetic dipole moments that partly line up
with the external field. Paramagnetic materials have constant, small positive
susceptibilities, less than 1/1,000 at room temperature, which mtwats the
enhancement of the magnetic field caused by the alignment of magnetic dipoles is
relatively small compared with the applied field. Paramagnetic susceptibility is inversely
proportional to the value of the absolute temperature. Temperature iSCremsse
greater thermal vibration of atoms, which interferes with alignment of magnetic dipoles.

Ferromagnetic materials, such as iron and cobalt, do not have constant
susceptibilities; the magnetization is not usually proportitmétie applied field sength.

The reason that there is no etoeone correspondence between M and H is because of
magnetic hysteresisMeasured ferromagnetic susceptibilities have relatively large
positive values, sometimes in excess of 1,000. Thus, within ferromagnetic rsateeal
magnetization may be more than 1,000 times larger than the external magnetizing field,
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because such materials are composed of highly magnetized clusters of atomic magnets
(ferromagnetic domains) that are more easily lined up by the external field.

Ferromagnetic and ferrimagnetic compounds also show a decrease in magnetic
susceptibility with increasing temperature. However, a plot of magnetic susceptibility vs.
temperature shows a different line shape for these compounds than for paramagnetic

compound. A rough sketch of the shegpof these curves is shown in Figur23

Susceptibility

Paramagnetic

+—— paramagnet +—— ferromagnet

N

Curie temperature Temperature

Figure2-23. Magnetic susceptibility vs. temperature.

Above a critical temperature (Curie pointle ferromagnetiand ferrimagnetic
material displays paramagnetic behavior and below the Curie point the material displays
magnetic properties-or antiferromagnetism, above the Neel point the material displays
paramagnetic behavior. Below the Neel point the material displays weak magnetic
properties which at lower and lower temperatures can become essentially diamagnetic.

A small fraction of SPM particles can contribute significantly to the room
temperature susceptibility of SD or MD grains. SPM susceptibility can H®QQimes

that of an equivalent amount of SD grains.

2.5.1 Frequency Dependence of Susceptibility

Susceptibility can be measured as a function frequency of the applied oscillating

field. Superparamagnetic behavior depends on the time scale of observation (the choice
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of J sograins may behave superparamagnetically at one frequency, but not at another.
Frequency dependent susceptibiify can therefore be used to constrain grain gize
domain state of magnetic materig@M grains show the most pronounced frequency

dependece of lowfield susceptibility

2.6 Magnetocaloric effect

The magnetocaloric effect is defined as the thermal response of a magnetic
material to an applied magnetic field and is apparent as a change in its temperature.
Magnetic cooling and heating effe@dse possible because a magnetic solid, which is a
collection of atomic magnetic dipoles, can exist in various states of order and disorder. If
the atomic dipoles are randomly oriented, then the magnetic entropy, or degree of
disorder, has its maximum pdsg value. If by lowering the temperature or by applying
a strong magnetic field or both, we bring the dipoles to the maximum possible degree of
alignment, then the magnetic disorder or entropy is minim[Bedwn 81]. Thus the
externally controlledparameter, field strength, has the same kind of influence on the
thermodynamic state of a magnetic solid that pressure has on a gas.

Magnetocaloric effect (MCE), or adiabatic temperature change, which is detected
as the heating or the cooling of magnetiatenials due to a varying magnetic field, was
originally discoveredPecharsky 99ain iron by Warburg. The MCE is intrinsic to all
magnetic materials and is due to the coupling of magnetic sub lattice with the magnetic
field, which changes the magneticrpaf the entropy of a solid. Similar to the
compression of a gas, the isothermal magnetizing of a magnetocaloric material reduces
the entropy and, in the reverse process, demagnetizing (which is similar to the expansion

of a gas) restores the zdield magnetic entropy of a system. In the MCE, when a
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volume of material containing individual magnetons, initially oriented so that no net
magnetization is present, experiences an applied field, the magnetons tend to line up with
the external field. In adiabatsystems, the energy of magnetization is transferred to the
lattice as thermal energy and the material becomes hg#tdd89]. When the applied
field is removed from the aligned system, sfaittice coupling transfers thermal energy
from lattice vibraton to the randomization of the magnetons and, thus, cools the lattice.

This effect is greatest near the Curie temperatuge, wihere the ordering
influence of the ferromagnetic exchange interaction and the disordering effect of thermal
agitations are in ggoximate balance. At higher temperatures the material responds only
paramagnetically, and at significantly lower temperatures the spontaneous magnetization
approaches saturation, such that applying an external field has little effect on the
magnetic order

Study of the MCE is of particular interest from two points of view. First, it is a
research technique for phase transitions in various magnets, and second, it is a means for

investigating materials that show promise as working substances for the AMRIsyst

2.7 Magnetic entropy
The entropy change associated with temperature and magnetic field can be
considered in three respects: lattice entropy, electronic entropy, and magnetic entropy
[Chen 91]. To evaluate the performance of a magnetic refrigeratstensy all three
entropy components must be considered. These three entropies are defined as follows.
1 Lattice entropy: the entropy associated with the vibration of the molecules, which
is also a function of temperature.

1 Electronic entropy: the kinetic eopy of the electrons. It is a function of
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temperature.
1 Magnetic entropy: the entropy change caused by the spin of the molecules when
the material is magnetized under the magnetic field. It involves the strength of the

magnetic field, material propertigemperature, and Curie point.

2.8 Classifications of phase transition

The magnetocaloric effect is an adiabatic process that occurs without an exchange
of heat with the surrounding environment taking place. Consequently, when an applied
magnetic field is cut off, the entropy associated with the magnetic moments of a material
increases and, in turn, its lattice entropy must decrease, resulting in a drop in temperature
of the material. This effect is largest close to the transition temperature of ferromagnets,
where the magnitude of the magnetization changes most rapidly evitpetature.
Gadolinium has been widely studied as a magnetocaloric material because it is
ferromagnetic at room temperature and has a sizeable magnetic moment. However, as for
all materials undergoing continuous (or in the language of thermodynamicsdsecon
order) phase transitions, itmagnetocaloric effect is rather modest: the governing
parameter is the change of the magnetization with temperature, and this is limited by the
fundamental fact that the magnetization decays continuously to zero as the transition
temperature iapproachedFigure2-24a).

The effect is significantly enhanced in materials undergoing discontinuous (or
first order) phase transitions. &iGe [Pecharsky 97] was the first of a series of
gadoliniumbased materials found to display a fiostler magnetic phadeansition and,
as a result of the abrupt jump in the magnetization near the transition temp@afume

2-24b), a giant magnetocaloric effect.
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Typically the magnetization jump at firetder phase transitions is accompanied
by a change in the latticeapmeters, which may cause a structural transition. This
magnetoelastic coupling complicates matters, and makes the indirect derivation of the
magnetocaloric effect unreliable [Nordblal3]: the adiabatic temperature change
associated with the applied magic field is not merely a function of the magnetization.
A drastic example of this ambiguity is given by the Heusler alloy NiMnIn(Cia) 12],
[Fahler12], in which the magnetization increases on heating as a result of a structural
transition, leading t@an inverse magnetocaloric effect. Nevertheless, direct measurements
of the magnetocaloric adiabatic temperature change are possible, and this structural

contribution can be used to enhance it

a Second order b First order
MA M4
T. T T. T

Figure 2-24: Phase diagrams describing the change in magnetizatipnag a function of
temperature ). a, Seconebrder phase transition, whereby changes continuously with up

until the critical point Tc). b, Firstorder phase transition wherebyychanges discoimuously at
Tc [Nordblad 13].

Materials undergoing the firsirder magnetostructural phase transitiexhibit a
large and narrow peak magnetic entropy change accompanying a magnetostructural phase
transition, but this is often accompanied by undesirti#emal hysteresis [Provenzano
04], [Krenke 05]Materials with a seconrdrder magnetic phase transition usually show a
lower peak entropy change but with a broader peak, which results in an enhanced

refrigerant capacity [Skorvanek 04], [Franco O6d&}loreover, these materials present
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reduced hysteresis loss and tunable Curie temperatures [Franco 06b], [Ipus 09]. As a
result materials that undergo a seconder magnetic transition are very favorable to be
used in magnetic refrigeration applications.

The derelopment of order in the system at the transition temperature can be
gradual or abrupt. This leads to a convenient classification of phase transitions into two
types, namely, discontinuous and continu8econdorder transition is a continuous
transition.In continuoustransition entropy changes continuously, and hence the growth
of order below T is alsocontinuous There is no laténheat involved in a continuous
transition. The paramagnetic-ferromagnetic transition in magnetic materials is an
exampe of such a transition. Firstder transitions are also called discontinuous
transition. Discontinuous transition involves a discontinuous change in the entropy at the
transition temperature. This is characterized by the amount of latent heat that must be

extracted from the material for it to be ordered

2.9 External applied magnetic field

In a magnetic refrigeration system, change in magnetic field causes the MCE. A
cycle can be realized by moving either the magnetic field or the refrigerant material.
Basic methods of moving the magnetic field include: physically moving the magnet that
produces the field; moving a shield between the magnet and the magnetic material;
dissipation the field through resistance heating; and switching the magnetic field to
another indicator by means of an electric circuit. Methods of moving the magnetic
material hclude: reciprocating motion of a piston of magnetic material in and out of a
constant field; and continuous rotation of a disk, with a portion of the disk passing

through the field.
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Based on these approaches, systems have been designed to utilizntes ath
the magnetic field in magnetic refrigeration system. A summary of methods that have
been used in performing magnetic field change in various magnetic refrigeration systems
is as follows. Solid bed can be in a reciprocating movement into and autaristant
field magne{Kral 00], [Hirano 02] immersed in a column of fluid and moving from high
field to low field, moved with respect to the superconducting magnetic[Bel@regoria
90], and be exposed to a constant field while a cylindrical whealesothe material in
and out of a constant field magnet [Bohigas 00], [Mills 84], [Ingebretsen 01]. Also,
systems have been designed in which the refrigerant material is permanently mounted
and the magnetic field is charged rapidly. This field change eabased on changing
current in a superconducting magnet [Jeong 92], [Green 88], [Blumenfeld 02], creating a
guasipulse field by discharging a battery of capacitors into the solenoid having a large
induction [Dankov 97], or moving the superconducting magyiveith constant field
through a fixed solid bed [Zimm 92], [DeGregoria 92].

In all of these approaches, motion generates irreversible losses, the minimization
of which plays a major role in determining the viability of a given approach. These losses

can bein the form of eddy currents and hysteresis or through friction.

2.10 Magneto-thermodynamics

Altering the thermodynamic state of a magnetic material by performing heat and
magnetic work processes is known as the magnetocaloric @fégutted in Figur@-25).
The MCE is essentially the application of the first and second laws of thermodynamics to
a magnetic system. Consider that a magnetic refrigerant system consists of a

magnetocaloric material that undergoes a magnetic work process as a result imigchang
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magnetic field and a reversible heat processes as shown in the following figure.

Figure2-25: Magnetization work and heat process in a control volume bed of solid
magnetocaloric material.

If a control volume, V is drawn around the system, the first law of
thermodynamics relates the change in the internal energy, U of the solid material to the
work performed on the magnetocaloric material, W and the heat transferred through the
control volune, Q,

QY Q0 Qw (2-22)

The reversible work on the control volume can be in the form of mechanical,
chemical,and magnetic work process. These three forms of work are expanded in
Equation2-23,

dW=dW,_, +dW,

chem

+dW, (2-23)

Qo 0Q®mB' QA o "0OQ) (2-24)
where P is the pressure; ¥ the chemical potential ofispec p B the magnetic
permeability of free space, H is magnetic field intensity, and M is magnetization per unit

volume.
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With constant volume and in the absence of chemical readfiguation2-24

reduces to

s e ™! 229
Substituting this relation in Equati@22results

B W g e29

An entropy balance on the control volume for theersible process by applying the

second law of thermodynamic yields

45- 90

2-2
T (2-27)

where dS is the differential change in the total entropy of the solid material at
temperature T, that heat transferred from théenl. Substituting Equation-27in 2-26
results the combined first and second law in relation to the reversible heat and magnetic
work process on the control volume,
R LIRS o29

2.11Solid-state cooling with caloric material

In a vaporcompression cycle, as seen in Figur263, pressureonverts the
refrigerant gas to a liquid state aladent heat associated with the phase transition is
unleashed. When the pressure is releasedrare@ftigerant changes back to the gaseous
state, the latenteat is reabsorbed, drawn in from the environmientoe cooled.
However, the environmental impact of the high glelatming potential (GWP) of
vapor compression refrigerants based onhydrofluorocarbons and
hydrochlorofluorocarbons, as well as the low cooling efficiency of the conventional
cooling technologyalls for an alternativeenergy efficient and environmentally friendly

coolingtechnology
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Caloricmaterial cooling cycles use magfic, electric or stress fields to reversibly
change the entropys shown in Figure-26h If the change in the entropy is caused by
changinga stressfield, it is called elastocaloric. If the change is caused bglactric
field, it is dectrocaloric,and if the changhappengiue to changing the magnetic field, it

is magnetocaloric.

a8 Vapor compression cycle B Ferroic cooling cycle

Apply magnetic
field, electric field,
or mechanical stress
Pressurize
—_——
Heat load @ Expelledheat Heat load @
........... SRR W S T T

| o260 I ﬂ
B2 ~X—~ o—— @ ;@@ 77

lll

1L

Expelled heat

. 4 Remove magnetic
Depressurize field, electric field,
or mechanical stress

Figure2-26: Cooling cycles(a) The conventional vapor compressigytle uses a liquidgas
phase transitior(b) Caloricmaterial coolingcycles use magnetitdf, electric ), or stress)
fields to reversiblychange the entropy (shown as the vector arrays in gray, red, andftttoe)

respective refrigerant materigl.akeuchi 15]

To compare cooling devices, one can compare their overall system efficiency
measured in coefficient of performance (COP). System efficiency can be expressed as the
ratio of the delivered cooling energy per cy
operation. The current staté-the-art commercial vapor compression cycle has a COP of
about 3.6 Takeuchi 15 Among the three classes of caloric materials discussed here,
magnetocalorienaterials havehe largest COP, a result of the lamggropy chang¢hat
is attainabldy a magnetic field.

2.12 Comparison between magnetic refrigeration and conventional
refrigeration system

The magnetic cycles are generally composed of the process of magnetization and
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demagnetization, in which heat is discharged or absorbed in four steps as depicted by
Figure 227. From thermodynamic point of view, the magnetic cooling can be realized
by: Carnot, Stirling, Ericsson and Brayton, where the Ericsson and Brayton cycles are
believed to be the most suitable for such medium or room temperature cooling. Such
cycles are predisposed to yield high cooling efficiency of the magnetic materials, [Rafik

12], [Bouchekar®8].

(@) (b)

Magnetic Refrigeration Conventional Refrigeration

Step 1: Magnetize Step 1: Compress
the solid thereby gas thereby ; *
increasing its increasing its :
temperature temperature
i Hat Fluid Cut *‘
Hat Fluid Ohai C I i
Step 2: Remove Step 2: Remove
Heat with a Heat with a
Cooling fluid. Coal Fluid In Cooling fluid. ;
¢ Cool Fluid In *‘ i
Step 3: Demagnetize Step 3: Expand and
and cool solid. cool gas.

Step 4: Absorb
heat from cooling
load.

Step 4: Absorb
heat from cooling
load.

I

I

Figure2-27. Comparison between magnetic refrigeration and conventional refrigeration.

Figure 227ashows the magnetic refrigeration cycle while Fig4b shows the
conventional gas compression process that is driven by continuopsigtirey the four
different basic processes shown. The steps of the magnetic refrigeration process are
analogous to those of the conventional refrigeration. By comparing (a) with (b) in Figure
2-27, one can see that the compression and expansiomrepleced by adiabatic
magnetization and demagnetization, respectively. These processes change the
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temperature of the material and heat may be extracted and injected just as in the

conventional process.

2.13 Active Magnetic Regeneration

The directexploitation of the giant MCE around the room temperature is limited
by the fact that existing MCE materials do not achieve high temperature differences
[Lebouc 05]. For example, a sample of gadolinium around room temperature produces an
MCE of approximatly 10 K in a magnetic field of 5 T.

Since the gadolinium is considered as one of the best magnetocaloric materials
currently available, the MCE corresponds to the absolute maximum value that can be
obtained between the hot tank and cold tank. Thus it w#obly hard to imagine the
exploitation of the MCE in most refrigeration applications [Rafik 12], [Engelbrecht 05].

This technical barrier has been overcome by the application of the Active
Magnetic Regenerative (AMREhgelbrech05]; [Lebouc05]; [Tura07]; [Barclay 82]
Regeneration in magnetic refrigeration systems allows the heat rejected by the network in
any step of the cycle to be restored and returned to the network in another step in the
same cycle [YW3]. Thus, the capacity used for cooling thetwork load can be used
effectively to increase the actual change of entropy and the obtained temperature
difference [Rafikl2], [Yu 03].

The regenerative bed consists of MCE material bed that initially has an equal
temperature profile between the hotdarold end. The bed itself acts as a regenerator.
The different solid parts of the regenerator are connected by the fluid, so the heat does
not need to be transferred between two solid parts separated, but on the same block.

Figure 228 showsthe principle of an AMR cyclefAprea 12]; the dashed line
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represents the initial temperature profile of the bed in each process while the solid line
represents the final temperature profile of that process. An AMR cycle consists of the
four following pracesses: (1) bed magnetization; (2) -fiedd cooling; (3) bed

demagnetization; (4) isbeld heating.

| —

;- ' X F / W
| « EN
a Magnetization C Demagnetization

x| [ o
Bl TeT
b Isofield cooling process d Isofield heating process

Figure2-28 Schematic view of an AMR cycles. Ti: initial temperature, Tf: final temperature, Tc:
coldend temperature, Th: hot end temperature [Aprea 12].

Initially the porous regenerator bed is at a steady state condition with the hot heat
exchanger afl;, and the cold heat exchanger Tat In the magnetization process, the
magnetic field in the bed is irmased with no fluid flow, which causes the temperature of
material to increase due to the magnetocaloric effect. The temperature of the magnetic
material at the hot end of the bed rises above the hot heat exchange tempgratuthe
iso-field cooling process, with the high magnetic field, the fluid is blown from the cold
end to the hot end of the bed. The magnetic material temperature decreases because the
fluid absorbs heat from the bed and after expels heat at a temperature highigrithan

the hotheat exchanger. In the bed demagnetization the magnetic material temperature
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decreases with no fluid flow. Finally, in the last step, with a zero field, the fluid is blown
from the hot end to the cold end of the bed. The magnetic material temperatussdacre
because the fluid expels heat to the bed and after absorbs heat at a temperature lower than
T in the cold heat exchanger, producing the cooling load.

Each particle of the bed undergoes a regenerative Brayton cycle and the entire bed
undergoes a cast@ Brayton cycle [YW 3] . This cycle ispTepeated
generated is amplified at each cycle to reach the temperatures limits of hot and cold
sources (steady state). ThigTis higher than the adiabatic temperature change of
refrigerant mateal (MCE). In addition, the regenerator bed can be achieved by
superposing different materials of di fferen

range of variation and thus to extend the utilization range of the system [Rafik

2.14 Modeling of magndization and demagnetization processes
During the process of magnetization or demagnetization in an AMR cycle, the

magnetic field strength is changed to utilize the MCE of the refrigerant bed. In each half
cycle of the inner magnet rotation, theagnetocaloric material experiences a change of
field and as the result of the MCE heat is transferred in or out of the solid bed. During
this process, the entropy of the solid material changes with time as a function of the
applied field H and its tempdtae T,

s=s(H,T). (2-29)
Taking the exact differential from this equation results

my o omy o m 2:30)

:J||ﬂ 1 ‘ﬂ-l

Thespecific heat at constant applied field for a magnetocaloric material is defined as

-

J
M 'I| By (2-31)
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In this equation, the change in entropy vs. field strength at constant temperature is related

to the magnetic field by applying the Maxwell relation (Appendix A)
A,
z 7 1

By substituting Equation2-31 and2-32 in Equation2-30, change in the entropy of the

P |
Hr T3 (2-32)

solid refigerant during this process can be derived as
]
F :
= SEY gl my ew
If we assume that magnetization or demagnetization processes are reversible adiabatic
processes, i.e. no hedpss to the surroundings, based on the second law of

thermodynamics the total change in the entropy of the system consists of the
magnetocaloric solid refrigerant bed and the entrapped gas in the bed will be zero

dS,. = (rrds)Soli ] +(rr‘ds)gas =0. (2-34)
In the porous bed of refrigerant solid with much higher density than the entrained gas, we
can ignore the mass of the gas compared to the mass of solid bed. Based on this
assumption Equatio2-34 resuts that change of the entropy of the solid refrigerant

during magnetization or demagnetization steps is zsreQ

Therefore, Equatio-33 can be simplified to

J . A
i |

—_ — 2-3
F-||H|-H—‘JI|:” A (2-39)

||

1

It should be noted that in this equation, Temperafliespecific heat at constant applied
field (C,), change in magnetic field with respecttéonperature— , and the magnetic

field strength ) are functions of time and as the magnetic fisléhanged with time,
these values change. The next chapter will discuss the methods that each of these terms

can be evaluated.
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Equation2-35 has been reported [Bozor8i], [Martin 74], [Vonsovslii 74] for physics
of the magnetocaloric effect of a solicagnetocaloric material without considering the

effect of the exchange gas that we ignored in Equatidsh

For a time increment of dt, Equati@mB5 can be written as
Equation2-37 shows the change in the temperature of magnetic refrigerant bed in the
presence of a changing field. This fister differential equation governing the
magnetization and demagnetization steps in the psocan be solved as an intialue
probl em usi ng-Kibtamethods.dn othar woRla intggeation of Equafien
36 can result in temperature of the solid bed at any desired time.

1 <« 4 . %LH. T —:| 3 :—14- < (2-37)
In order to solve EquatioR.37 the rate of change of magnetic field strength with time
needs to be known. Our test bed is unique in design as a permanent adiigdthble
rotating magnet generates the changehie magnetic field. Equatio®-38 shows the

dependency of the magnetic field strength to time and the inner magnet rotational

frequency, f.

1 T Gl @39

It should be noted that Equatio2s36 and 2-37 can evaluate the temperature of the
magnetocaloric material, but due to the set up and presence of resistance between the
pieces of the refrigerant bed and thermocouple, there is a difference between the
multimeterrecorded temperature and the material actual temperature. This difference is
commonly known as thermal lag and is proportional to the rate at which the temperature

rises. Improper contact between the thermocouple and the surface of the material,
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existence of oxidants layer such as gadolinium oxide on the surface of gadolinium
turnings and presence of an exchange gas such as helium or air between the thermocouple
and the surface of the gadolinium can cause this resistance in measuring temperature by
thermocouple.

If T is the temperature of the gadolinium,is the temperature of the thermocouple, and

G is the thermal conductivity between the gadolinium and the thermocouple, the rate of
heat transfer between the two is given by

= 14 W (2:39
The amount of the heat transferred to the temperature sensor is proportion to its heat
capacityC; and rate of change of temperature in the sensor

"l r™h (2-40)

Combining Equation2-39 and2-40results

Ak 14 (2-47
This first order differential equation can be solved for the recorded temperature of the
thermocouplél; assuming the temperature of the solid refrigerant is a known value based
on Equatior2-36. As mentioned previously thermal lag can be caused by various sources
that contribute in thermal conductivity of the media between the thermocouple and the
magnetagaloric material. One way to evaluate the thermal conductivity to match the

calculated values for temperature to the experimental results.
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Chapter 3. Optimization of Magnetic Refrigerators by Tuning
the Heat Transfer Medium ParametersandSy st e md s
Operating Conditions

Abstract: A new experimental test bed has been designed, built, and tested to
evaluate the &effect of the systemos par ame
Regenerator (AMR) near room temperature. Bulk gadolinium was used r@sriperant;
silicon oil as the heat transfer medium, and a magnetic field of 1.3 T was cVhied.
study focuses on the methodology of single stage AMR operation conditions to get a high
temperature span near room temperatdezein, the main objectivis not to report the
absolute maximum attainable temperature span seen in an AMR system, but rather to find
the systembs opti mal operating condhigsi ons to
research show that there is a optimal operating frequéreay, transfer fluid flow rate,
flow duration, and displaced volume ratio in an AMR system. By optimizing these
parameters the refrigeration performance increased by Zh&.optimized values are
system dependent and need to be determined and measuia@tdy fOMMR system by
following the procedures that are introduced in this resedirdh. expected that such

optimization will permit the design of a more efficient magnetic refrigeration system

Aim of research: So far many groups have designed and buileint magnetic

refrigeration prototypes. However, they run their systems as if and not at an optimal
point. In this research we have demonstrated experimentally that any magnetic
refrigeration system can be optimized to get a higher temperature difdretweeen the

hot and cold side of the AMR.
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3.1Introduction

In contrast with conventional vapoompression refrigerator systems that work
based on compression and evaporation of gas, magnetic refrigeration systems work based
on magnetizing and demagnetizing a magnetic material (refrigerant). Magnetic
refrigerationexploits a property of magnetic materials called the magnetocaloric effect
(MCE): the temperature of ferromagnetic materials is observed to rise upon the
application of a magnetic field and fall upon its removal. When a material is magnetized,
its magnett moments are aligned, leading to a reduction in its magnetic entropy. If this
process is done adiabatically and reversibly, the total entropy is constant. Thus, a
reduction in magnetic entropy is compensated by an increase in lattice entropy resulting
in a temperature increase. MCE can be defined as adiabatic temperature change due to
magnetization or demagnetization, or, alternatively, as an isothermal magnetic entropy

change.

Magnetic refrigeration systems have many advantages compared to conventional
refrigerators. They do not use hazardous and edepkting chemicals, greenhouse
gases, and are an environmentally friendly cooling technoleiggnetic refrigeration
can be more energy efficient than convectional refrigerators. The cooling efficiency of
magnetic refrigerators working with gadolinium has been shown to reach a theoretical
limit of 60%, while the cooling efficiency of the best gasnpression refrigerators is

approximately 409Bruck 05], [Gschneidner 05], [Yu 10JGGhahremani 12]

The Actve Magnetic Regenerator (AMR) cycle uses a heat transfer fluid to
transport the heat generated or absorbed from MCE in the refrigerant to the hot and cold

ends of an AMR device. The AMR cycle consists of four processes:. magnetization, hot
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blowing, demagné&tation, and cold blowing. During magnetization, the temperature of
the refrigerant increases, then fluid is pumped from the cold end to the hot end in order to
absorb the magnetic work (hot blowing). The regenerator is then demagnetized, causing a
decreas in temperature, and a cooling load is absorbed from the refrigerant by pumping
fluid from the hot end across the regenerator toward the cold end (cold blowing). The
four processes need not be discrete, and the fluid flow may coincide with magnetization

and demagnetization depending on a systemos

With the push for the commercialization of the magnetic refrigerator, it is vitally
important to evaluate AMR performance. In recent years several AMR experimental
systems have been designed and tefimdg e | br ec h't 12], [ TuUEek 12
[Lozano 12], [Bahl 08], [Richard 04], [Okamura 06], [Li 06], [Balli 1Most of these
focused on the evaluation of the AMR performance by studying different refrigerant
materials and multistage systems. Althotiggre are a few researches reporting the effect
of a systembs parameters on the performance
simulations and modelingAprea 11], Roudaut 09 [Tagliafico 12], [Nielsen 10,
[Dikeos 13] they did not perform any dptmi zati on experi mentally

parameters.

Three aspects influence the maximum attainable temperature span seen in an
AMR device: system, refrigerant material, and thermofluid. Any improvement or
optimization done in these categories can tegula highertemperature spaseen
between the hot and the cold ends of an AMR. The variables for the thermofluid are:

type, viscosity, heat conductivity, specific heat capacity, and the tuning of heat transfer
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fluid and its operating conditions such as frequency, flow rate, flow duration, displaced
volume, pressure, etc.

In this work, refrigerant porosity, shape and type, field intensity and distribution,
and heat transfer fluid type are fixed parameters, whide experimental focus is on
understanding how tuning the heat transfer medium and its operating conditions affect

AMR cooling performance.

3.2 Experimental setup

The schematic design dfie AMR system is shown in Figu&l. The AMR
system consists of i@ main componentsa rotary twecore nested permanent magnet
cylinder producing a variable field up to 1.3 & core glass tube housing the refrigerant
bed in the middle of it, six temperature sensors in different distances from the bed, and a
reciprocatve pump to move the heat transfer fluid through the system between magnetic
cycles in order to absorb or release the generated heat by the refrigerant during

(de)magnetization.

o °
C1 C2

90 mm90 mm | 127 mm |90 mm;90 mm

—

Reciprocative pump
Figure3-1: Schematic diagramf the experimental apparatus showing six sensor locations.

3.2.1 Magnet

A permanent adjustableeld rotating magnet generates the change in the
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magnetic field in the solid refrigerant bed. This magnet that commercially is bédigid

Ring Magnet(shown in Figure 32) produces a magnetic field with a magnitude varying
between 0 and 2 Tesla at various frequencies. Two nested permanent magnet cylinders
generate the magnetic field, each of these producing a 1 T field. A stepper motor rotates
the inner cylnder in order to vary the magnitude of the field. The outer cylinder is fixed,
which means that the resulting field is rotating. The frequency of rotating can be selected

between 0.2 and 1.6 Hz.

Figure3-2: A rotary twacore nested permanent magnet cylinder.

3.2.2Temperature sensors

The direct measurement of the temperature of the magnetocaloric sample is
obtained by the Cernox temperature semffiom Lakeshore. The thermistor Cernox is a
temperature sensitive resistor that changes resistance with changes in temperature non
linearly. Most thermistors have a negative temperature coefficient therefore, as
temperature increases, resistance decreal®s. sensor can quickly detect minute
changes in temperatur€ernox thin film resistance cryogenic temperature sensors offer
significant advantages over comparable bulk or thick film resistance sensors. The smaller

package size of these thin film sensonskes them useful in a broader range of
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experimental mounting schemes, and they are also available in a chip form. They are
easily mounted in packages designed for excellent heat transfer, yielding a characteristic
thermal response time much faster thassgde with bulk devices requiring strairee
mounting. Additionally, they have been proven very stable over repeated thermal cycling
and under extended exposure to ionizing radiation.

Figure 33 showsschematic and different packaging of Cernox sendGeynox
sensor was selected over thermocouple sensors because of its low magnetiducesd
errors over the 0.3 K to 420 K temperature range with accuracy of 0.001 K and time
resolution of 1 ms. Iraddition,the Cernox sensor offers high sensitivity arepative
temperature coefficient resistance temperature detector.

One of the advantages of this system compared to previous magnetocaloric
temperature measur elfe[krancof9 is the use of fh&miztad mi n
based temperature sensors, Cernmstead of thermocouples, because alternating
magnetic fields affect thermocouple based temperature sensors and cause errors in the
recorded temperature [ShO5b], while Cernox sensors can be used in alternating
magnetic fields. The Cernox magnetsigance is typically negligible above 30 K and is

not significantly affected by orientation relative to the magnetic field.
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Figure3-3: Cernox temperature sensor.
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3.2.3 Refrigerant bed
Our designed systetmas the ability to measure adiabatic temperature change of
magnetic refrigeration with various shapes. We used gadolinium turnings for the

adiabatic temperature change measurements in gadolasiwstmown in Figure-3.

Figure3-4: Gadolinium turnings sample

Commercial gadolinium powder was the alternative choice for the test bed.
Applying gadolinium powder as the bed refrigerant has some advantages. The heat
transfer surface area for the powder is best among the other shapes of metal. Also,
there will be less resistance inside the material to transfer heat or cold energy that is
generated by the MCE to the surface. On the other hand, the powder refrigerant can cause
blockageof the flow of thehea transfer mediumProper filters needed to be installed on
both ends oftte bed that permit heat transfer meditmpass the bed while keeping the
refrigerant material inside the refrigerant bed. Additionally, as gadolinium powder is
extremely reactive @ can cause explosion upon exposure to air, the bed set up and
operation of the test system needs to be performed in absence of air and presence of an
inert gas such as helium. In consideration of all of these factors, along with the high price
of gadolinum powder, we decided to use gadolinium chops in the form of turnings,

which were made by the rounded plate of the metal, and bulk gadolinium. This shape of
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commercial gadoliniums have a relatively good surface areadat thansfer to the
medium is notreactive to air, and allows the flow through the regenerative bed without

significant resistance and pressueilt up. Figure 35 shows an illustration of the

refrigerant bed set up by the gadolinium turninfpbeinstallation to the magnet.

Figure3-5: Refrigerant bed set up by the gadolinium turning before installation to the magnet.
3.2.4 Cylinder-piston displacer

In the AMR setup of the test bed system, we used a gas displacer sedkstrod
cylinder from Festo Company in order to move the heat transfer medium liquid through
the refrigerant bed in the refrigeration setup. In the adiabatic temperature measurement
set up, the refrigerantodés heat is transferre
channel.

A double acting displacer system installed parallel to the refrigerant bed is used to
provide reciprocating motion for the gas. The servo pump system con$§i$tgo
magnetically coupled actuators, one belt drive, one servomotor, and one control
enclosure. The servomotor actuates the pumping system. It is programmable to achieve
various moves and motion profile. The motor control includes provisions for several
input/output that can be used with the servo system. The main advantage of this system is
double action movement of rod less piston that its speed can be controlled in various

rates by its software and it is relatively sealed.
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The displacer is made teaiprocate around its center position by coupling to the
drive motor through a gearbox. Since it is mechanically coupled to the drive shaft, the
phasing between the blow wave front and the regenerator position is ensured. The
phasing can be adjusted by ngang the angular position of the displacer crank. The
stroke length of the gas displacer can also be adjusted by changing the throw on the
crank.

The doubleacting piston displacer moves the heat tranefedim through the
bed The displacer systemation is synchronized with the rotation of the inner magnet
by the LABVIEW software. If we setup the system in AMR mode, at the time that the
magnet i's in the maximum field position,
temperature, the piston mes in the direction to send theat transfer mediuno the hot
reservoir through the bed. As soon as the magnet is in the lowest field position, which
corresponds to the coldest temperature of the refrigerant material, the piston moves in the
opposite diection, in order to transfer the excharigeiid to the cold reservoir through

the refrigerant bedrigure 36 showscylinder piston displacer in the test bed system.

Figure3-6: Double acting displaceystem installed parallel to the refrigerant bed.
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3.2.5 System setup as AMR device

Temperature sensors are mounted on holder rods made of Polylactide (PLA)
material produced by a 3D printer. Thermocouple readings are disturbed by the
proximity of a varyng magnetic field[Shir 0%a]. Because sensors BH and BC are
exposed to the magnetic field, two resistance temperature sensors (Cernox RTD) from
Lakeshore Cryotronics are used to carry out the measurements at these locations due to
their low magnetic fieldnduced errors. The otherrsors (H1, H2, C1, and C2) are
outside of magnetic field range; therefore thermocouples were placed at these locations.
A picture of the AMR system and the core of the experimental setup are shéigure

3-7.

Reciprocative pump

Figure3-7: Photography of the AMR device. The refrigerant is located inside a cylindrical
permanent magnet assembly.

The volume of the bed is 48é&im which 2/3 is filled by gadolinium turnings and
1/3 by heat transfer fluid. In many of the previous stuffiegelbrecht 12]] TuEek 1 2]
[Trevizoli 11], [Okamura 06]the heat transfer fluid was water. However, based on the

fact that gadolinium is eléopositive and reacts with water to form gadolinium

62



hydroxide and hydrogen gas, it is not a good heat transfer medium candidate. Even
though there are corrosion inhibitors that can be added to water to prevent this chemical
reaction, silicone oil has adatinal advantage as its specific heat is about one fourth of
that of water which makes it more suitable since less energy per unit mass is required to
raise its temperature by 1 K general the higher the specific heat of a material, the
more heat is rexled to change the temperature of the material itself, taking away from the
latent heat that can be used to cool a medidience, to avoid this chemical reaction and

to improve performance, silicone oil is used as the heat transfer medium.

The system cdrol program was written with LabVIEW software. The program
allows remote control and synchronization of the test system components and gathers
measured signals from the temperature sensors, which are then evaluated and analyzed.
By using this program,he applied magnetic field can be set between O Tto 2 T in
intervals of 1 mT, the sampl e64 Caom2B3ilB8nt t e myg
K to 200 C or 473.15 K) with accuracy of 0.01 C or 0.01 K; and the time is set in

intervals of 0.1 s. Thednt panel of the control sigsn program is shown iRgure 3-8.
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Figure3-8: Front panel of the control system program written using LabVIEW. The program has
capabilities of controlling and synchroniziagstem components.
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In the uppeileft side of the panel, the communication protocol between main
program and system components control unit (permanent magnets, cylinder displacer,
temperature sensor and LabVIEW interface) are defined. In the-tgpesice of the
panel, the permanent magnet (Halbach) parameters are defined such as sample field value
and sweep rate. The magnetic field value can be set betwaeATWith an accuracy of
1mT and the sweep rate can be set from 20 mT/s to 2 T/s.

The lower parbf the panel shows measured temperature by sensors and has the
capability to display and record temperatures from two Cernox sensors and four
thermocouples simultaneously. The vertical axis of the chart is temperature and the

horizontal axis is time. Cordl System Program gathers the measured direct temperature

from sensors and logs them for further processing.

Figure3-9: Wide view of the AMR system with control equipment

3.3Data analysis, esults anddiscussiors

A number of tests were performed on 140 grams of gadolinium turnings. The
temperature spa o Togtween the hot and cold side of the AMR was measured at

multiple operation conditions defined by different operating frequencies, fluid flow
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duratons, and flow rates. Experimental parameters are presented ir3Thble

Table3-1: Experimental parameters

ExBerimental Parameters Unit Value

Operating frequency Hz 0.09-0.25
Ramp-up & ramp-down time S 1.5, 2.6
(de)magnetization time per cycle | s 0.5-4
Gadolinium turnings mass g 140
Gadolinium purity 99.5%
Heat transfer fluid Silicone oil
Transfer fluid specific heat Jke' Kt 1370
Fluid flow duration S 0.05-3
Fluid flow rate mls™ 1.2 -86.7
Ambient temperature C 21

Bed length cm 12.7

Bed radius cm 1.1

The utilization factor ¢ ) is defined as the ratio between the thermal capacity rate
of the fluid and that of the solirevizoli 11], [Richard 04], [Tagliafico 12][Nielsen
10],

y e (3-1)

I/ H

whered is the pumped mass flow ratg, is the specific heat capacity of the working
fluid, Wiow is the time period for fluid flowiM is the mass of magnetic material, aBglis

the specific heat of the refrigeramtt (H €0 T.

In this research a new concegisplaced volume ratiadD{VR) is defined as the
ratio of the fluid volume that flows through the AMR bed to the volume of the AMR bed

occupied by the fluid in the hot and cold blowing cycles,

rrd T (32)

THm™

wherea is the fluid volume flow rate (mIY, Giow is the time period for fluid flow, and

@ is the volume of AMR bed occupied by fluid. Thilization factor is dependent on
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the mass and the specific heatlw# refrigerantind heat transfer fluidsed in the system,
whereas the concept BVRis completely independent of the type and properties of the

refrigerant and is solely dependent on the heat transfer medium movement parameters.

In this study, two diffeent setups for each AMR cycle have been introduced as
follow. Figure 310 shows these setups as well as one cycle of the experiment. Regions
A, B, C, and D are rampp, magnetization, ramgown, and demagnetization,
respectively. In both setups the flow rate is kept constant in intervals B and D. In Setup

1 the flow rate foeach frequency aridVRis calculated as

T o+ 4y f‘: T (33

whereVypeqis the volume of AMR bed occupied by fluithag tdemagiS the magnetization
or demagnetization timd,is the operating frequency, amglis rampup or rampdown

duration.

In Setup 2, for each frequency the flow rate is kept constant at its maximum
amount and the fluid flow duration varies to generate the@etEBVRS In this setup,
right after the beginning of regions B and D there is a delay tipdéfore fluid flow
starts. ADVRincreases the delay time decreases. During the delay time, there is no fluid
movement through the bed. It should be noted tiiiere is no delay time in Setup 1 in

which fluid flow starts immediately at the beginning of regions B and D.

Each operating frequency is obtained by changing the duration of regions A, B, C
and D. The maximum operating frequency for the system is detinwvith respect to
the maximum allowable fluid flow rate in the apparatus before the seals fail due to excess

pressure build up.
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Figure3-10: Configuration of Setup 1 and Setup 2 for one cycle oéxperiment.

Figure 311 and 312 show the temperature difference between BH and BC
sensors versuBVR for different operating frequencies in the two experimental setups
respectively. If the value ddVRis too small, only a part of the energy generatethby
magnetocaloric effect can be utilized. In addition, too big BV& causes the fluid from
the hot end of the AMR to flow into the cold end and vice versa, causing a decrease in the
pTat these locationsThe quantity fAtemperaeanreferetodpano
singlestage refrigeration cycle and is a property of the refrigerant material rather than of
the cooling device. The k& can be multistage, with wider temperature sgausrev

10], [Richard 04], [Aprea 11]

Figure 311 showsgp Tas a function oDVRin Setup 1. There is BVR of 0.625
for each operation frequency in which the maximyoccurs. Increasing the frequency

causes a decrease in the maximum temperature change. This is because at higher
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operating fr eq sdficieni ttme tottransferethe iamonnd of energy
generated by the magnetocaloric effect. In contrast, lower operating frequencies (longer
fluid flow durations) provide sufficient time for heat to be transferred from the refrigerant
to the fluid (and viceversa) in any cycle, resulting in a highgT At this optimum

DVR, a 24% increase in the performance is achieved by changing the operating

frequency.
35 - o ©-f=0.09 Hz
#f=0.11 Hz
3.0 1 +f=0.14 Hz
<25 - =016 Hz
[
<120 -
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Figure3-11: Temperature spam{sx.sc) between BHand BC sensors as a function of DVR for
different operating frequencies in Setup 1.

The temperature span as a fucntiorDMR in Setup 2 is shown in Figurel®.
The resultis that the maximunap Toccurs at &DVR of 0.3 for all operating frequencies.
In Setup 2, unlike Setup 1, as operating frequency incregsésicreasesin Setup 2,
due to a varying frequency and based on the presence of a delay time for heat exchange
between the refrigerant and the fluid, tloeT is affected by heat losses to the
surroundings. As the operating frequency increases, the heat loss during one period
decreases, henap TincreasesAt this optimum DVR, the performance is increase by

22% when varying the operating frequency.

However, as the operating frequency increases, the delay time diminishes and

eventually after some highBVRsthe flow occupies the entire region (there will not be a
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delay time anymore), therefore the two setup configurations exihégame behavior (as

seen inFigure 3-10 at DVR=3 U) . For Figumes3lanlce d@f curves
frequencies 0.09 Hz and 0.11 Hz cross each othdd¥Bt2. After this point the delay

time for f=0.11 Hz is reduced to zero, therefore the results for Setup 2 are similar to those
forSetup 1 and the T curve for f=0.11 Hz f al

occures for the other frequencies at diffel@WRsand these can be seerfigure 312
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Figure3-12 Temperature spailsy.sc) between BH and BC sensors as a function of DVR for
different operating frequencies in Setup 2.

Figure 313 shows the temperature span as a function of frequency for different
DVRsin Setup 2. Result shows th@Tincreases as the operation frequency increases and
peaks at an optimal frequency of 0.2 Has worth noting that the optimal frequency is
related to the geometry of the refrigerant used in the AMR Bédhis optimum

frequency, a 20% increase in therformance is achieved by varying the DVR.

69



3.8 7 eDVR=02
361 ®DVR=03
3.4 1 #DVR=04
32 { #DVR=05
X 301
5 258 1
2.6 1
2.4 A
2.2 T T T T r ,
0.08 0.11 0.14 0.17 0.2 0.23 0.26

Frequency (Hz)

Figure3-13: Temperature span as a function of operating frequency for different DVRs in Setup
2.

Figure 314 shows the temperature change at different sensor locations as a
function of DVR for the operation frequency of 0.09 Hz. This figure illustrates that the
maximum gp T at various sensor locations occurs at differBMRs For instance, at
locations BHBC (closest distance to the bed) the peak is reacheBV&=0.3, at
locations H1C1 the peak occurs 8VR=2, and at locations HZ2 (farthest distance to
the bed) the peak is yet to be observed at oW higher than 3. Similar trends take
place for other testeoperating frequencies. This is due to a need for pumping more fluid
in order for it to reach sensors which are located further from the AMRTIbésiresult
implies that the performance of an AMR systendapendentn the cooling load

placement and itdistance from the bed.
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Figure3-14: Temperature span at different sensor locations as a function of DVR for a frequency
of 0.09 Hz in Setup 2. Sensor locations are shown in FIG. 1. SenseBERirke placediearest to
the bed and sensors K2 are farthest from the bed.

Figure 315 showspTas a function of flow rate in Setup 1. Result shows that
different optimal values of the fluid flow rate can be identified at a given frequency with

respect tap Tin orde to maximize the performance of the AMR.
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Figure3-15. Temperature span as a function of flow rate for different operating frequencies in
Setup 1.

3.4 Conclusions

In this thesisseveral significant system parameters that affect the cooling

performance of an AMR system have been studidis research provides the

71



experimental optimization procedure that must be applied to any AMR system in order to
i mprove that s g.sHereim @singlep fagef AMRni@snh lwed using a
stationary permanent magnet assembly allowing control of a number of experimental
parameterg¢such as operatinigequency, heat transfer medium flow rate, flow duration,
and displaced volume ratibps been degned and evaluated. Two AMR setup
configurations were introduced and experiments were performed at different operating
conditions.

The resultshow thatheconfiguration in Setup 1 is more suitable for systems
that are operating with lower frequencieg)ereas the configuration in Setup 2 is more
appropriate for systems that are operating with higher frequencies. It is shown that the
performance of an AMR system dependenbn the cooling load placement and its
distance from the bed@here were optimdDVRsof 0.625 and 0.3 in Setup 1 and Setup 2,
respectively. The optimum operating frequency of the system in Setup 2 was 0.2 Hz in
which the hi ghe DVR Ipdily, anoptinal valie df heat traresfar yluid
flow rate was identified for any epating frequency. The results of this work demonstrate
a significant increase of performance in magnetic refrigeration system (about 24%) by
varying and optimizing the AMR parameter§hese optimized values are system
dependent and need to be determined measured for any AMR system by following
the procedures that were introduced in this resedirchexpected that such optimization
will permit the design of a more efficieccdmmercially viablenagneticrefrigeration

system.
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Chapter 4 . Characterization Methods

Before presenting the results this research on magnetic nhanoparticliist we
explain the methods and experiments that were usedh&macterizenanoparticles
properties To determine the chemical structure, morphology, microstructure and
composition the following procedures were performed. The powdexyXdiffraction
(Rigaku MiniFlex) measurement at room temperature has been carried out to study the
crystal structures iy CuK U r adi ati on. Surface morphol ogy
alloy was characterized by scanning electron microscopy (Raith PIONEER Two)
technique. The composition of the powders was determined from energy disperaiye X
fluorescence spectrometer hifladzu EDX700). Magnetization measurements were
performed using vector vibrating sample magnetometer (Lake Shore VVSM §d4d0)
superconducting quantum interface devise (Quantum Design SQUID MBM&ith
standard zero field cooling (ZFC), field cool cogl (FCC), and field cool warming

(FCW) techniques.

4.1 X-ray Powder Diffraction (XRD)

X-ray powder diffraction (XRD) is an analytical technique primarily used for
phase identification of a crystalline material and can provide information on unit cell
dimensions. The analyzed material is finely ground and homogenizead; diffraction
is nov a common technique for the study of crystal structures and atomic spégaiayg.
diffraction is based on constructive interference of monochromatrayX and a
crystalline sampleThe principle mechanism is illustrated in Figuré.Arhese Xrays are

generated by a cathode ray tube, filtered to produce monochromatic radiation, collimated
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to concentrate, and directed toward the sample. The interaction of the incident rays with
the sample produces constructive interference (and a diffracted ray) whetiooendi
satisfyBragg's Law(ne- =d&ind ) . This |l aw relates the wavel
radiation to the diffraction angle and the lattice spacing in a crystalline sample. These
diffracted Xrays are then detected, processed and counted. By scahmirgample
through a range of 2d angl es, al |l possi bl e
attained due to the random orientation of the powdered material. Conversion of the
diffraction peaks to @¢pacings allows identification of the minerachase each mineral
has a set of unique-gpacings. Typically, this is achieved by comparison-epacings
with standard reference patterns. All diffraction methods are basgdnenation of X
raysin an X-ray tube. These Xays are directed at the sampad the diffracted rays are
collected. A key component of all diffraction is the angle between the incident and
diffracted rays.

X-ray powder diffraction is most widely used for the identificatiand
characterizatioof unknown crystalline materiglgdentification of finegrained minerals
that are difficult to determine opticallydetermination of unit cell dimensiongnd

determination otrystal structures

X-rays hitting Interference in
the material: these waves
Wavelengths /L X
are lined up ’ Detect at
”\\/1/ same angle
At some ('/- \
other angle 0 N—r’

P
Travels an extra
distance

Figure4-1: Principlemechanism diagram &RD
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The XRD measurements in this research were carried dimé&lex by Rigaku
shown in kgure4-2. MiniFlex is a general purpose-pay diffractometer that can perform

gualitative and quantitative analysis of polycrystalline materials.

Rigake

Figure4-2: XRD equipmentMiniFlex by Rigaku
4.2 X-ray Fluorescence (XRF)

XRF spectrometeis a nordestructive analytical technique used to determine the
elemental composition of materials. XRF analyzers determine the chemistry of a sample
by measuring the fluorescent (or secondaryayx emitted from a sample when it is
excited by a primary-xay source. Each of the elements present in a sample produces a
set of characteristic fluorescerrxay s (fia fingerprinto) that
element, which is why XRF spectroscopy is an excellent technology for qualitative and
guantitative aalysis of material composition.

The analysis of major and trace elements in geological materials-ray X
fluorescence is made possible by the behavior of atoms when they interact with radiation.
When materials are excited with highergy, short wavehgth radiation (e.g., Xays),
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they can become ionized. If the energy of the radiation is sufficient to dislodge a tightly
held inner electron, the atom becomes unstable and an outer electron replaces the missing
inner electron. When this happens, enesyeleased due to the decreased binding energy

of the inner electron orbital compared with an outer one. The emitted radiation is of lower
energy than the primary incidentrdys and is termed fluorescent radiation. Because the
energy of the emitted photaa characteristic of a transition between specific electron
orbitals in a particular element, the resulting fluorescenays can be used to detect the
abundances of elements that are present in the safftpdeprinciple mechanism is

portrayed in Figurd-3.

X-ray strikes K-shell electron, ejecting
it from the atomjieaving a vacant orbital.

r oy

X-ray
(via Instrument)

Electron
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(to Detector)
| .\A . Nucleus
A\ = ¢

W
Electrons from
higher-energy orbitals K-shell Orbital
transition to fill vacancy k-shell Orbital
and give off energy in the ; M<shell Orbital

transition as fluorescence.
Figure4-3: Principlemechanism diagram of XRF
The energy dispersive XRF measurements in this research were carried using
EDX-700 by Shimadzu shown ifrigure 4-4. The EDX-700 was designed for an even

greater level of sensitivity, and enabling both trace and rapid analysis that goes beyond

the limits of screening analysis.

76



Figure4-4: XRF equipment, EDX700 by Shimadzu

4.3 Scanning Electron MicroscopgSEM)

SEM uses a focused beam of higiergy electrons to generate a variety of
signals at the surface of solid specimens. The signals that deriveelgommonrsample
interactions reveal information about the sample including external morphology (}exture
chemical composition, and crystalline structure and orientation of materials making up
the sample.

The SEM is an instrument that produces a largely magnified image by using
electrons instead of light to form an imadde principle working mechanism &hown
in Figure 45. A beam of electrons is produced at the top of the microscope by an electron
gun. The electron beam follows a vertical path through the microscope, which is held
within a vacuum. The beam travels through electromagnetic fields ands,lesisieh
focus the beam down toward the sample. Once the beam hits the sample, electrons and X

rays are ejected from the sample. Detectors collect theagsX backscattered electrons,
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and secondary electrons and convert them into a signal that is sestreen similar to a

television screen. This produces the final image.
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Figure4-5: Principlemechanism diagram of SEM [Purdue 14]

The SEM measurements in this research were carried B$®NYEER Two by
Raith shown in Fure 4-6. PIONEER Two is ultrdnigh resolution electron beam
lithography (EBL) and an analytical scanning electron microscope (SEM) imaging

integrated into a single system.
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Figure4-6: SEM equipment, PIONEER Two by Raith

4.4 Superconducting Quantum Interface Devise (SQUID)

SQUID magnetometer is a very sensitive device for measuring magnetic field.
Using a device called dosephsofunction,a SQUID can detect a change of energy as
much as 100 billion times weaker than the electromagnetic energy that moves a compass
needle. A Josephson junction is made up of swwmerconductors, separated by an
insulating layer so thin th&lectrons can paghrough. A SQUID consists of tiny loops
of superconductors employing Josephson junctions to achigerposition. A direct
current (DC) SQUID, consists of two Josephson junctions employed in parallel so that
electrons tunneling through the junctions destoatequantum interference, dependent
upon the strength of the magnetic field within a lobpe mechanism is as follow: In the
absence of any external magnetic field, the input cutreptits into the two branches
equally. If a small external magnetiield is applied to the superconducting loop, a

screening currentg, begins circulating in the loop that generates a magnetic field
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canceling the applied external flux. The induced current is in the same direction as

one of the branches of the supenducting loop, and is oppositeltm the other branch;

the total current becomd#2 + |5 in one branch and/2 - Is in the other. As soon as the
m

current in either branch exceeds the critical curignbf theJosephson junction, a
voltage appears acroi®e junction which is proportional®a mp|l eds magneti c

The mechanism idlustratedin Figure4-7.
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Figure4-7: Principlemechanism diagram of SQUI[&eorgia 15]

The magnetometer is also commonly equipped with a variable temperature

control that consists of vital units like a liquid helium Dewar, a heater, and a temperature

sensorPart of the magnetic measurements done in this research was canigdieMS

XL SQUID by Quantum Desigshown inFigure 4-8.
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Figure4-8: MPMS XL SQUID by Quantum Design
4.5 Vector Vibrating Sample Magnetometer (\\WVSM)

VSM is a sensitive device for measuring magndigtd. The principle of
mechanism is as fole. A sample is placed inside a uniformagnetic fieldo magnetize
the sampleThe sample is then physically vibrated sinusoidallyeinduced voltagén
the pickup colil is proportional to the sampleiagnetic moment, but does not depend on
the strength of the applied magnetic field. In a typical setup, the induced voltage is
measured through the use ofoek-in amplifier using tlke piezoelectric signal as its
reference signal. By measuring in the field of an external electromagnet, it is possible to
obtain thehysteresis curvef a material. The vibrating sample magnetometer measures
the magnetization of a small sample of magnetiaterial placed in an external

magnetizing field by converting the dipole field of the sample into an ac electrical signal.
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Sample Holder

Pickup
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Vibration
along
z-Axis

Electromagnet
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Figure4-9: Principlemechanism diagram of VSM [Georgia 15]

Most of the magnetic measurements done in this research were carried using V

VSM model 741y Lake Shore witla cryostat unit as shown ingtres4-10 and 411

Figure4-10: V-VSM model 7410 by Lake Shore
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Figure4-11: V-VSM cryostat unit

4.6 Annealingprocedure

Saltmatrix annealing procedusgas carried to anneal synthesized nanopatrticles.
The basic process is to mix nanoparticles with salts and do heat treatments of
the mixture below melting points of the salts. After the heat treatments, the salts
with high water or solvent solubility can be completely removed by washing the
mixture in water or solvent and the heat treated nanoparticles can be recovered
with retained nanoscale morphology. Table salt, NaCl, is the most suitable salt
for the treatments.

The sample was grinded with a mixture of 2g of dried K@ 2g of dried NaCl
for 5 minutes The resultant powder was then transferred to an aluminaviloiah was
placed in a quartz annealing tube. The tube was then sealed, vacuumed, and heated at

given temperature for 6 hours. Upon completion of annealing, the quartz tube was
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allowed to cool down to room temperature. The heated powder was then wadined wit
water and centrifuged at 10,000 rpm for 6 times to remove KEINaCI, then dried in

the air.The annealing equipment is shown in FigwE24

Figure4-12: Annealing equipment
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Chapter 5. Nanomaterials inMagnetic Refrigeration

Technology

Some of the main impediments and challenges on the way of magnetic

refrigeration to become commercially feasible are refrigerant magnetic hysteresis, low

cooling capacity, and finding suitable materials as refrigerant that can be used in room

temperature wh sufficiently wide operating temperature range. Previous works on

magnetic refrigeration technology are based on bulk refriger@isr the past 35 years,

many groups both in the United States and abroad have dedicated considerable effort

both in deveoping effective magnetic refrigerants and in prototype development of

magnetic refrigerators, heat pumps, and air conditioners. However, to this date, no one

has built a successful commercial refrigerator because most of the work iR room

temperature magtie refrigeration employs the sbal | ed fMm@igammet oc,al ori ¢

which uses hysteretic materidlsiu 12]. The apparent colossal results are due to the

i nappropriate

use of

Maxwel |

0s

equati ons,

w I

direct masurements produgauch lower MCEs. In addition irreversibility remains an

i mpedi ment

by

Magnetization M

decr easi

ng t

he cycl eds

Retains a large
fraction of the
saturation field
when driving
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energy in repeatedly reversing
the magnetization.

field removed
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magnets and magnetic
recording and memory
devices.

_7 / Field [ B} /
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Desirable for transformer

and motor cores to minimize
the energy dissipation with

the altemating fields associated
with AC electrical applications.

Figure5-1: Different hysteresis loop shapes and their typical appliciBeorgia 15]
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A main reason for the failure was that a major amount of effort was dedicated to
materials that undergo firstrder transitions some of which yield artificially high MCE
values nearoom temperature. In addition, the hysteresis accompanlyesg tfirstorder
transitions makes these materials unsuitable for magnetic refrigerants. None of the wide
range of bulk materials proposed by the different organizations mentioned above for
nearroom or above temperature magnetic refrigeration has a goaiepacity
significantly greater than that of the benchmark gadolinium.

It has been shown that nanostructures are blest choice for magnetic
refrigeration systems [Bennett 95], [Della Torre 12], [Shir, @Shull 91].Nanostructures
have a higher MCE ovea temperature distribution so they exhibit more cooling
efficiency as compared to bulk materialhe magnitude of entropy change varies for
different materials based on the number of particles per unit volume, magnetic moment of
the particles, and therder parameter [Shir 03]. Magnetocaloric properties of a
nanostructure can be tuned and optimized by controlling its properties such as size,
shape, morphology, etc. Therefore, the MCE peak can be displaced to other temperatures,
broadened, or made sharpCurie temperature, cI scales with size of the nanoscale
magnetic material offering the opportunity to tune the transition temperature, lowering it
or raising it byvaryingmaterial dimensionHence, the Curie temperature of bulk alloys
that have goodMCE properties at temperatures higher than room temperature can be
tuned by decreasing their size. In addition, the reduction of the Curie temperature is
dependent not just on size but shape as well, the reduction being less pronounced as the

aspect ratiof the nanoparticles is increaspding-fei 07]. We believe that by utilizing
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nanostructur al materi al as r ef ry pgreuniteon t t

applied magnetic field is increased and the hysteresis is minimized.

Aim_of research: to investigate magnetic and magnetocaloric properties of

nanoparticlesNanoparticlesare synthesized and characterized in order to determine the
correlation between their size, shape, and morphologh&n magnetic properties such

as magnetization, magtocaloric effect, Curie temperature, etc.

5.1 Nanoparticles as the refrigerant

Magnetic refrigeration is based on the magnetocaloric effect (MCE) in magnetic
materials that causes the entropy to change with the external field. In a single magnetic
materal, the MCE is usually most pronounced near the magnetic phase transition
temperature, and is smaller further away. An ideal refrigerator requires a material with
the MCE over a large rangd temperatures. Nanomaterialee promising alternatives as
roomtemperature refrigerants.

Nanoparticles are of great scientific interest as they are, in effect, a bridge
between bulk materials amdomicor molecularstructures. A bulk material should have
constant physical properties regardless of its size, but at thesnal®sizelependent
properties are often observed. Thus, the properties of materials change as their size
approacheshe nanoscale and as the percentage of atoms at the surface of a material
becomes significant. For bulk materials larger than one micrometer (or micron), the
percentage of atoms at the surface is insignificant in relation to the number of atoms in

the bulk of the materialThe interesting and sometimes unexpected properties of
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nanoparticles are therefore largely due to the large surface area of the material, which
dominates the contributions made by the small bulk of the material.

The magnetic properties ahinoparticles are determined by many factors, the key
of these including the chemical composition, the type and the degree of defectiveness of
the crystal lattice, the particle size and shape, the morphology (for structurally
inhomogeneous particles), tirgeraction of the particle with the surrounding matrix and
the neighboring particles. By changing the nanoparticle size, shape, composition and
structure, one can control to an extent the magnetic characteristics of the material based
on them. However,hese factors cannot always be controlled during the synthesis of
nanoparticles nearly equal in size and chemical composition; therefore, the properties of
nanomaterials of the same type can be markedly different.

In terms of the potential interest for dpption in magnetic refrigeration, the
ma x i mu g} valuees not the exclusive parameter to be taken into account for
considering a material attractive. The temperature at which MCE occurs defines the
technological field, and the temperature range in which it can operate is also of much
importanceln order to predict and evaluate tMCE of amaterial refrigerant capacity
(RC) [also known as relative cooling power (RCPah be considered as the basis for
calculating the temperatubehavior of the materiaRC indicates how much heat can be
transferredrom the cold end to the hot end of a refrigerator describing a thermodynamic
cycle.RCis defined ashe product of the peak entropy change times the full width at half
maxi mum ( FWHM) o fewadi=h elvpSe saly. TleThigherRh&ET rwim
value is, the larger the temperature difference between the hot and the cool ends of the

cycle that can be used for operation.
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Increasing the RC not only increases the amount of refrigeration obtainable from
the particular refrigerant and field excursiobut also tends to increase the
thermodynamic efficiency of the cycle, thus measuring how well a particular volume or
guantity of refrigerant is utilized. Improvement in RC mainly relies on broadening the
magnetic entropy change by coupling two phases agmatic materials with desirable
propertiesthrough alloying, changing the composition or field. Some materials exhibit
tricritical points wherea firstorder transition becomes secemdler as afunction of
composition or applied field, as seenFigure5-2a At such a point, one can utilize the
entropicbenefits of the firsbrder transition without the punishing energy loss associated
with circling the hysteresis loop: Thermal hysteresis isexondorder transition is, in
principle, zerd Takeuchi 15]

Another methodf broadening the magnetic entropy chanperefore improve
RC, is nanostructure synthesisth the mainmotivation rooted in their inherent tendency
to have distributed exchange coupling, which will broaden the magnetic entropy curve
[Ucar 12].The significance of nanostructured powders is the fact that these powders have
a broader temperature dependence of magnetic entropy change, giving larger temperature

span in magnetic refrigeration.
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Figure 5-2: Schematic of a ferroic coaslaafunttibnsof behavi o
temperature. (a) The change from fitst seconebrderbehavior, through a tricritical point, may

be induced by a change cdmposition or aplied field. (b) A firstorder transition (left panels)

results in a |l arger tr ans.i t-drderoase(nght pangisy albeihange ¢
over a narrower t emp earattansitioa temperatares or decfeasingandand Tt |
increasing T respectivelflhermal hysteresis is clearly present in the -firster case[Takeuchi

15]

5.2 Synthesis of Nanoparticles

Many different approaches to magnetic ordered nanostructure synthesis and
processing have been developed till np@ampbel 13]. These strategies can be
categor i z e dd oawsn 0e i ot ru gfaghpoihthapshown in Figure85 There
are various tofibbottom methods for fabricating arrays of magnetic nanostructures. These

include different lithography methods such as electron beam lithography, focused ion
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beam irradiation etching, and sputtering. Bottopnprocesses are basedtba synthetic
and assembling chemiephysical approaches.

Top Down
v d
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POWDER/AEROSOL COMPACTION . MECHANICAL ATTRITION
. CHEMICAL SYNTHESIS (BALL MILLING)
. LITHOGRAPHY/ETCHING

Figure5-3: BottomUp and TopDown approach in nanomaterial synthesis [Saravanan 08]

Bottomup and topdown approaches each have their advasstagad
disadvantages. Tegpown approaches can be extremely effective at reproducibly defining
nanostructure dimensions. An example of this is the lithography technique which is the
foundation of the microelectronic industry. However, lithography fundamkmightion
in defining features smaller than 10 nm in diameter. Botipnmoutes to nanostructure,

on the other hand, such as colloidal synthesis, are inexpensive. These methods have the
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potential to produce nanoparticles with characteristic dimensiessti@an 10 nm with

low cost.

5.2.1Alkalide Reduction Chemical Synthesis

In chemical synthesis, metal salt, a reducing agent and a stabilizer are mixed to
producemetal nanoparticles. The reducing agent detaaohetsl from the salt and the
stabilizer passivategshe nanoparticle to suppress further growth ofrithelei. Alkalide
reduction is aow temperature solution phase synthesis method capable of producing
wide range of single element nanomaterials, binary and ternary nanopadikidsles
are cystalline ionic salts consisting of crown ether or cryptand complexed alkali metal
cations charged balanced by a stoichiometric number of alkali metal aAl&gaBdes
produce alkali metal anions when dissolved in nonreducible soNémb& dissolutionn
ethers, solvated alkali anions are formed. Alkali anions are one of the most powerful
reduéng agents in any given solvenAlkalide reduction of metal salts results in the
formation of metal colloids consisting of nanoscadetiples Variation of alkéide salt to
metal cation ratio can result in nanoscale materials with different structures, thus enabling
access to metastable phases that are not easily accessible by other synthesis methods. Co
reduction of two metal salts can result in binary nanosaédgs. Following aggregation
and removal of the solvent, the byproducts can be washed away, recovering the crown
ether and leaving bare metal nanoparticles. The method is gewceoak the periodic

table,including the lanthanides.

5.2.2Physical Vapor DepositionSputtering

Sputter dposition is aphysical vapor depositioPVD) method of hin film

deposition bysputtering This involves ejecting material from a "target" that is a source
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onto a "subsate" such as a silicon waférhis is done byirst creating a gaseous plasma
and then accelerating the i1ions from this
source material is eroded by the arriving ions via energy transfer and is ejected in the
form of neutral particles either individual atoms, clusters of atoms or molecules. As
these neutral particles are ejected they will travel in a straight line unless they come into
contact with somethingother particles or a nearby surface. If a "stdist such as a Si
wafer is placed in the path of these ejected particles it will be coated by a thin film of the
source materiallhe principle mechanism is portrait in Figurd 5

Sometimes described as the "fourth state of matter" (the first three smidg
liquid, gas), a gaseous plasma is actually a "dynamic condition" where neutral gas atoms,
ions, electrons and photons exist in a near balanced state simultaneously. An energy
source is required to "feed" and thus maintain the plasma state whillashea is losing
energy into its surroundings. One can create this dynamic condition by metering a gas
(e.g. Ar) into a prgpumped vacuum chamber and allowing the chamber pressure to reach
a specific level (eg. 0.1 Torr) and introducing a live electrod this low pressure gas
environment using a vacuum feedthrough.
Powering the electrodes with DC voltage will result:

1- Ever present "free electrons” will immediately be accelerated away from the

negatively charged electrode (cathode). These acceleratdbetewill approach

the outer shell electrons of neutral gas atoms in their path and, being of a like

charge, will drive these electrons off the gas atoms. This leaves the gas atom

electrically unbalanced since it will have more positively charged prdtars
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negatively charged electronsthus it is no longer a neutral gas atom but a
positively charged "ion" (e.g. Ar +).

2- At this point the positively charged ions are accelerated into the negatively
charged electrode (cathode) striking the surface andtliie loose electrode
material (diode sputtering) and more free electrons by energy transfer. The
additional free electrons feed the formation of ions and the continuation of the
plasma.

3- All the while, free electrons find their way back into the outecteda shells of
the ions thereby changing them back into neutral gas atoms. Due to the laws of
conservation of energy, when these electrons return to a groundistatesultant
neutral gas atomgained energy and must release that same energy in thefor
a photon. The release of these photons is the reason the plasma appears to be
glowing.

Vacuum chamber

Counter alectrode

Substrate and film growth (wafer)

Plasma

8 art
j f T [ I/
VA |
& Argon (+) L
@ Electron {-)
Target atom Blactrade I R

? Inert gas inlet (Ar)

Figure5-4: Sputtering technique schematieft) and sputtering targétight) [M-Systems 10]

Vacuum pump
.

The "diode sputtering” example given above has proven to be a useful technique
in the deposition of thin films when the cathode is covered with source material

("sputtering target"). Diode sputtering however has two major problehes deposition
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rate isslow and the electron bombardment of the substrate is extensive and can cause

overheating and structural damage.

Magnetron sputtering:The development of magnetron sputtering deals with both

of these issues simultaneously. By using magnets behind the cathode to trap the free
electrons in a magnetic field directly above the target surface, these electrons are not free
to bombard the sulrstte to the same extent as with diode sputtering. At the same time the
extensive, circuitous path carved by these same electrons when trapped in the magnetic
field, enhances their probability of ionizing a neutral gas molecule by several orders of
magnituek. This increase in available ions significantly increases the rate at which target
material is eroded and subsequguiiéposited onto the substraide procedure is shown

in Figure 55.
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Figure5-5: Magnetron sputterinfFarotex 16

5.2.3 High Energy Ball Milling

Mechanical alloying (MA) is a solidtate powdeprocessingechnique involving

repeatedwelding fracturing, and rewelding of powder particles in a kegiergy ball
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mill. In this process powder mixture placed in the ball mill is subjected to keglergy
collision from the balls. The alloying process can be carried out using different
apparatusmixer mill, planetary mill or a horizontal ball mill. However, the principles of
these operatits are same for all the techniques.

Planetary ball mill is a most frequently used system for mechanical alloying since
only a very small amount of powder is required. The centrifugal forces, created by the
rotation of thevial around its own axis togethevith the rotation of the turn disc, are
applied to the powder mixture and milling balls in thal. The powder mixture is
fractured and cold welded under high energy impact.

Figure 56 shows the motions of the balls and the powder. Since the rotation
directions of thevial and turn disc are opposite, the centrifugal forces are alternately
synchronized. Thus friction resulted from the hardened milling balls and the powder
mixture being ground alternately rolling on the inner wall of the bowl and striking the
opposite wall.During the higkenergy ball milling process, the powder particles are
subjected to high energetic impathe impact energy of the milling balls in the normal
direction attains a value of up to 40 times higher than that due to gravitational
acceleration.

Special mills have been developed in the USA under the trade name Spex mills.
The common variety of the mill has one vial containing the sample and milling balls,
secured in the clump and swung energetically back and forth several thousand times a
minute. The back and fourth shaking motion is combined with lateral movements of the
end of the vial, so that the vial appears to be describing a figure eight or infinity sign as it

moves. The vial is vibrated with amplitude of 50 mm and a frequency of 20 Hz.
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Figure5-6: Schematic view of motion of the ball and powder mixture [Cao 15].
5.2.4Synthesismethods usedin this research

To synthesisyttrium-iron nanoparticles, alkalide reduction chemical synthesis
technique has been used. This procedure was
Chemistry Department of the George Washington University. To synthesis Heusler alloy
nanoparticles, higenergy la | | milling technique has been
laboratory at the Mechanical Engineering Department of the George Washington
University.

Last year our group, the institute for magnetics research, was chosen by the
Center for Functional Nanomatdria ( CF N) of t he DOEG s Br ook
Laboratory (BNL) to use their clean roor@FN is capable of fabricating thin films using
sputtering techniques. Evehoughusing their facility was freef charge to our groyp
we had to obtain the alloy of intete( a s a 30 sphytaurselvésfiorg t ar get
deposition. After contacting a few vendors, Kurt Lesker Company was capable of making
some of our alloysDepending on the alloy, the cost ranged from $8000 tO@@LA his
venue of synthesizing nanoparticles will be carried in our future research once we secure

adequate funding.
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5.3 Protecting Air Sensitive Nanoscale Magnetic Refrigerants

Some of the materials that are excellent candidates for nanoscale magnetic
refrigerants are air sensitive. For instance, at very small nanocrystallite $iZk0(@m),
lanthanide metal nanocrystals spontaneously combust when exposed to air. Larger
nanocrystals with consequently lower surface area react less violently and les® reacti
metals, alloys and compounds may only surface oxidize. In some cases, simply bonding
the powdered bulk form with a protective coating might mitigate this issue. However, it
may be desirable to provide nanocrystal level protection to more sensitivaaisater
preventing oxide surface growth by producing eshmell nanocrystals. This can be
readily accomplished with alkalide reductio
el ement to provide fAseedsodo and t hetobesl owl y
reduced on t he s ur feseareh we fiavetpitotected theoyttriani . Il n th
nanoparticles by Gold coating and the Heusler alloy nanoparticles by keeping them in

Argon atmosphere.

98



Chapter 6 . Magnetocaloric Effect and Magnetic Properties of
Yttrium -lron (Y ,Fe;7) Nanoparticles

6.1 Introduction

The research efforts concerning magnetocaloric materials can be classified in: (a)
the search for higher performance materials and (b) reduction of materials cost. The first
one is usually centerearound rare earth alloys, while the second is accomplished by
substituting rare earth elements by transition me&lbstitution for scarce and strategic
elements, environmental considerations, and cost considerations all speak to potential
contributionsof these new materials to sustainabilitthe cost associated with the
production of magnetocaloric refrigerants is a big barrier against industriatugcale
Therefore,in recentyears research on magnetocaloric materials Bh#ted toward
finding the most economicallyadvantageous magnetic refrigerant with the highest
performance.

During the last decade, one of the most exciting yet challenging
endeavors in applied materials science and engineering has been the search for
new materials or the processing of existing ones, modifying the microstructure
and/or the size with the aim of tailoring and controlling their physical/chemical
properties in such a way that functionality could be enhanced. The study of
metallic alloys is one of the main fields i&search in Material Science. In this case, Fe
based alloys attract a great interest because of the number of applications in which they
can be used, and its commercial value [Tegus 02], [Francca®@atheyare believed to

be promising magnetic refrigets [Ucar 12].
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A wide family of magnetic intermetallic compounds arises from the alloy of rare
earth (R) and 3d transition metals (M). Localized magnetism ofeianté sublattice with
an itinerate magnetism 3d sublattice, makes these magnetic intelcaeatally attractive
for commercial applications. The unpaired 3d electrons of the transition metal component
give rise to a net magnetic moment. In this family of compounds, the magnetic behavior
is determined mainly by the Fe sublattice. The magnetic cauplf the Fe magnetic
moments depends on the-Fe interatomic distance. For distances lower than 2.45 A, the
exchange coupling favors an antiparallel alignment of the magnetic moments, whereas
for longer distances they are parall€kaiem 05] Moreover,these alloys can exhibit
different magnetic behavior: ferromagnetism (e.g.F8&Fr), ferrimagnetism (e.g.
ThoFe7), etc. The majority of the alloys of this family present a magnetic ordering
temperature close to room temperature. Furthermeyes Well below to that of pure Fe
(1073 K).

At constant pressure, the total entropy of a magnetic solid, S(T,H), consists of
magnetic (), lattice (Sa:) and electronic (&) contributions and can be written as

"YYHO Y 'O Y Y Y Y (6-1)

The value of the i sother madue tonthg changea @ entr o

magnetic field from Hto H, is given bythe expression [Morrish 65]
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On withdrawing the magnetic field under adiabatic conditions, the adiabatic temperature

c h a n gag is givenlby
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From the CurieWeiss law, the susceptibility of a ferromagnetic material at high

temperatures and low magnetic fields can be writtdSlaso 96|

JI LI H
Fo= L " (6-4)
114 @A

whereN, g, J, ks, €g and A stand for the number of magnetic atoms per unit volume,
gyromagnetic ratio, angular momentum, Boltzmann constant, Bohr magneton and atomic

weight, respectively. Substituting the expression Kbrfrom equation (64) in the

equation(62) , t he e xSpoarbewrittenras f or @
4 ILIL dl ILIL
"-”JJ - I T s .ﬂ I 1 JH 1 (6-5)
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The magnetic entropy change &, attains a maximum when the temperaturfe,
approaches the Curie temperatufe, as observed in equation-%. Therefore, for
application at around room temperature, MCE materials Withclose to room
temperature should be selected. The selection of a material with a large angular
momentum,J, will also satisfy the need for sufficient change in entropy. Alloys and
compounds using rar@arth elements such as Gd, Th, Dy and Ho might bdaldeifor

this purpose due to their large angular momentum. But these materials are expensive for
commercial use. Loweost Ferich materials would be a good choice as MCE materials in
our daily life refrigerators because of the lagend J value in iron.But the Curie
temperature of Fe is 1073 K, much higher than the room temperature, and the MCE effect
of iron is also not significant at room temperature. Therefore, attempt has been made to
prepare and study the MCE in inexpensive drch binary alloysR;Fe 7 (R =Y, Pr, Nd)
[Valdes 14], [Alvarez 10]. Th@c of these alloys has been found to be close to room

temperature [Kirchmayr 79].
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6.2 Experimental

A sample of YFe7 alloy nanoparticle with gold coating was synthesitedugh
alkalide reductiorchemical synthesis’he procedure is as follow.ttrium (lll) chloride,
YCl3 (99.99%, Alfa Aesar), Irorflll) chloride, FeC} (99.9%, Aldrich), and GoldlIl)
chloride, AuC} (99.99%, Aldrich) were purchased and used without further purification.
100 ml of solvent tetrahydrofuran (THF) solution of ¥@1 mmol/L) and FeGl (8.5
mmol/L) was prepared and hand poured into a 100 ml THF solution of the reducing agent
K*(15-Crown5),Na (20 mmol/L) under vigorous magnetic stirring in a few seconds.
The mixture colloid was allowed to stir for 2 minutes, and then 100 ml THF solution of
AuCl; (3.5 mmol/L) was slowly added in 3 minutes.schematic of this procedure is
shown in Figure 4. The synthesis was performed in Nitrogény box shown in Figure
6-2. The products were transferred into antaght solvent bottle for storage .Fe 7@Au
nanoparticles were extracted by vacuum removal of solvents, washed with water,
centrifuged, andried in the air. The final product is a dark brown powsleown in

Figure 63.

1) Hand poured under 2) Very slowly added in
vigorous magnetic stirring 3 minutes
in a few seconds. The

mixture was allowed to

stir for 2 minutes

100 m| THF
+

100 mI THF
+
YCl3 (1 mol/L) + AuCl3 (3.5 mmol/L)

FeCls (8.5 mmol/L)

100 ml THF
+

K*(15-Crown-5);Na-
(20 mmol/L)

Figure6-1. Schematic view of alkalide reduction chemical synthesis
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Figure6-2: Nitrogen dry box
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Figure6-3: Synthesized ¥e; nanoparticles

The particle sizes of nanoparticles can be controlledylsyematically adjusting
thereaction parameters, such as titeepperatureand the concentrations of reagents and
stabilizing surfactants. In general, particle size increases with increasaggion time,
because more monomeric species are genemtddyith increasing reaction temperature
because the rate okaction is incresed. In this researchto obtain differensized
nanoparticles the concentration of the salts wareedand new samples with 1.5, 2, and
3 times the concentration of the original sample were synthesized. Nanoparticles are air
sensitive, hence to prevent oxidation thegre coated with gold. Finally, resultant
powders were annealed at 673 K for 6 h.

To determine the chemical structure, morphology, microstructure and
composition the following procedures were performed. The powdeyXdiffraction

(Rigaku MiniFlex) measurement at room temperature has been carried out to study the
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crystal structures us§ CuK U r adi at i on. Surface morphol ogy

alloy was characterized by scanning electron microscopy (Raith PIONEER Two)
technique. The composition of the powders was determined from energy disperaie X
fluorescence spectrometer (@ladzu EDX700). Magnetization measurements were
performed in the temperature range of 10 to 316 K using vector vibrating sample
magnetometer (Lake Shore VVSM 7410) with standard zero field cooling (ZFC), field
cool cooling (FCC), and field cool warmingG®/) techniquesBefore the magnetization

M(T) measurements were made, the samples were cooled from 300 K to 9 K at 0 applied
external magnetic field. A nemero magnetic field was then applied and the
measurements were done from 10 K to 316 K (ZFC) anuwhiout removing the filed

from 316 K to 10 K (FCC). Subsequently, without removing the field, the measurements

were done from 10 K to 316 K (FCW).

6.3 Results and Discussion

As the size of magnetic materials reduces in to nano range they becomarmore
sensitive. For instance, at very small nanocrystallite size X2 nm), lanthanide metal
nanocrystals spontaneously combust when exposed to air. Larger nanocrystals with
consequently lower surfade volume ratioreact less violentlyand may only surfa@
oxidize. Adding aprotective coatingo nanoparticles is a way tmitigate this issue.
However, the shell coating might reduce the net magnetization since nanoparticles are
surrounded by the coating material (eg. gold, silver, and silica). Theréfiereoating
shellshould be thick enough to prevent oxidation ahthe same time does not degrade
the total magnetization by much. Two samples of the 21 nm nanoparticles were

synthesized, one with gold (Au) coating and one without coating. Their fielchdepe
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magnetization measured at 292 Kpistted in Figure &. It is obvious that the nen
coated sample had lesmgnetization which indicates surface oxidations. Because of this,

all the samples in this research were coated by gold.
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Figure6-4: Field-dependent magnetization of the coated andauated 21 nm samp{both
samples are unannealed)

The XRD pattern of synthesized sample revealed the existencsowfe
disordered gmorphouys phasein the structure. To store the crystallinity of the
nanoparticles all sampled were annealBae annealing temperature and the annealing
time arethe two parameters that need to be determined for each all@ptton the
optimum result. Work by [Fleet 1Xtudied the variation of the annealing time and
temperature on the magnetic properties offReé&i Heusler alloy thin films. To determine
the properannealing temperature of ngaoticles, the 42 nm sample wdiwided in to
four portions. The first, secondrad the third portions were anneale®86 C 500 C and
400 C, respectively. The forghortion remained unannealeflhe annealing time in all
cases was 6 hourslhe feld dendent magnetization of portiomsas measurat room

temperatureand is shown inFigure 65. Result suggested that the 400 C annealing
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temperature was the most suitablee; hence all samples were annealed at 400 C for 6
hours to restore crystal structure of the synthesized nanoparticles.
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Figure6-5: Field dependent magnetization of the 42 nm sample annealed at different
temperature$350 C, 400 C, and 500 &)r 6 hours.

The XRD measurements of annealed samplesshosvn in Figure 6. The

patterns fit the yttriusiron crystal structure.
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Figure6-6: XRD pattern of annealed synthesized nanopatrticles
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By annealing the nanoparticles the crystal structure becomes ordered and this
leads toan improvement in the magnetic properties of the synthesized nanoparticles. As
an example theoom temperaturdield dependent magnetization of the 21 nm sample
annealed at 400 C for 6 hours versus the unannealed sample is shbignren 67.
Annealing procedure improved the magnetizatisignificantly by about 8 folds. This
however, increased the coercivigylittle bit This is because amorphous alloys have

reduced hysteresis losgscar 12]
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Figure6-7: Field dependent magnetization of the annealed and unannealed 21 nm sample,
measure at room temperature

The morphology of the synthesizadnoparticlesvas observed with SEM shown
in Figure 68. Theaverage sizes of synthesized nanopatrticles were edtiroabe21, 28,
36 and42 nm. This is in good agreement with crystallite size estimated from XRD data

using weltknown Scherrer relation,

8 1
Mo oWl

«

(6-6)
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where & is waysebengt{hbofsXthe full width at

di ffraction peak, and d is the Bragg angl e.

Figure6-8: SomeSEM images of YFe;nanoparticlesAverage particle size in (a) 42 nm, (b) 28
nm

Figure 6-9 shows the magnetization as a function of applied field for the 21 nm
sample; measured at 9 discrete temperature points from 10 K to 290 K. Zooming in this
figure helped us determine the effecttbé temperature onhe magnetization andhe

coercivity.
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Figure6-9: Field dependent magnetization of the 21 nm sample, meas\@alisatete
temperatures from 10 to 290 K.

Figure 610 shows the M(H) curves of Figured6 plottedfrom 8000 Oe to 10000
Oe. Results show that by increasing the temperature itha reduction imagnetization.
This occurs because as temperature increases, more thermal energy is supplied and
individual electron spins become more likely to be in higheergy states, pointing

opposite to their neighbors and less lined up, leading to a reduction in the total

magnetism.
20 - Increasing temperature
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— 18 A
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2 17 - —85 K
= 120K
220K
16 -
290K
\ 4
15 . s
8000 9000 10000
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Figure6-10: Field dependent magnetization of the 21 nm sample, measuredsatede
temperatures from 10 to 290 K, shown from 8000 to 10000 Oe.
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Figure 611 shows the M(H) curves of Figured6 plotted from-600 Oe to +600
Oe. Results show that by increasing the temperature there is a reduction in the amount of
coercivity. Thisis because as temperature increases, more thermal energy is supplied and
individual electron spins become more likely to be in higher energy states, pointing
randomly, opposite to their neighbors and less lined up, therefore a smaller field is
required to rduce the remnant magnetization to zero, hence reduction in the coercivity.

Figure 612 shows theoercivity as a function of temperature for the 21 nm sample
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Figure6-11: Field dependent magnetizationtbé 21 nm sample, measured at 9 discrete
temperatures from 10 to 290 K, shown fre800 to 600 Oe.
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Figure6-12: Coercivity as a function of temperature for the 21 nm sample
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Figure 613 summarizetheeffectof the temperature on the amount of

magnetization andoercivity for the 21 nm sample.
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Figure6-13; Effect of temperatureariationon the magnetization and the coercivity of the 21 nm
sample

Accommodation (reptation) is a magnetizing process which occurs when the field
is cycled between two extremAccommodationis different from magnetic aftereffect
(viscosity). Magnetic aftereffect is measured by observing the magnetization as a
function of time with the applied field held constant. In magnetic accommodation the
magnetization is observed as the field repeat&dlyerses the same minor loop. Such
measurements involve both time and interaction effects [BennettF86]the 36 nm
sample, fve M(H) measurementat roomtemperature were performed consecuyivaaid

the resulting hysteresis loopse shown on the sanmdot in Figure 614. Therewas no
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movement or shifts from one loop to the other, therefore sample showed no

accommodatiomt room temperature
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Figure6-14: Accommodation (reptation) measuremepesformed at 292 K for the 36 nm
sample

To determine thermal stability of a sample at low temperature, accommodation
measurements were performed on the 28 nm sample at 200 K following this procedure:
1) Sample was cooled down from room temperature (2980K)00 K under zero
field.
2) At 200 K the temperature was kept constant and two M(H) loops were measured
(as showrnn Figure 615, Loop 11, and Loop 12)
3) Immediately after M(H) measurements, the temperature was raised up to 292 K
with a rate of 4 K peminute.
4) Sample was cooled down once again to 200nKer zero fieldand after keeping
the temperature constant, another two M(H) measurements were perf@sned (

shown inFigure 615, Loop 21, and Loop 2)
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Aftereffect measurements of the 28 sample folbwing the abovementioned procedure
are shown in Figure-&5. Because of thermal variation the loops did not overlap each
other. The saturation magredtion ofthe second loops (Loop-2, 2-2) decreaseffom

the ones in the first loops (Loopll 1-2) by 2.1%, falling from 13.19 emu/q in first loops

to 12.91 emu/g in second loops. In addition, the average coercivity of second loops
increased byl50%, rising up from 9 Oe ithefirst loops (Loop 11, 1-2) to 22.5 Oe in

thesecond loops (Loop-2, 22).
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Figure 6-15: Accommodation (reptation) measurements performed at 200 K for the 28 nm
sample

Figure 616 showsthe temperaturdependent magnetization measurement of the
synthesized nanoparticles measured in ZFC, FCC, and FCW sequences in a temperature
range of 10 to 316 K under a magnetic field of 1000 Oe. Results show an increase in the
magnetization of the naparticles as their size reduces. T2fenm and42 nm samples
had the highest and the least amount of magnetization in this temperature span,

respectively. The magnetization of tA& nm sample is abodive times than that of the
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42 nm sample The samplesvere magnetic at room temperature which indicates that the

Curie temperature must be above room temperature.

Figure6-16: Temperatureglependent magnetization under 1000 Oe applied magnetic field for
differentsized Y,Fe;nanoparticles

When domains are formed, the magnetostatic energy decreases, and the wall
energy and the magnetocrystalline anisotropy energy increase. The transition point from
superparamagnetic to singlemain to multidomain for each type of nanmarticles
depends upon the size agdometry of the nanoparticleln addition temperaturecan
influence the transitionEven though there is no definite point between each transition
region, these can be approximated.

As particle sizeeécomes smal l er, the role of parti
becomes comparable. Now the surface region essentially modifies magnetization
configuration of the particles and has an effect on its magnetic characteristics. For
ferromagnetic nanoparticlegure finitesize effects are expected to enhance thgdlie

with respect to the bulk. Metal atoms at the surface present a higher magnetic moment
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