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Abstract

THE RATIONAL SYNTEHSIS OF LANTHANUM MANGANITE NANOPARTICLES FOR MAGNETIC
REFRIGERATION APPLICATIONS

By Caitlin Sierra Marie Hunt

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy
at Virginia Commonwealth University.

Virginia Commonwealth University, 2021
Director: Dr. Everett E. Carpenter

Professor of Chemistry

Refrigeration systems for the cooling of commercial and residential buildings are a major drain on
energy resources and source of greenhouse gas emissions. Magnetic refrigeration, which employs the
magnetocaloric effect, has the potential to mitigate the energy drain and greenhouse gas emissions for
air conditioning. In order to commercialize magnetic refrigerators, a material with a high magnetic entropy
change, AS, near room temperature which is simple and inexpensive to create is needed.! Current options
for this solid refrigerant are either expensive, difficult to synthesize, or have a AS or T. (the Curie
Temperature, where AS is maximized) below room temperature. Lanthanum manganite nanomaterials
(LaxA1«MnOs, where A = Ca%, Sr?*, Na*, Ba%, etc) exhibit promise as efficient, inexpensive solid

refrigerants.?

In lanthanum manganites the magnetocaloric properties arise from the Zener double exchange
interactions between the Mn ions across the Mn-O-Mn bond. The magnetic properties, namely Tcand AS,
can therefore be tuned by altering the ratio of Mn3* to Mn** and the Mn-O-Mn bond distances and angles

through the introduction of various metals at the a-site.® By entering the nanoscale, crystallite size effects

Xi



also become a point of control for both T. and AS. The purpose of this work was to examine each of these
three areas as independently as possible in the Lag.s0Cao.40MnOs material, to optimize the Pechini sol-gel

synthesis of these materials, and to apply those findings to Lag75Cao2sMO3 materials.

The Mn-O-Mn bond distances and angles were altered by introducing a-site cation size disorder
through substitution of Sr?* in place of Ca®* in the LaoeoCaos0xSrkMnOs crystal lattice. As Sr?* was
introduced the lattice parameters increased and crystallite size decreased. The lattice distortion created
a 73% decrease in AS —from 5.6 J/kgK to 1.5 J/kgK.* Any T. affects were offset by the decreasing crystallite
size. By contrast, introducing Na* into the lattice in place of Ca?* did not alter the lattice parameters of
Lao.soCaosxNaxMnOs materials or the resultant crystallite sizes, but did increase the amount of Mn** and
decrease the amount of Mn3*. The T, values increased dramatically, however, from 265K to 333K, and AS
saw a 33% decrease from 4.1 J/kgK to 2.8 J/kgK.> This implies that Mn-O-Mn bond distances and angles
are primarily responsible for AS, while Mn oxidation states are primarily responsible for T.. Work done to
optimize the synthesis parameters revealed that larger crystallites are ideal as well as the optimal
synthesis parameters to achieve the largest crystallite sizes.® These findings were successfully applied to

Lag.7sCao.2sMn03 materials and the T. value was increased from 200K, shown in the literature, to 280K.”

Through this work, multiple materials with viable magnetic properties were created. These
include Lage0Cao.2sNap.12Mn0O3 and both the Lag75Can.2sMn0s and Lags0Cao.s0MnO3 materials created with
the optimized synthesis method. In addition, the understanding of how affecting the Zener double
exchange interactions through both Mn-O-Mn bond distances and angles and the Mn oxidation states
changes the magnetic properties of lanthanum manganites was improved. By creating nanoscale LCMO
nanomaterials with this new understanding, materials ready for practical testing in prototype magnetic

refrigerators can be inexpensively and reliably developed.
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1 Introduction

1.1 Overview

Refrigeration systems used in cooling of commercial and residential buildings contribute 700
million metric tons of CO; globally every year (~¥10% of all greenhouse gas emissions) and are
responsible for nearly 15% of total energy consumption worldwide; total localized energy
consumption in peak areas and times can reach as high as 70%.8 According to a 2018 report on
cooling prepared by the International Energy Agency (IEA), in the hottest regions of the world
only ~8% of the 2.8 billion residents currently own AC units. This percentage will increase with
their rapidly developing economies, leading to a substantial increase in total energy drain and
CO; emissions.®>™* In a 2013 report the IEA stated that in order to have an appreciable impact on
the sustainability of commercial and residential cooling, the efficiency of refrigeration systems

needs to see at least a 30% increase.?10

The efficiency of a refrigeration system is defined as the ratio between the Coefficient
of Performance, COP, for the refrigerator and the COP for the Carnot cycle, which is the
theoretical ideal thermodynamic cycle. COP is calculated to be the ratio of the temperature on

the cold side of the system, Tcolq, to the difference in temperature between the hot and cold side,

T . T .
Teold-Thot: COP =%.12'13 Current air conditioning systems are Vapor-Compression
hot™ ! cold

Refrigeration Systems (VCRSs). The evaporator and condenser in VCRSs are energy intensive and
inefficient components. Attempts to combat this inefficiency have been made by such means as
addition of a fan to move air across the refrigerant and the optimization of the fan’s speed,!!

addition of components which reduce the irreversibility of the expansion step,'* and the



integration of nighttime radiative cooling,*> photovoltaic cooling, or a combination thereof.®
Even with such modifications the efficiency is still maximized at only ~45% of the Carnot cycle;
the market average efficiency is far lower.!” In addition to inefficient components, the VCRS
requires the use of the environmentally hostile hydrochlorofluorocarbons (HCFCs) as liquid
refrigerants. In accordance with the Montreal Protocol imposing a phase-out schedule for HCFCs,
all transport, usage and production will be banned by January of 2030, imposing a timeline on

the development of an alternative means of cooling.'®

Rather than refining this energy-intensive and inefficient system and adapting it to
function without HCFCs, it can instead be replaced with a solid-state refrigeration system. The
first potential solid-state refrigeration system is a thermoelectric system relying on the Peltier
effect, wherein thermal energy is absorbed or released as current moves from a low energy state
in a p-type semiconductor material to a higher energy state in an n-type semiconductor material
at a p-n junction, or vice versa.'® Dependent on the energy being absorbed or released, which is
controlled by the direction of the applied current, the system can be used for either heating or
cooling. Although this eliminates the need for the evaporator, condenser, and HCFC, the
efficiency of a thermoelectric refrigeration system is even lower than a VCRS. Because the
conversion of current to heat in a thermoelectric is only about 5% efficient, a thermoelectric

cooling system can only reach about 25% of a vapor-condensor system’s efficiency.®

1.2 Magnetocaloric Effect
Magnetic refrigeration is the second potential solid-state alternative. In this system, a

magnetocaloric material undergoes an adiabatic temperature increase when placed in a



magnetic field and an adiabatic temperature decrease when that field is subsequently removed
(Figure 1.1).1329-23 The temperature increase is a result of lattice vibrations increasing to counter
a decrease in magnetic entropy when the magnetic spin states align with the field, and the
decrease is the result of a decrease in lattice vibrations when those spin states randomize again.
This is known as the magnetocaloric effect (MCE). Whereas vapor-condenser refrigeration
systems reach a maximum of 45% of the theoretical ideal thermodynamic cycle, early

gadolinium-based magnetic refrigeration systems reached up to 60% of the theoretical

limit 13,21,24
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Figure 1.1 Diagram demonstrating the magnetocaloric effect as it relates to applications in a magnetic
refrigeration cycle.



The adiabatic temperature change observed in a magnetocaloric cycle is dependent on
the entropy change instigated by the manipulation of the magnetic field.?* Although magnetic
entropy change cannot be measured directly, it can be determined indirectly through the
measurement of the material’s thermal response to an applied magnetic field using Maxwell’s

Relations, as stated in Equation 1:

AS, (AH) = f:f (@)H dH )

6T
where M is the measured magnetization, T is temperature, and AH is the change in the applied
magnetic field (Figure 1.2).2%23 In addition to comparing ASn in discussions of magnetocaloric
materials, the Relative Cooling Potential, RCP, of materials is also often compared. RCP is

calculated by multiplying the maximum of the MCE curve (the maximum AS) by the full width at

half maximum (ATewnm), which is a measure of the working temperature range of the material.

ATFWHM

-AS (J/kgK)

Temperature (K)

Figure 1.2 MICE curve showing AS,, and the working temperature range, ATewum.



ASn can also be determined from the magnetic heat capacity’s dependence on the

applied field as described by Equation 2:

T c(T,H)—C(T,0
Ay, = fy SEREED g @)

where C(T, H) is the magnetic heat capacity measured at temperature T and field H.2%23 The
adiabatic temperature change of the material is related to the magnetic heat capacity and the
material’s thermal response to a magnetic field as shown in Equation 3.2222 While this is a more
direct measure of a magnetocaloric material’s potential for magnetic refrigeration than AS or
RCP, magnetic heat capacity is a long and involved measurement to obtain so this value is not

often used as a point of comparison for magnetocaloric materials.

AT, = — HT (6M

0 Cppy \OT

)H dH (3)

In order to maximize the adiabatic temperature change, and thus the cooling ability of
the magnetocaloric material, the magnetic heat capacity must be minimized and the change in
magnetic moment over a given temperature change — (6M/8T)y — must be maximized.?> The
Curie Temperature, T, of a material is the temperature where a ferromagnetic to paramagnetic
magnetic phase transition occurs. When this transition occurs, the magnetic moment drops
dramatically. At this temperature, then, (6M/6T)n and AS are maximized,; it is therefore ideal for
the T. of a magnetocaloric material intended for magnetic refrigeration to be close to room
temperature.?®?’ T, as well as Ty (Where the ZFC curve is maximized), and Tpif (Where the FC and

ZFC curves bifurcate) can be determined using an MT curve, where magnetization is plotted as a



function of temperature (Figure 1.3). The difference between Ty and Ty is indicative of the
distribution of the domain sizes. The more disparate the two values are the larger the range

between the smallest and the largest domain sizes.

----- Zero Field Cooled
Field Cooled

Magnetic Moment (emu/g)

Temperature (K)

Figure 1.3 Example Field Cooled and Zero Field Cooled MT curves with the points where Ty, Tpir, and T, are
determined labeled. The Zero Field Cooled curve is obtained by cooling the material in the absence of a
magnetic field. To obtain the Field Cooled curve a magnetic field is applied (100 Oe in this work) before

the material is cooled.
Above the Curie Temperature the magnetic susceptibility, X, of a material is described by

the Curie-Weiss Law (Equation 4). Magnetic susceptibility is a measure of how magnetized a

material will become in a given magnetic field. A material which perfectly obeys the Curie-Weiss

Law will show a perfectly linear curve above Tc in a plot of 1/X vs Temperature. A deviation from

linear behavior, which appears as a downturn in the 1/x vs Temperature curve, implies the



presence of a magnetically disordered phase. This magnetically disordered phase is described in

more detail in the section on Lanthanum Manganites below.?®

(4)

It is also worth noting that in magnetic nanomaterials shape of the particles can alter the
magnetic properties as a result of magnetic anisotropy.?>3° The magnetic response of spherical
particles, which have a symmetrical or roughly symmetrical shape, should be constant regardless
of the orientation of the particles in the magnetic field. Shapes as cubes or irregular shapes, will
have a slightly different response dependent on the incident direction of the magnetic field. The
axis where more magnetic field is required to elicit a magnetic response is called an easy axis.3%3?
Although powder nanoparticle samples will have random orientations of all particles, averaging
out the effect of anisotropy, the overall magnetic properties may be decreased compared to
spherical particles where no easy axes exist; magnetic hysteresis also increases with increased

anisotropy which negatively impacts applicability in magnetic refrigeration systems.3°

1.3 Magnetocaloric Materials

An ideal solid refrigerant material in a magnetic refrigeration system would possess a range
of attributes (Figure 1.4). Intuitively, a material needs to have the largest possible adiabatic
temperature change, AT, in small magnetic field changes in order to maximize the cooling
potential at fields that can be created in a commercialized system. As explained by Equation 3,
this is accomplished through maximizing AS at a low applied magnetic field (uH) and minimizing
C(T, H). The material must also have high thermal conductivity, allowing the heat generated to

be passed efficiently between the solid refrigerant material and the heat transport medium.332

7



The ideal material would also have little thermal hysteresis in the M(H) curves to maximize
reversibility. Because the material will need to undergo repeated hot-cold transitions over the
life of the refrigeration system, it must be thermodynamically and chemically stable over the
course of the cooling cycle and lifetime of the refrigeration system.!3222332 |n addition, the
monetary and environmental cost of sourcing the material’s components and creating the
material need to be comparable, if not better, than existing refrigeration systems. There are
several classes of magnetocaloric materials which have the potential to satisfy these

requirements and have shown particular promise as solid refrigerants.

. : Physical :
Magnetic Properties ysice Lifespan Cost
Properties
L
: 0 G
MAT, | DAS, 4 C, | T.nearRT H;]f’st“:r(;)is E]:,.fdlicctur.ﬁ\l: O’;ET;T,;; Chemical | Thermal | | Material | Synthesis
Stability | Stability
|

Figure 1.4 Necessary attributes for an effective magnetocaloric material intended for use in a magnetic refrigerator system.

1.3.1 Alloy Materials

Paramagnetic salts were first observed to have magnetocaloric properties by Warburg in
1881.333% Using the paramagnetic salts for magnetic refrigeration was first described by Debye
and Giauque in 1926, and the first cooling systems were created by Giaugue and MacDougall in
1933.23373> A|l of this was done at temperatures below 20 K where the paramagnetic salts

undergo their phase transition. In the 60’s, it was discovered that rare earth elements were



magnetocaloric, with Gd having the largest AS near room temperature. Unfortunately, Gd is an
expensive material and easily oxidizes,?®>?® making commercialization impractical. Other rare
earths, though they have appreciable AS values and are slightly less expensive, have T, values far
below room temperature (though still higher than the paramagnetic salts studied initially).
Despite their magnetocaloric properties, no rare earth elements are the safe, chemically stable,

widely available, and inexpensive material needed to commercialize magnetic refrigeration.3®

In order to address these problems with using rare earth elements in commercial
refrigeration, several materials, such as Ni-Mn-Ga (Heusler) alloys, FeRh alloys, La-Fe-Si materials,
and gadolinium silicides, have been explored (Table 1.1).121321.32 These all have appreciable AS
values and a near room temperature Tc. Heusler alloys are compounds of the formula X,YZ, where
X and Y are transition metals and Z is a p-block element, with face-centered cubic structure.
Heusler alloys have been demonstrated to possess maximum AS values of up to 144 J/kgK at
MH=5T and T. values tunable to room temperature. Gadolinium silicides of the formula
Gds(SixGei1x)a have been shown to have maximum AS values as high as 40 J/kgK at uH=5 T with T
values tunable via the ratio of Si to Ge.?® Bulk FeRh alloys have a body-centered cubic crystal
structure, maximum AS of up to 9.7 J/kg K at uH=3 T, and a T. tunable through the Fe to Rh ratio
(Figure 1.5).3738 La-Fe-Si alloys of the formula La(FexSiix)13, with additional dopants taking the
place of the Fe or Si in some materials, have maximum AS values of up to 12.5 J/kgK at uH=2T.
Tc in these alloys is tunable through varying the amount of hydrogen that has been absorbed to

form hydrides.3>%!
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Figure 1.5 Crystal structures for a variety of magnetocaloric materials.



Although gadolinium silicides, FeRh, La-Fe-Si, and Heusler alloys demonstrate promising
magnetic properties, these materials are generally produced through arc melting, solid phase
reduction, or other more complex methods. These methods generally require a high
temperature, multiple-day annealing step in an inert atmosphere to ensure a single, unoxidized
phase is created.?”*2 Without this long high temperature step the extraneous phases significantly
decrease the MCE of the resultant material.!3%? A material with a simpler and inexpensive
synthesis method which could be easily scaled up that doesn’t depend on the scarce and
expensive gadolinium or rhodium elements is needed in order to increase applicability for

commercial use.2%32

Table 1.1 Magnetocaloric materials created via arc melting and their figures of merit.

Material T (K) AS (J/kgK) uH (T) Ref.
Gd 295 6.1 2 43
GdsSi1.72Gez.28 246 40 5 13
NigosMnas5.4Gazsa | 177 90 1.3 42
FesoRhso 368 9.7 3 37
La(Feo.88Sio.12)13 203 12.5 2 39

1.3.2 Lanthanum Manganites

Another promising group of materials is lanthanum manganites, derived from the perovskite
LaMnQsand of the formula LaxA1-xMnQs (Figure 1.6), which began to garner interest as potential
magnetic refrigeration materials in the mid-90’s.*4*> They had previously been studied for their
magnetoresistance properties when a sharp drop in magnetic moment at the Curie temperature
(large AM/AT) suggested potential for a large magnetic entropy change. Initial studies pursuing
manganites as an alternative demonstrated wide working temperature ranges, appreciable AS
values, and tunable T values giving manganites promise as magnetic refrigerants.446-48

11



In the crystal structure, lanthanum can be substituted at the a-site for a wide range of ions

(Ca?, Sr?*, Ba%*, Na*, K*, etc) in order to affect the magnetic properties of the material (

12



).3134249 These properties arise from Zener double-exchange interactions between the Mn
ions across the Mn-O-Mn bond (Figure 1.7), where electrons can pass back and forth between
Mn eg orbitals through the 0% 2p orbitals.>>>! The 0% can pass one of its electrons to the Mn*
orbital without a spin state change. The vacancy can then be filled with the electron in the Mn3*
orbital, once again without the spin state changing. This differs from super exchange, wherein no
mismatch exists between the two Mn ion oxidation states so the electron must change spin states
as it passes across the bond. Though super exchange also leads to a magnetic phase change the

transition isn’t as sharp and the resulting AS value is lower.4>5%53
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Table 1.2 Various doped and double-doped manganite materials with their synthesis methods and
magnetocaloric figures of merit.

Material | Synthesis Crystallite Size T. (K) AS (J/kgK) uH (T) Ref.
Method (nm)
LCMO
Lao.s0Caop.20MnO3 Sol-gel NR 230 5.5 1.5 54
Lao.75Cap.25Mn0Os Sol-gel 300 224 4.7 1.5 =
Lao.75Cap.2sMn0O3 Sol-gel 120 177 2.0 1.5 55
Laps7Cap33Mn0O3 Sol—gel NR 257 4.3 1.5 e
Lap.s5Cap.45sMn0O3 Sol-gel NR 234 2.0 1.5 54
Lao.60Caop.4oMnO3 Sol-gel 45 258 2.3 5 EE
Lao.s0Cap.40MnQOs Sol-gel 70 269 3.5 5 56
Lao.s0Cap.40MnQOs Sol—gel 122 272 5.8 5 =
Lao.60Caop.aoMnO3 Sol-gel 223 270 8.3 5 56
LSMO
Lao.80Sr0.20Mn0O3 Ceramic Bulk 305 7.9 7 3
Lag,75$rg,25Mn03 SO'-gE| NR 340 1.50 1.5 =
Lape7Sro.33Mn0Os3 Thin Film 348 1.69 5 58
LNMO
Lao.9oNao.10MnQOs Sol—gel NR 218 1.53 1 59
Lao.soNao.20MnQOs Sol-gel NR 334 1.52 1 =
Double-Doped
Lao.75Ca0.1255r0.12sMn0O3 Sol-gel NR 282 1.5 1.5 2
Lao.60Ca0.205r0.20MnO3 Ceramic 337 1.96 1 60
Lao.60Cao.20Na0.20Mn0O3 Sol-gel 275 2.52 3 el

The perovskite has an MnOg octahedra which experiences Jahn-Teller distortion, wherein the
symmetry and degeneracy of an orbital is broken by the compression or elongation of the bonds
in the octahedra in order to decrease the overall energy and stabilize the molecule. As the Mn-
O-Mn bond bends, JT distortion is enhanced, and the electronic bandwidth decreased.®27%° This
effects the energy levels of the orbitals involved in Zener double exchange and the subsequent
magnetic properties. Due to the lattice distortion, there are three different Mn-0 bond distances,
referred to hereafter as Mn-01, Mn-02 (s), and Mn-02 (l), and two different Mn-O-Mn bond

angles, referred to as Mn-O1-Mn and Mn-02-Mn.
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Because changing the energy requirements for Zener double exchange alters the magnetic
properties, the MCE of lanthanum manganites can be affected by altering the Mn-O-Mn orbital
overlaps through changing the Mn-O-Mn bond angles and distances as well as tuning the Mn ion
oxidation states, namely the relative amount of Mn3* versus Mn% 349516567 Generally, AS
increases as the average a-site radius decreases due to changing lattice parameters and orbital
overlap.13576168-73 The interactions between neighboring atoms in the crystal structure can also
be affected by the coordination number of each atom. When a magnetic phase transition is
occurring, as each spin state aligns with the magnetic field it influences its nearest neighbors and

a cascade of alignment occurs. Thus, the Curie Temperature and AS are influenced by:

1) how close the neighbors are (influenced by the Mn-O-Mn bond distance and angle)’476

2) the number of electrons available to exchange versus locations for them to exchange into
(Mn ion oxidation states) 74~7®

3) the contribution of surface atoms and holes in the crystal lattice, which decreases the
coordination number of involved Mn atoms by changing how many neighbors they

have’476

It has also been demonstrated that the magnetocaloric properties can be further tuned by
entering the nanoscale, specifically allowing for the amount of hysteresis in the M(H) curve and
the width of the MCE curve to be tuned with minimal change to the maximum AS or T
values.>®”’=72 Because the magnetic properties of lanthanum manganites occur as a result of
electron exchange across the Mn-O-Mn bond, which is dependent on orbital overlap and the way
two manganese ions can interact, distortion of the lattice at the surface of the materials

eliminates the magnetic properties there. This creates a magnetically disordered phase at the

16



surface of lanthanum manganites, particularly in smaller nanoparticles, called the Griffith’s
phase. The presence of this phase has been demonstrated to increase T, decrease the maximum
AS, and increase the width of the MCE curve and the working temperature range. A plot of inverse
magnetic susceptibility (X) versus temperature which has a downturn deviating from the Curie
Weiss Law confirms the presence of a Griffith’s phase. (Figure 1.8).2880-8 The material should go
from ferromagnetic to paramagnetic at T., which would lead to a straight line in the 1/X plot
above the Curie Temperature. When a magnetically disordered phase is present there exists a
portion of the material which isn’t paramagnetic above T, so perfectly paramagnetic behavior

doesn’t dominate until a higher temperature, T, when a straight line appears.’%86-88
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Figure 1.8 A plot of the inverse magnetic susceptibility vs. temperature showing the Curie Temperature,
T., and the Griffiths temperature, Ts. Between T. and Ts the downturn in the plot is indicative of a
deviation from paramagnetic behavior caused by the presence of a Griffith’s phase. The inset is a

pictorial representation of the magnetically disordered Griffith’s phase surrounding the magnetically
ordered core.
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Although they contain the rare earth metal lanthanum, lanthanum is significantly more
abundant and less costly than the rare earths seen in the alloys discussed above. Additionally,
the synthesis of manganites, particularly a sol-gel synthesis for creating nanoscale materials, is
simpler and easier than the techniques mentioned above for other materials. The sol-gel
synthesis of manganese oxides eliminates the need for high temperatures or an inert atmosphere
and requires only environmentally friendly precursors.>!3 Entering the nanoscale through a sol-
gel synthesis has the added benefit of creating a more symmetrical MCE curve and a wider
working temperature range.>*%566 Lanthanum manganite nanoparticles, therefore, hold unique
promise for application in magnetic refrigeration as they have valuable and tunable magnetic

properties and can be easily and inexpensively synthesized for commercialization.

1.4 Pechini Sol-Gel Synthesis

By using a sol-gel method as opposed to solid state reaction techniques to create lanthanum
manganites the sintering temperature requirements are lowered and the potential for scale-up
is increased. The Pechini sol-gel synthesis, patented in 1967 by Maggio Pechini, differs from a
typical sol-gel synthesis in the use of metal nitrates, carbonates, or acetates dissolved with a
chelating agent in an aqueous environment, as opposed to alkoxide precursors used in a typical
sol-gel synthesis.83 In the original Pechini method, a-hydroxycarboxylic acids were specified as
the necessary chelating agent,®® but others have since been shown effective to varying
degrees.?>9%°4 Citric acid is the most commonly used acid as it can chelate cations that aren’t
monovalent and may otherwise be hydrolyzed in the aqueous solution.®® The addition of a
polyhydroxyl alcohol, most commonly Polyethylene Glycol (PEG), follows the addition of the citric
acid, nitric acid, and metal precursors in order to promote gelation when heated to 100 °C.

18



Transesterification of the chelating agent and polyhydroxyl alcohol creates an organic matrix with

the metal ions dispersed throughout ().

Chelation of metal ion with citric acid
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Figure 1.9 Scheme of sol-gel synthesis chelation and esterification stages.

Upon further heating to burn off the organic content a hard, homogeneous, polyester resin
is created with the original stoichiometric amounts of the metal precursors preserved. The resin
is then calcined to induce crystallization. The result is a nanocrystalline powder (Figure 1.10).
Changes such as variations in the chelating agent, polyhydroxyl alcohol, and sintering
temperature, and the elimination of the decomposition stage can all be found in the literature,

though a systematic study of the effects of these changes has not been performed prior to this

work 89-91,94-96
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metal precursors and polyhydroxy b metal precursors and polyhydroxy
alcohol dissolved in an aqueous alcohol dissolved with a chelating
environment agent and nitric acid

v v

esterificationat 100 °C - 150 °C esterificationat 100 °C - 150 °C
v v

decomposed at 300+ °C Crystallization at 900+ °C

v

crystallization at 600+ °C

Figure 1.10 Flowcharts showing the standard Pechini method (a), and the modified method used in this
work (b). Notable differences are in bold.

This method has been modified previously to include nitric acid in order to increase the acidity
of the solution and promote better esterification.>®9>°7%8 |n this work, the resin formation and/or
decomposition stages have been omitted, which has been demonstrated advantageous to the
magnetic properties of the resultant material.#>%°7-100 An examination of an intermediary
decomposition stage is carried out in Section 5.7 Standard synthesis parameters used in this work

were:

e citric acid at a concentration of 0.26 M
e PEG (MW 600) at a concentration of 0.08 M
e manganese (ll) acetate tetrahydrate at a starting concentration of 1 M

e lanthanum (lll) nitrate hexahydrate at starting concentration of 0.6 M
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calcium carbonate, sodium carbonate, strontium nitrate in stoichiometric amounts

10 mL of nitric acid

e prompt removal from heat after gelation

sintered at 1000 °C for 10 hours and cooled slowly

1.5 Characterization Techniques

A wide variety of characterization techniques are necessary in order to characterize the
synthesis itself, as well as the chemical composition, physical features, and magnetic behavior of
the resultant materials.’102 The purpose of this section is to outline the characterization
techniques used. Because some techniques are more ubiquitous than others some have been

described more rigorously (Table 1.3).

Table 1.3 Techniques employed in the presented work and their respective uses.

TECHNIQUE ADVANCED USE
TECHNIQUE(S)
X-RAY DIFFRACTION (XRD) in-situ XRD Phase determination,
Rietveld Refinement crystallite size, lattice
Scherrer Calculation parameters
VIBRATING SAMPLE Magnetic property
MAGNETOMETRY (VSM) determination
SCANNING ELECTRON Particle or aggregate size
MICROSCOPY (SEM) and surface texture
determination, elemental
mapping
LASER ABLATION - INDUCTIVELY Elemental composition

COUPLED PLASMA — MASS
SPECTROMETRY (LA-ICP-MS)

DIFFERENTIAL SCANNING Heat capacity, thermal
CALORIMETRY (DSC) stability

THERMAL GRAVIMETRIC Infrared Spectroscopy Thermal stability
ANALYSIS (TGA) (TGA-IR) Identity of evolved gases
X-RAY PHOTOELECTRON Element oxidation states
SPECTROSCOPY (XPS)
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1.5.1 Powder X-Ray Diffraction (XRD)
Powder X-Ray Diffraction (XRD) is used to analyze the crystallinity, lattice parameters,
crystal structure, and average crystallite size of materials. In XRD, x-rays striking the sample are

scattered and diffracted according to Bragg’s Law (Equation 5):

nA = 2dsin6 (5)

where nis an integer, A is the incident x-ray wavelength, d is the distance between crystal planes,
and 0 is the angle of incidence of the x-rays. As values of 0 are scanned, diffraction occurs for
each of the crystal planes present in the sample.1%3-1% These have been catalogued in databases
such as the International Center for Diffraction Data (ICDD).1%® Comparison of analyte patterns to
this database allows for the determination of the crystal phase(s) present in the sample and
indexing of peaks.1%6-1% Advanced analyses for the determination of crystallite size and lattice
parameters, as well as in-situ measurements in elevated temperatures or under various
atmospheric conditions, are also possible.103-105107-113 The diffractometer used for this work was
a Panalytical X’Pert Pro MPD Diffractometer equipped with a spinner stage and a zero-
background silicon holder (single scan; 20° < 26 > 90°; 0.010° step size; 1 s/step). PDF-2 ICDD
Library 2004 Release pattern 00-046-0513 (Lao.s0Cao.40Mn03), which was used for comparison for

materials created in this work, is shown in Figure 1.11 with the most intense peaks indexed.
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Figure 1.11 Simulated XRD pattern from PDF-2 ICDD Library 2004 Release 00-046-0513 reference
pattern.

1.5.1.1  Scherrer Analysis

Scherrer analysis allows for the determination of average crystallite size. Theoretically, a
diffraction peak for a perfect crystal system would have a width of zero because of a constant
interplanar distance, d.197:1% Experimentally, diffraction peaks have non-zero widths as a result
of instrumental line broadening, which can be determined by running a standard and then

subtracted out of experimental patterns, and size effects prevalent in nanoscale systems.%’
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Crystallite size is inversely proportional to peak width and can be determined using Scherrer’s

formula (Equation 6):

) KA
slze = ——— (6)
FWHM cos 6

where K is the Scherrer constant, which typically falls between 1.0 and 0.9 and is dependent on
the crystal structure of the analyte, A is the wavelength of the incident x-rays, FWHM is the full
width at half maximum intensity of one diffraction peak (subtracting out instrumental
broadening), and 0 is the angle of the incident x-rays.1%® Although this is a powerful and useful
tool, it must be noted that this calculation is biased toward the largest crystals. Large crystallites
have the highest degree of crystallinity and more greatly affect peak broadening than any small
crystals present in the sample.193110111 Scherrer analysis in this work was carried out using the

Scherrer Calculator feature in X’Pert High Score Plus analysis software.

1.5.1.2 Rietveld Refinement

Another powerful XRD tool is Rietveld Refinement. In this technique, standard phase
parameters such as space group, lattice parameters, and atomic positions are used to model the
phases determined to be present in the sample.12114115 patterns in this work were compared to
PDF-2 ICDD Library 2004 Release, PDF reference number 00-046-0513. The model is then
compared to the experimental data using computer software (X'Pert High Score Plus) and
through refinement reasonably accurate phase percentages, bond distances, bond angles, and
lattice parameters can be determined.!'21141> Error arises in both Rietveld refinement and
crystallite size determination from line broadening due to small crystallites (exacerbated when a

sample has very small crystallites or when a few large crystallites are present in a sample with

24



mostly small crystallites) and deviations in peak positions of up to 26=0.01° due to inherent
instrumental error. Error in lattice parameters is =0.002 A; error in bond distances and angles is
=0.02%, dependent on the error in the atom positions for the referenced pattern in addition to

the instrumental and peak position error mentioned above,10%112,115116

1.5.2 Vibrating Sample Magnetometry (VSM)

Vibrating Sample Magnetometry is used to measure the magnetic properties and
responses of a material. The sample is vibrated at a constant frequency in between two pick up
coils with a magnetic field applied perpendicular to the vibration axis. The resulting magnetic flux
creates an electric potential through Faraday Induction which is proportional to the material’s
magnetic moment. 1177120 Through manipulation of the applied temperature and field important
values such as the Curie Temperature (T.), magnetic entropy change (AS), magnetocaloric
working temperature range (ATrwnm), magnetic saturation (Ms), and magnetic domain size (ds),
as well as a measure of the magnetic domain size distribution (difference between T, and Tyi)

can be determined.

All VSM measurements were obtained using a Quantum Design DynaCool Physical Property
Measurement System (PPMS) with a Vibrating Sample Magnetometer Option. Unless otherwise
stated, Zero Field Cooled (ZFC) and Field Cooled (FC) M(T) curves for the determination of T.
(taken as the temperature where (6M/&8T)u is maximized in the FC curve), T, (taken as the
temperature where the ZFC curve is maximized), and Tpir (taken as the temperature where the
FC and ZFC curves deviate) were obtained from 50K to 300K at 100 Oe (Figure 1.3); M(H) curves

for the calculation of AS (calculated according to the equations given in Chapter 1), ATrwum
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(taken as the full width at half maximum of the AS curve) were obtained from 220K to 320K at

5K intervals over an applied field of 3T (Figure 1.2). ds was calculated using Equation 7:

1
ds = | (o) G oo "

where kg is Boltzmann’s constant, Py is the density, T is the temperature (220K used in this work),

Ms is the magnetic saturation (found using the M(H) curve taken at 220K across 3T), and
(AM/AH)u<o is the slope of the 220K M(H) curve at H=0 (Figure 1.12).12° Any deviations from

these parameters are described in the relevant “Experimental Details” sections for each chapter.
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Figure 1.12 Example MH curve used to find M, (AM/AH )u=0, and AS.
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1.5.3 Scanning Electron Microscopy (SEM)

Because the size and shape of a magnetic particle can appreciably alter the magnetic
properties, determination of particle size and shape is important.'?%122 Although crystallite size
can be determined using XRD,%7108 and magnetic domain size can be determined from magnetics
measurements,3! these are not always indicative of particle size and do not give information
regarding surface texture (Figure 1.13). Imaging of the particles is therefore necessary. A
Scanning Electron Microscopy image is created by mapping the electrons scattered off the
surface of the sample.??3712> This allows for visualization of particle size, any amorphous material
present, surface texture, and overall shape. All SEM images in this work were obtained on a
Hitachi SU-70 FE-SEM at an 8-10 mm working distance with a beam energy of 5 kV after sputter

coating with Au. Samples were mounted to SEM pucks using double-sided carbon tape.

‘ Particle

(] —

—

Figure 1.13 Depiction of magnetic domain, crystallite, and particle.



1.5.4 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS)

Inductively Coupled Plasma (ICP) techniques, both ICP-Mass Spectrometry (ICP-MS) and
ICP-Optical Emission Spectroscopy (ICP-OES), are commonly used for the determination of the
chemical formula of materials. In the general methods, the samples must be dissolved, usually in
a weak nitric acid solution.'?®1?7 This presents a challenge for materials which do not readily
dissolve. Solid samples can be more easily analyzed by adding laser ablation to the ICP-MS
technique, creating LA-ICP-MS.125127 powder samples in this work were pressed into 13 mm
pellets and analyzed using an NWRfemto laser ablation system and an Agilent 7900 ICP-MS (20
sec laser pulse; 30 um diameter; 30 Hz rep rate; 8 J/cm power) using internal standards for

comparison.?®

1.5.5 Differential Scanning Calorimetry (DSC

Differential Scanning Calorimetry (DSC) measures the difference in the heat flow required
to raise the temperature of a sample and a reference material; that difference is plotted as a
function of temperature. Endothermic events show a negative peak in the heat flow vs.
temperature plot whereas exothermic events exbibit positive peaks. In the final stages of the sol-
gel synthesis of lanthanum manganites, potential events are evaporation of water,
decomposition of the gel’s organic components, melting, and recrystallization. A Thermal
Analysis DSC model Q200 was used in this work for in-situ characterization of the gel
decomposition and sintering stages of the synthesis. Operating temperature was 25 °C to 600 °C
and analysis was carried out in aluminum analysis pans under a nitrogen atmosphere with a ramp

rate of 10 °C/min.
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Figure 1.14 Example DSC curve with important features labeled.

1.5.6 Thermal Gravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) monitors the mass of a sample as its temperature is
changed. Percent mass is then plotted as a function of time or temperature in order to monitor
the evaporation or decomposition of water or organic material, or any oxidation if the analysis is
performed under air (Figure 1.15). The addition of Infrared Spectroscopy (IR) on the evolved
gases, creating a combined technique called TGA-IR, allows for identification of the
decomposition products and evaporated gases (Figure 1.16). The TGA-IR setup used for this work

was composed of a Thermal Analysis 500 TGA and Nicolet 6700 FTIR. Analyses were performed
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under nitrogen in sealed aluminum pans. TGA temperature range for characterization of the
decomposition stage was 25 °C to 200 °C. For characterization of the sintering stage the upper
bound was increased to 600 °C. The FTIR cell and transfer line were set at 200 °C and the analysis

was performed between wavenumbers of 500 cm™ and 4000 cm™.
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Figure 1.15 Example TGA curve with two weight loss steps which could be from the loss of water (step 1)
and decomposition of organic content (step 2).
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Figure 1.16 Example IR curves which could correspond to the example DSC curve given above. (a) shows
what the IR spectrum collected during the first weight loss step may look like, which only H,O present in

the spectrum. (b) shows the second weight loss step where CO; is also being detected as a result of
organic decomposition.
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1.5.7 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) characterizes the oxidation state(s) of the
present elements. The surface of the sample is irradiated with x-ray light which excites the core
electrons. The energy of those electrons is equal to the energy of the incident light minus the
electron’s binding energy, which is unique to the element and energy level. Higher measured
binding energies correlate to more electronegative atoms and more positive oxidation states.
The XPS instrument used in this work was a PHI VersaProbe Ill Scanning XPS Microprobe and data
processing of the collected spectra, including peak deconvolution and oxidation state

quantification, was completed using CasaXPS software.?®

1.6 Summary of Objectives

The goal of this work was to develop a material that has potential in a practical magnetic
refrigeration system by maximizing AS near room temperature. This was done by doping LCMO
materials at the a-site and altering synthesis parameters to affect changes in the Mn-O-Mn bond
angles and distances, Mn oxidation states, and nanoparticle crystallite sizes. Some key objectives

were:

- Introduction of a-site size disorder through substitution of Sr?* in place of Ca?* in the
Lao.sCao.sMnOs crystal structure in order to tease out the effects of lattice parameters
and strain on the magnetic properties®

- Tuning of Mn ion oxidation states through substitution of Na* in place of Ca%* in order
to determine specifically the effects of Mn oxidation state, absent of appreciable

lattice parameter effects, on the relevant magnetic properties®

32



Tuning and optimization of synthesis parameters such as chelating agents, sintering
time, cooling rate, and sintering temperature and examination of the effects of these
parameters on the magnetocaloric properties which would result from the induced
changes in crystallite size

The application of the findings relating to Laoes-based materials to Lao.s-based

materials’
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2 Altering Primarily the Mn-O-Mn Bond Distance and Angle Through
Strontium Substitution

2.1 Overview

The work of Zener et. al demonstrated that the magnetic properties of lanthanum
manganites are determined largely by the manganese oxidation states and the Mn-0O-Mn bond
angles and distances. The bond distances and angles affect the d-orbital overlap and therefore
change the energy required for electrons to be passed across the Mn-O-Mn bond. A smaller bond
angle increases orbital overlap, thereby increasing interactions.>® Size disorder at the a-site
affects this bond angle, enabling tuning of the magnetic properties. This disorder is introduced
and tuned by doping of the a-site with Ca?*, Sr?*, Ba%*, and Na*, which have ionic radii of 114 pm,
132 pm, 149 pm, and 116 pm, respectively. Because LCMO materials have been shown to have
the highest values of AS, but LSMO and LBMO materials have more favorable T. values, doping
LCMO materials with an additional cation has the potential to correct T. while maintaining a
useable AS.3136869,130-133 |ntroducing Sr?* into LCMO nanoparticles synthesized via a modified
Pechini sol-gel synthesis showed the anticipated decrease in AS, but without further synthesis
modifications T¢ did not change.* Because Sr?* and Ca®* have significantly different ionic radii but
the same oxidation states, replacing Ca?* with Sr?* affects the bond distances and angles without

altering the Mn oxidation states.

2.2 Experimental Details

The modified Pechini sol-gel synthesis was carried out as described in section 1.4, with the

standard citric acid and 10-hour sinter time at 1000 °C parameters used. The calcium carbonate
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precursor was substituted out for strontium nitrate while maintaining a constant stoichiometry
of Ca?* and Sr?* together to promote the creation of LaosCaxSro.sxMnO3s materials. Recipes for x
= 0.4 (LCMO parent), 0.32, 0.24, 0.16, 0.08, and 0 (LSMO parent) were used. Because the Sr?*
was not incorporated into the material as effectively as the Ca?* only the parent compounds were
created with the same ending formula as initial stoichiometric amounts of precursors. The
intermediate compounds, where both Sr?* and Ca?* were included in the synthesis, had a greater

final amount of calcium than set up by the initial stoichiometry.

Analysis of the samples was done using XRD, LA-ICP-MS, and PPMS with no deviation from
the parameters described in the Characterization Techniques section. The collected XRD patterns
were compared to PDF-2 ICDD Library 2004 Release, PDF reference number 00-46-0513; Rietveld
Refinement and Scherrer analysis were performed. M(T) and M(H) curves were acquired and T,

Tb, Toit, and AS were calculated as described previously.

2.3 Results and Discussion

XRD and ICP data show that only the x=0.4 and x=0 (the LCMO and LSMO parent
compounds, respectively) recipes produced the anticipated material. The recipes for the x=0.32
and x=0.24 materials produced materials where x=0.39 and x=0.32, respectively, meaning Ca?*
was incorporated more effectively than Sr?*. This carries forward more dramatically in the x=0.16
and x=0.08 recipes where the amount of Sr?* in the starting solution was much greater than the
amount of Ca?*. Because it could not be effectively incorporated, skewing the stoichiometric
ratios of lanthanum to the dopants, the materials produced were in the Lao.s0CaxSro.2«MnOs

family, where x=0.15 and x=0.13. The T value for Lag.sCap.MnO3 compounds is even further from
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room temperature than for Lap.sCao.sMnQOs materials, so the unintended materials were set aside

and further analysis was not carried out (Figure 2.1).13

—x=04
— x={0.39
— x=0.32
— x=0

. U S W

Intensity {a.u)

— x=0.150
—x=0.130

Intensity (au)

Figure 2.1. XRD patterns collected for the materials where Sr was substituted in place of Ca. When Ca
was more concentrated than Sr in the precursor solution LagsCaxSro.4«MnOs materials were successfully
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synthesized where x=0.4, 0.39, 0.32 and x (a). When Sr was present in larger quantities than Ca
Lao.sCaxSro.2xMnOs materials were created (b).

The Lao.sCaxSro.axMnO3 materials exhibit excellent phase purity, with the exception of the
x=0.32 sample. The aberrant peak at 26=38° is likely from LaMnQs. Through comparison with
ICDD patterns calcium oxide, manganese oxide, lanthanum manganese oxide, and other LCMO
formulas have all been eliminated as contaminants as none of them provide a match for the peak
at 38°. Although LaMnOs does have a peak at the appropriate location, the intensities of the other
peaks appear to be too small to be present in the experimental pattern. This makes identification
less definitive. In addition to phase purity analysis, Scherrer calculations and Rietveld Refinement
were carried out to determine average crystallite size and lattice parameters (Table 2.1). As
strontium content increases, the lattice parameters increase, with the exception of the “a” lattice
parameter for the x=0.32 material. This demonstrates distortion of the lattice which is likely

responsible for the shifting magnetic properties.

Table 2.1. Rietveld Refinement and Scherrer Calculator results from XRD data showing how crystallite
size decreased as Sr was incorporated. The error on the lattice parameters is #0.002. The error on the
Mn-0O-Mn angles is #0.2

X Crystallite a(A) b (A) c(A)
Size (nm)

0.4 |70.2 5452 7.706 5.442

0.39 | 37.0 5482 7.756 5.445

0.32 | 324 5406 7.780 5.510

0 16.1 5,509 7.788 5.543

As strontium levels increase, Ms and maximum AS both decrease (Figure 2.2). Ms values
decrease from 97 emu/g to 33 emu/g; AS values decrease from 5.6 J/kgK to 1.5 J/kgK, which is a

73% decrease. This is congruent with the patterns seen in bulk LagsCao.sMnOs materials and in
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LCMO nanomaterials of other formulas.>'3134 Additionally, the maximum AS values observed are
comparable or even larger than those found previously in both bulk and nanoscale

systems.13°6134 Thjs suggests that shorter bonds and a smaller crystal lattice promote the MCE.
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Figure 2.2. (a) M(H) curves collected at 220K across 3T. Ms values are shown in (b). (c) AS curves
calculated at 5K intervals from 200K to 320K across 3T. As x decreases (Sr increases) Ms and AS both
decrease as is congruent with previous findings in the literature for bulk materials. Maximum AS values
are shown in (d)*
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The average magnetic domain sizes, ds, increase slightly with Sr content. The calculated
values were 6.76 nm (x=0.4), 7.45 nm (x=0.39), 10.08 nm (x=0.32), and 11.27 nm (x=0). The M(T)
curves were also used to calculate Ty, Toir, and Tyi-Tp for each material. Ty values were 239K, 230K,
242K and 230K for the x=0.4, x=0.39, x=0.32 and x=0 materials, respectively. Tpif values in the
same order were 269K, 260K, 269K, and 261K. Accounting for the 0.1% error in the PPMS
temperature measurement all Tpie-Tp values are ~30K, meaning the magnetic domain size

distribution is uniform across the synthesized materials (Table 2.2).

Table 2.2 Magnetic domain sizes, ds, Ty, and Ty, for each of the four strontium substitution materials.

X Tob Toit  Tuit-To  ds

0 239 269 30 6.76
0.32 | 230 260 30 7.45
0.39 | 242 269 27 10.1
0.40 | 230 261 31 11.3

Unlike the change in AS, the expected increase in T. as Sr?* was introduced was not
observed. For all four samples Tc remained constant at around 268 K (Figure 2.3). This is the
expected temperature for the LCMO material — based on studies of bulk LCMO the introduction
of strontium should increase T. from 268K.3 This can may be partially explained by the increased
presence of a Griffith’s phase as particle size decreases. A Griffith’s phase is confirmed by a
deviation from the Curie-Weiss law (Figure 2.4). Smaller nanoparticles have a more substantial
surface area to volume ratio and therefore a larger contribution to the overall properties by the
magnetically disordered shell. The x=0.4 material has two deviations from the Curie-Weiss Law
which suggests the presence of multiple ferromagnetic to paramagnetic phase transitions and

multiple competing magnetic phases above the Curie Temperature. The M(T) and 1/x graphs also
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never show a complete flatline at the Curie Temperature which would be indicative of a perfect
ferromagnetic to paramagnetic phase transition. This is potentially due to the x=0.40 crystallites
being very small despite there being no change in the magnetic domain size distribution and the
magnetic domain size being closer to the crystallite size. With fewer domains per crystal and
much smaller crystallites the magnetically disordered shell and competing magnetic domains

may not be averaging each other out as effectively for the smaller x=0.40 sample (Table 2.2).
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Figure 2.3 (a) FC M(T) curves for each of the Sr substituted LCMO materials used to obtain the T, value
for each material, which was ~268K in all cases. (b) shows the FC and ZFC curves for the x=0 and (c)
shows the FC and ZFC curves for the x=0.40 material, both with T, and Ty labeled.
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Figure 2.4 Inverse of magnetic susceptibility plotted against temperature for the x=0.4 (a) and x=0 (b)
samples along with the Curie-Wiess Law. The deviation near the Curie Temperature confirms the
presence of a Griffiths phase which may partially account for the lack of a change in T. expected as Sr is
introduced.
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The SEM images show a noticeable decrease in particle size congruent with the decrease
in crystallite size shown in the XRD. The particles, however, are considerably larger than the
calculated crystallite sizes suggesting that each particle is composed of multiple crystals (Figure
2.5). This further supports the conclusion that an appreciable Griffith’s phase is present and
contributing to the magnetic properties observed. It also appears that the particles may become
more spherical as opposed to irregularly shaped as Sr?* is introduced, which may alter the
anisotropy of the material and decrease the amount of magnetic hysteresis. Increasing the
Griffiths phase through smaller crystallites may be decreasing T, thereby offsetting potential

increases in T expected from the incorporation of Sr into the lattice.

SU70 5.0kV x100k SE(M)

SU70 5.0kV x100k SE(M) 500nm |SU70 5.0kV x100k SE(M)

Figure 2.5 SEM images for all Lao.c0CaxSro.axMnOs materials. Appearance and texturing are appreciably
different.
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2.4 Strontium Substitution Conclusion

As Sr?* concentration increases (x decreases), which is larger than the Ca?* it is replacing, the
lattice parameters and strain increase. The resultant increase in the Mn-O-Mn bond distances
and angles causes a decrease in AS from 5.6 J/kgK to 1.5 J/kgK as a result of the change in energy
required for Zener Double Exchange interactions to occur. Recent work done by Zhang and Xu at
North Carolina State University successfully predicted RCP using the lattice parameters alone,
supporting the conclusion given here that the incorporation of the strontium ion in place of
calcium and subsequent distortion of the crystal lattice leads to the change in AS.13>13¢ |t was
anticipated that this would be accompanied by an increase in T, based on literature findings,
which was not observed.*”* All samples have a T. of ~268 K, which is what is expected for the
LCMO parent.? This may be attributed to either a decrease in crystallite size as Sr?* is introduced,
the changing surface texture seen in the SEM images, or the absence of a change in the Mn
oxidation states. Future chapters will explore how each of those attributes affect the magnetic
properties of lanthanum manganites in order to understand what, if anything, is preventing the

expected change in Te.
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3 Altering Primarily Mn Oxidation State Ratio Through Sodium
Substitution

3.1 Overview

Introducing Na* in place of Ca?*, in contrast to incorporating Sr?* into the lattice as discussed
in the previous chapter, keeps the average a-site radius and lattice parameters comparable while
significantly altering the Mn oxidation states.>%>%6870.137 |t was therefore proposed that doing
each substitution in turn would elucidate the individual effects of the lattice parameters and Mn
oxidation states on the magnetic properties. The previous chapter demonstrated that altering
primarily the a-site cation average radius, in conjunction with an induced decrease in crystallite
size, decreased AS without appreciably altering Tc. In this chapter, substituting Na* (ionic radius
of 116 pm) into the lattice in place of Ca?* (ionic radius of 114 pm) is shown to change the Mn
oxidation states without affecting crystallite size or lattice parameters. This creates a less
dramatic drop in AS than what was seen in the Sr?* substitution as well as a significant increase
in Tc. This suggests that the Mn oxidation state is primarily responsible for determining T while

Mn-O-Mn bond distance and angle primarily dictates AS.>

3.2 Experimental Details

Lao.soCaxNaoaxMnO3 materials, where x=0.4, x=0.28, x=0.19 and x=0, were synthesized
following the standard sol-gel synthesis described in section 1.4 with a sintering temperature of
1100 °C. Similar to the Sr?* incorporation study, the starting ratios differed slightly from the
resultant ratios though not as dramatically — x=0.30 and x=0.20 were the intended values. This is

likely due to better affinity between citric acid and Na* compared to Sr?*. LA-ICP-MS data for
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formula confirmation, magnetics measurements for T. and AS determination, XRD patterns for
crystallite analysis, SEM imaging of particle size and surface texture, and XPS spectra for Mn
oxidation state quantification were all obtained based on the parameters discussed in the first

chapter.

3.3 Results and Discussion

As sodium content was increased (x decreases), the maximum AS value decreased, similar to
the response seen with the introduction of strontium, though far less dramatic. Whereas
introducing strontium decreased the maximum AS by 73% from 5.6 J/kgK (for the LCMO parent)
to 1.5 J/kgK (for the LSMO parent), introducing sodium only decreased AS by 33% from 4.1 J/kgK
to 2.8 J/kgK (Figure 3.1a). The T. values, meanwhile, show a considerable increase with
decreasing x (increasing Na*) not seen in the Sr?* substitution (Figure 3.1b). Additionally, T, and
Tuir are essentially the same for all four materials — the maximum of the FC curve occurs at nearly
the same temperature as the temperature where the FC and ZFC curves separate. This implies a
very narrow magnetic domain size distribution; the average magnetic domain size for all LCNMO

materials is ~10 nm.120.122,138
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Figure 3.1. MICE curves (a) and MT curves (b) for LaosCaxNao.a.xMnQOs materials. The major irregularity
just about 300K in the x=0 sample is the result of a measurement that stopped and restarted partway
through after power loss to the system.
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The change in T, and potentially some of the change in AS, can be attributed to the
alteration of the Mn oxidation states. Based on peak deconvolution performed on the Mn3s
peaks in the obtained XPS spectra an increase in the percentage of Mn** and decrease in Mn3* is
observed with an increase in Na* content (Table 3.1). As more “openings” for electrons to
transfer into present themselves with an increase in the percentage of Mn** and corresponding

decrease in Mn3*, T. increases from 265K to 333K.

Table 3.1. Mn®* and Mn**percentages and T, values for LCNMO materials.

X Mn3 (%) Mn* (%) Tc (K)
0.4 68.63 31.37 265
0.28 68.14 31.86 297
0.19 66.30 33.70 323

0 64.38 35.62 333

Based on the XRD patterns, crystallite size remains constant across the materials at ~40
nm. Lattice parameters are given in Table 3.2. Only the “a” lattice parameter increases
appreciably outside of the +0.002 A error, with the exception of the x=0 material, where the “b”
lattice parameter also sees an increase. It is worth noting that the peaks at 26=33° and 70° begin

splitting into two individual peaks as sodium content increases (Figure 3.2).

Table 3.2 Lattice parameters for Lao.eoCaxNao.sxMnOs materials.

X a (A) b (A) c(A)
0.4 5.457 7.700 5.450
0.28 5.460 7.701 5.442
0.19 5.482 7.700 5.448

0 5.496 7.741 5.449
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Figure 3.2. Complete XRD patterns (a), patterns focused on peak at 290=33° (b), and patterns focused on
the 29=70 peak (c).

The collected SEM images for all materials show particle sizes of ~500 nm, which implies
that each particle is composed of multiple ~40 nm crystals. All particles have a similar irregular
shape with soft edges and a textured surface. This contrasts with the trend seen when strontium
was incorporated, where the resulting particles got progressively smaller and more spherical
(Figure 3.3) and further supports the assertion that the primary influence on T¢ is Mn oxidation
state. Mn-O-Mn bond distance and angle appears to primarily affect AS as evidenced by the

smaller change in AS observed here compared to the strontium substitution series.

52



Ok SE(M)

53



KV x80.0k SE(M)

Figure 3.3. Scanning Electron Micrographs of Lao.coNao.4sMnOs (a), Lao.soCao.19Nao.2:MnOs (b),
LGo_soCGo_ngGanMﬂOg (C), and LGo_saCCIo,40MI’IO3 (d)

3.4 Na Substitution Conclusion

As the concentration of sodium was increased (x decreased) across the Lap.sCaxNao.s-xMnOs
materials, Mn3* percentage decreased from ~68% to ~64% and Mn** percentages increased from
~32% to ~36% creating additional Mn** “openings” for Mn3* electrons to transfer into. The
particle size, basic shape and texture, lattice parameters, and crystallite size, meanwhile,
remained constant. This suggests that T, which increased dramatically from x=0 to x=0.4, is
primarily controlled by the Mn oxidation states. When the results from the strontium substitution
are considered along with these sodium substitution results it can be surmised that Mn-O-Mn
bond distances and angles mostly affect AS, while T. is mostly dictated by Mn oxidation states.
This fits with the study mentioned at the end of the previous chapter wherein the RCP of
manganites was successfully modeled using only the lattice parameters.'3> In addition, literature
findings show that the introduction of iron in place of manganese at the b-site pushes T to lower
temperatures.!3°-141 By incorporating iron into the lattice the interactions between Mn3* and

Mn** are disrupted by the Fe3* and the result is a significant decrease in Tc. This further supports
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the conclusion that T¢ is more affected by Mn ion oxidation states and the energy required for

Zener Double Exchange to occur (and thus the AS value) is primarily affected by lattice distortion.
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4 Altering Crystallite Size and Magnetic Properties Through Synthesis
Optimization

4.1 Overview

In addition to the magnetic properties of manganite materials being dictated by the Mn-O-
Mn bond angles and distances and Mn oxidation states, entering the nanoscale introduces effects
due to crystallite size.?> Across previous studies, there is an appreciable level of variability in
specific synthesis parameters used and in how the Pechini sol-gel method has been modified for
creating lanthanum manganites. While these synthesis alterations have been studied to some
degree for other nanomaterials, no systematic study of the effects of various parameters on the
crystal size and structure, particle surface features, and magnetic properties of LCMO materials
has been completed.®® In the Pechini sol-gel synthesis of yttrium aluminum garnet materials, for
example, altering parameters such as sintering temperature, identity and concentration of the
chelating agent, and the time and temperature of the gelation step has been shown to change
the crystallinity, composition, and phase purity of the resulting nanopowders.®> The citric acid to
PEG ratio, sintering time, and other factors have also been demonstrated to change the surface
texture, crystallite size, and other important features of other sol-gel synthesized materials.%%4-
97 By systematically altering parameters at every stage of the synthesis method optimal
parameters for creating materials with a high AS and T. near room temperature may be

developed.

At the first stage of the synthesis, changing the chelating agent can affect the purity of the

product. Swapping out the chelating agent in the creation of YBa;Cuz07-5 (YBCO) nanopowders,
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for example, has been shown to affect the occurrence of a secondary BaCOs3 phase, with the use
of EDTA eliminating the BaCOs phase altogether; this implies that the nature of the chelating
agent and its ability to chelate the metals of the chosen material have a major impact on the
phase purity of the final product.}*? Altering the starting concentration of all precursors or the
molar ratios of the starting materials can affect surface texture and area, phase purity, crystallite
size, particle shape, or other features. Changing the pH in the creation of calcium hydroxyapatite
has been demonstrated to alter phase purity, grain size, and particle shape of the resulting
materials.’*® Surface texture and surface area in sol-gel synthesized TiO, has been altered
through molar ratios of starting materials and synthesis temperature.'** In addition, polyethylene
glycol of varying molecular weights has been analyzed in the creation of LagsCapsMnO3
nanomaterials. This was demonstrated to alter the maximum AS values, with PEG 600 leading to
the highest AS, followed by PEG 2000, then PEG 4000. This suggests that the higher the molecular
weight of PEG the lower the AS. T, however, was not affected by which PEG was used.®’ In the
work of Macedo et al. (2010), using gelatin and ethylene glycol was shown to be effective, with
better chelation between the citric acid and metal ions assumed to be the cause of the increased
crystallinity and homogeneity in the ethylene glycol products as opposed to the gelatin

products.#?

Because crystallization and particle formation both occur during the sintering stage, features
such as crystal homogeneity, defects, crystallite size and strain, lattice parameters, and surface
texture are all potentially affected by the sintering step of the synthesis. There is previous
evidence demonstrating the effect on crystallite size, though other features have not been

thoroughly analyzed. Increasing the sintering temperature of Lag.7Cao3MnQOs materials produces
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a decrease in T. correlating with increasing crystallite size.”®82%° Work with Lao.sCap2MnOs and
Lao.sCao.sMnOs nanoparticles similarly showed that an increase in sintering temperature created
larger particles, which increased the maximum AS and T. while decreasing the width of the MCE

curve.”®14¢ This has been attributed to tuning of the Griffith’s phase.

In this section, chelating acid identity, sintering time, sintering temperature, cooling rate after
sintering, starting concentrations of citric acid and PEG, reaction time, and starting volume of 4
M nitric acid were analyzed in pursuit of a set of parameters which create a product with the
highest possible AS and most optimal Tc. A material with these optimized parameters was also
synthesized and characterized using XRD, which showed a crystallite size of 150 nm. Assuming
this material does not unexpectedly break the patterns seen in this section, it should have a high

AS value and a T of ~280K.

4.2  Experimental Details

The parameters in the sol-gel synthesis described in section 1.4 were modified one or two
at a time. Parameters tested were chelating acid identity, sintering time, sintering temperature,
cooling rate after sintering, starting concentrations of citric acid and PEG, reaction time, and

starting volume of 4M nitric acid (

Table 4.1). The magnetic properties, particle appearance, and crystal structures were then
characterized for all the materials using PPMS, SEM, and XRD as described earlier in this work. All
materials were compared to the standard material created with citric acid, sintered for 10 hours

at 1000 °C (with the exception of the materials created with varying chelating acid species, which
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were synthesized at 1100 °C) and cooled slowly, with a citric acid starting concentration of 0.26

M, a starting PEG 600 concentration of 0.08 M, and a starting nitric acid volume of 10 mL.

Table 4.1. Synthesis parameters modified and the set points used.

Parameter Changed

Set Points

Chelating acid
identity

Sintering
temperature
Sintering time
Cooling rate after
sintering

Citric acid
concentration

PEG concentration

4 M nitric acid
volume

Citric acid, tannic acid,
fumaric acid, oleic acid,
oxalic acid

600C, 900C, 1000C,
1100C, 1200C

1hr,3hr,6hr,10 hr
Slowly in tube furnace,
quickly after removal

from tube furnace

0.05M, 0.13 M, 0.26 M,
0.39 M

0.04 M, 0.08 M, 0.16 M

5mlL, 10 mL, 15 mL, 20
mL

4.3 Results and Discussion

4.3.1 Chelating Agent

The chelating acids chosen were citric acid, tannic acid, fumaric acid, oleic acid, and oxalic
acid (Figure 4.1). Literature states an a-hydroxycarboxylic acid is needed. An a-hydroxycarboxylic
acid promotes chelation as well as the nucleophilic attack necessary for the esterification step to
occur, and multiple hydroxyl groups after chelation (a polybasic chelated complex) allows for
effective cross-linking.?%%#7 Citric acid both is an a-hydroxycarboxylic acid and is polybasic. Tannic

acid can be polybasic, to an extreme degree given the large quantity of available OH groups but
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is not a-hydroxycarboxylic. Fumaric acid and oxalic acid are both polybasic, but not a-

hydroxycarboxylic acids. Oleic acid is neither polybasic nor an a-hydroxycarboxylic acid.

O B
o @@@
o DL e

HO

T O

Figure 4.1 Chemical structures of (a) citric acid, (b) tannic acid, (c) oxalic acid, (d) fumaric acid, and (e)
oleic acid.

Regardless of the chelating agent used, all materials are phase pure (Figure 4.2), though the
oleic acid and oxalic acid materials show significant shifts in their lattice parameters (Figure 4.2).
Oleic acid has the smallest a and b lattice parameters and the largest ¢ parameter as well as the
smallest maximum AS; similarly, oxalic acid has smaller a and b lattice parameters and a larger ¢
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lattice parameter than the others and has the second smallest AS value. The comparably smaller
deviations between the lattice parameters of the other three materials do not directly correlate
to AS or Te.. This implies that small differences in the lattice parameters have little effect on the
magnetic properties. This correlates well with the sodium substitution work which suggested that
very small changes in the crystal structure were less important to the T value, and of only
minimal importance to the orbital overlap, exchange energies and subsequent AS value.
Crystallite sizes were 147.0 nm for citric acid, 125.8 nm for tannic acid, 87.6 nm for fumaric acid,
62.4 nm for oxalic acid, and 45.9 nm for oleic acid. Crystallite sizes appear to change independent
of whether the acid is polybasic, though citric acid, the only a-hydroxycarboxylic acid tested, lead

to the largest crystallites.

Table 4.2 Lattice parameters for materials synthesized with each of the tested chelating agents. Error is
+0.002 A. Oxalic acid and oleic acid show significant shifts in all three lattice parameters while all the
others remain comparable.

Material a (A) b (A) c (A)
Tannic 5.455 7.686 5.442
Citric 5.457 7.687 5.434
Fumaric 5.461 7.688 5.442
Oxalic 5.430 7.693 5.462
Oleic 5.426 7.745 5.478
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Figure 4.2 (a) Full XRD patterns for Lao.coCao.2oMnO3 nanoparticles synthesized with various chelating
agents. (b) XRD peak at 2T=33 showing a slight shift to the left and appearance of asymmetry in the oleic
acid sample.
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All materials have a Tc value of ~270K, with only the citric acid material being slightly higher
at ~272K, consistent with typical T. values for LaoeoCaos0MnOs (Figure 4.3a).3°1°697134 The
working temperature range, ATrwhwm, i also comparable across the materials at ~33 K. Only the
maximum AS changes when the chelating agent changes (Figure 4.3b). The oleic acid M(T) curve
has a far less sharp phase transition than the other four materials leading to a much smaller MCE
peak. Maximum AS values are 4.1 J/kgK for citric acid, 3.7 J/kgK for tannic acid, 3.1 J/kgK for
fumaric acid, 2.6 J/kgK for oxalic acid, and 1.1 J/kgK for oleic acid. Although some work has
suggested a connection between crystallite size and T.°%’88 the varying crystallite sizes
(calculated using the Scherrer calculator in X’Pert HighScore) seen in these materials only lead to

a change in T¢ with a significant increase in crystallite size (Figure 4.3c).
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Figure 4.3 (a) MT and (b) MICE curves for Lao.s0Cao.40MnOs materials synthesized with various chelating
agents. (c) Plot of crystallite size vs. maximum AS for samples made with various chelating acids which
demonstrates the direct relationship between the two variables.
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These crystallite sizes are supported by the collected SEM images (Figure 4.4). The images
also show a clear surface texture and particle shape difference when comparing the citric, tannic,
and fumaric samples with the oxalic and oleic samples. The oxalic and oleic samples are much
more spherical than the other materials, which would imply fewer easy axes and thus different
anisotropy. The citric acid sample in particular has very rigid edges and even the presence of
ridges or grooves on the surface of the particles. This morphological difference — shifting from
hard, rigid edges to rounded edges — correlates with the decreasing AS values which could

potentially be attributed to the change in anisotropy and number of easy axes.
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Fumaric

Figure 4.4 SEM images for materials synthesized with various chelating agents.
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4.3.2 Sintering Temperature

In previous literature, the only systematic study of sintering temperature for
Lao.eoCao.40MnO3 materials tested temperatures of 700 °C, 800 °C, 900 °C, and 1000 °C but did not
proceed to higher temperatures, which have been known to appear elsewhere in the
literature.>®140:148 To further examine the effects of the nature of the sintering stage, the sintering
temperatures were extended up to 1200 °C, with 600 °C, 900 °C, and 1000 °C repeated for
comparison. The sample prepared with a 600 °C sintering temperature shows an XRD pattern
with significantly more noise than the others, suggesting that sintering temperatures this low
create less crystalline materials (Figure 4.5). Crystallite sizes for the sintering temperature
samples are 15.8 nm for 600C, 97.3 nm for 900C, 58.3 nm for 1000C, 147.0 for 1100C, and 176.9
for 1200C. The 900C and 1000C syntheses were repeated a second time in order to verify
reproducibility of crystallite sizes and phase purity. No significant deviation was observed for
either of these materials. With the exception of the 1000C material, these crystallite sizes
increase with increasing sintering temperature (Figure 4.6). The 900C material shows a significant
shift to the left in the XRD pattern, which suggests a difference in the lattice parameters for that

material.
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Figure 4.5 XRD patterns, both full (a) and centered on the peak at 29=33° (b), for the materials created
at increasing sintering temperatures. All patterns show excellent crystallinity. The 600C sample has the
noisiest pattern and there is a shift to the left observed in the 900C pattern.
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Figure 4.6 Plot of sintering temperature and crystallite size showing an increase of crystallite size with
increasing temperature with the exception of the material synthesized at 1000C.

The M(T) curves collected suggest that an increase in sintering temperature leads to an
increase in crystallite size, with the exception of the 900C material which has a larger than
expected crystallite size and T.. A previous study suggested that increasing crystallite size
through sintering temperature (analyzing sintering temperature of 700 K to 1000 K) increased Te.
The Tc changes in that work are pretty minimal, however (only a 5 K difference from the lowest
to the highest) while the crystallite size changes are more dramatic (a 180 nm difference between
the largest and the smallest crystallites).>® The 900C and 1000C material created in the present
work have T, values comparable to the 270 K and 272 K values for the materials in the cited work
created at the same sintering temperatures and the jump to a T of ~280K for the 1100C and
1200C materials suggests that perhaps a minimum increase in crystallite size exists in order for

an increase in T to be observed. This fits with the strontium substitution work where there was
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a large difference between the crystallite sizes of the LCMO and LSMO parent compounds which
can account for the lack of change in T; it also fits with the findings for the chelating agent work,
where the crystallite sizes were comparatively tightly grouped and no change in Tc was observed.
The maximum AS, however, clearly increases with even the small increases in crystallite size,
which suggests that AS is far more sensitive to changes in crystallite size than the Curie
Temperature. Maximum AS values are 0.37 J/kgK (600C), 5.6 J/kgK (900C), 1.8 J/kgK (1000C), 4.1
J/kgK (1100C), and 5.1 J/kgK (1200C). Deviation from the Curie-Weiss law in all five materials

implies the presence of a Griffith’s phase. (Figure 4.7)

The SEM images collected for the sintering temperature change materials (Figure 4.8)
show that the 600C material is composed of very small particles. All other samples have
significantly larger particles and an appreciable discrepancy between particle size and crystallite
size. There are therefore multiple crystallites present in each particle. Given these results, it
would appear that the ideal sintering temperature is 900 °C, where an unusual increase in
crystallite size and AS beyond what would be expected based on the emergent pattern has been

observed.
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Figure 4.7 MCE (a), MT (b), and 1/X (c) curves for the sintering temperature materials.
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Figure 4.8 SEM images for materials synthesized at varying sintering temperatures showing an increase
in particle size as sintering temperature was increased.
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4.3.3 Sintering Time and Cooling Rate

Sizes and AS values for the samples cooled quickly are 43.6 nm and 1.9 J/kgK for rihr,
41.5 nm and 2.0 J/kgK for r3hr, and 222.4 nm and 3.9 J/kgK for r6hr. Samples cooled slowly have
crystallite sizes and AS values of 67.3 nm and 1.3 J/kgK for sp1lhr, 86.7 nm and 4.8 J/kgK for sp3hr,
and 65.3 nm and 2.2 J/kgK for sp6hr (Figure 4.9). The sp10hr sample is the same as the 1000C
material discussed in the sintering temperature section above. The two materials with the
furthest shift to the left in the XRD patterns and the largest crystallite sizes — sp3hr, and r6hr —

have the highest maximum AS values (Table 4.3).

Congruent with the sintering temperature analysis discussed above, very small changes
in crystallite size appear to have little to no effect on T.. Only the very largest crystallites — r6hr
and sp3hr — have an appreciably different T.. The MCE curves are maximized after sintering for 6
hours when the materials are cooled quickly, but after only 3 hours when cooled slowly. This
discrepancy may be attributed to the samples which are cooled slowly continuing to effectively
sinter until the temperature is as low as 600 °C, as suggested by the data from varying the
sintering temperature section above (Figure 4.10). This may increase total sintering time for the
sp3hr sample to a duration comparable to the sp6hr sample. Generally speaking, the greater the
maximum AS, the narrower the MCE peak and working temperature range. This fits with previous
work suggesting larger crystals are less affected by the contribution of the Griffith’s phase in the
material. The presence of a Griffith’s phase is confirmed in all materials by a deviation from the
Curie-Weiss law near T (Figure 4.11). The splhr, sp6hr, rihr, r6hr, and 600C materials appear
fairly spherical in the SEM images (Figure 4.12). The other materials have much more rigid,
rectangular attributes, with the 1000C and sp3hr materials possessing the most rectangular
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shape. This is congruent with the chelating agent results suggesting that less spherical particles
are more ideal, perhaps as a result of the differing magnetic anisotropy between spherical and

non-spherical particles. The ideal sintering duration is 3 hours with a slow cooling rate.

Table 4.3 Crystallite sizes, ~33° peak position, maximum AS, and T. values for materials synthesized with
varying sintering times and cooled either slowly in the tube furnace or promptly removed to cool in air.

Sample Crystallite Size (nm)  ~33° Peak Position (°) AS (J/kgK) Tc (K)
splhr 67.3 33.17 1.28 260
sp3hr 86.7 33.17 4.76 275
sp6hr 65.3 32.96 2.23 255
sp10hr 58.3 33.12 1.75 280
rilhr 43.6 33.28 1.86 260
r3hr 41.5 33.22 2.01 255
réhr 222.4 33.01 3.94 275
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Figure 4.9 XRD patterns for varying sintering times and cooling rates.
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Figure 4.10 MT and MCE curves for materials made with varying sintering times with a slow cooling rate
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cooling rates. The deviation from the Curie-Weiss law seen in all materials is indicative of the presence of
a Griffiths phase.

79



i

SU70 5.0kV x100k SE(M)

= 1 1 1 .I 1 1
SU70 5.0kV x100k SE(M) 500nm

SU70 5.0kV x100k SE(M) éOOnm SU70 5.0kV x100k SE(M)

Figure 4.12 SEM images for materials cooled slowly (left column) and quickly (right column) after being
sintered for various periods of time. The 1000C material serves as the sp10hr sample.
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4.3.4 CA Starting Concentration

All starting concentrations of citric acid (CA) produced crystalline, phase-pure
nanoparticles (Figure 4.13), with the exception of a starting concentration of 0.05 M. The
crystallite size fluctuates as CA concentration is increased. Crystallite sizes are 21.7 nm, 177.0
nm, 58.3 nm, and 125.8 nm for the 0.05M, 0.13M, 0.26M, and 0.39M materials, respectively. As
predicted by the sintering temperature work, the 0.23M material has the highest AS value due

to its larger crystallite size.
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Figure 4.13 XRD patterns for the materials created with increasing concentrations of citric acid.

In these materials, Tc decreases along with AS as crystallite size decreases (Figure 4.15)
which supports the findings of the chelating agent and sintering temperature sections above as

well as findings presented in the literature.”® The SEM images show particle sizes congruent with
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crystallite sizes for all but the 0.26M material, which shows particles much larger than the
crystallite sizes measured (Figure 4.14). That is also the only material with particles that are not
particularly spherical. It can be surmised that the ideal starting concentration of citric acid is 0.13
M, which produces both the greatest value of AS and one of the highest values of T.. AS and T,
values for each starting concentration are 0.45 J/kgK and 286 K for the 0.05M sample, 4.9 J/kgK
and 288 K for the 0.13M sample, 0.99 J/kgK and 270 K for the 0.26M sample, and 2.7 J/kgK and
283 K for the 0.39M sample. The 0.26M and 0.05M materials have the most different crystallite
sizes (considerably smaller than the others) as well as the most noticeably different M(T) curves.
The 0.26M sample has a T. difference which is congruent with the findings relating T. and
crystallite size discussed above. While the Tc for the 0.05 M sample is higher than expected given
its much lower crystallite size, the shape of the curve and value of dM/dT suggest that an
additional factor is at work, perhaps related to the homogeneity of the material created as such
a low concentration of the chelating agent could have prevented the metal ions from being well-

dispersed in the gel, leading to a less phase pure and less crystalline product.
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Figure 4.14 SEM images for materials created to examine the effect of altering the starting
concentration of citric acid.
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Figure 4.15 MCE (a) and MT curves for the materials created with varying citric acid concentrations.

84



4.3.5 PEG Starting Concentration

Regardless of the PEG starting concentration, phase-pure, crystalline nanoparticles were
created (Figure 4.16). Crystallite sizes calculated were 87.6 nm, 53.8 nm, and 29.0 nm, for the
0.04, 0.08, and 0.16 samples, respectively, showing a decrease in crystallite size with increasing
PEG concentration. Maximum AS values are 2.6 J/kgK, 0.99 J/kgK, and 1.1 J/kgK for the 0.04M,
0.08M, and 0.16M samples, respectively, which is roughly congruent with the correlation seen
above between crystallite size and maximum AS. Similar to the pattern shown in literature and
in the citric acid concentration work done above, decreasing crystallite size, induced by increasing
starting PEG concentration, leads to decreasing T. with a significant drop requiring a significant
drop in crystallite size. The 0.04M material has a T. of 265 K, the 0.08M material has a T of 263
K, and the 0.16M materials has a T. value of 260 K. The 0.16M material also has a much less
dramatic phase transition compared to the other two samples (Figure 4.17). Although these are

all a little below room temperature, the best starting PEG concentration is 0.04M.
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Figure 4.16 XRD patterns for materials synthesized with a starting PEG concentration of 0.04 M, 0.08 M,
and 0.16 M.
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Figure 4.17 MCE and MT curves for the PEG concentration materials showing a decrease in AS and T. as
PEG concentration was increased.
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4.3.6 Nitric Acid Volume and Gelation Time

Assuming there is enough nitric acid to fully dissolve all precursors (not everything
dissolved in 5 mL of 4M nitric acid), all nitric acid volumes produce phase-pure, crystalline
material (Figure 4.18). The 5 mL material contains ~10% La,0s3 according to the RIR-based phase
guantification feature in X’Pert HighScore. The crystallite sizes calculated using the Scherrer
calculator were 29.0 nm for 5 mL, 58.3 nm for 10 mL (same sample as the 1000C, sp10hr, CA 0.26
material referenced in the above sections), 45.9 nm for 15 mL, and 20.7 nm for 20 mL. With the
exception of the contaminated 5 mL material, these crystallite sizes decrease with increasing
nitric acid volume. Unlike what was observed for other synthesis parameter changes, the location
of the 20=33° peak does not shift at all between the 5-, 10-, and 15-mL materials and only a very
minor shift is seen in the 20 mL pattern. This may be because of the increased gelation time
induced by having more liquid present to evaporate. XRD patterns obtained for materials created
with multiple gelation times in the standard 10 mL of nitric acid are congruent with this
possibility. The longer the gel is heated on the hot plate the smaller the resultant crystallites
(Figure 4.19). Beginning the sintering stage after 5 minutes of gelation creates crystallites that
are 79.6 nm, 30 minutes creates 32.3 nm crystallites, and 60 minutes creates 21.8 nm crystallites.
The standard removal time used for all other samples mentioned above was ~20 minutes. The
58.3 nm crystallite size of the 1000C/sp10hr/CA0.26/PEG0.08/10mL material fits into the

observed trend (Figure 4.20).

87



—20mL
—15mL
g -~ 1omL
I ———5mL
|
I |
*Jfﬂ/WW"\~\MW‘(\“N»MMM“"ML.{M b»\-,,«,‘H,V,N,wu,)M.,y.,vd‘“t.»,;‘,,vh;\w\r,ﬂr,,l\«"‘ hﬂ.\h/.'\w/‘p.{,mw",“L’w\ﬂ,\y,w‘v‘v<VM[.‘4‘\“\‘r“ vt empusn Aloresg s e s Mg
~ |
3 |
\(_6/ H /"\ /‘q\
Wt oo AN A . Ly | L, - T s
2
2 |
c
Q
] I
£ | \ \
o ol | Ao N, J\ A, W _—
I T T T T T T T T T T T T T 1
20 30 40 50 60 70 80 90
26 (°)
—20mL
—15mL
/ -~ 10mL
-~ 5mL
e - g\/ - . -
/M
— /o
3 /o
) / \
_'l? - . T
0 \
c '/ \
2
= / \
e \_
e N e N

T — T T T T T T T T 1
31 31.5 32 32.5 33 33.5 34 34.5 35
28 (°)

Figure 4.18 XRD patterns for materials synthesized in different starting volumes of nitric acid. At the
extremes - 5 mL and 20 mL - there is noticeably more noise in the pattern. The 5mL material also shows
the presence of contamination from additional phases.
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Figure 4.19 XRD patterns for materials created with varying gelation times.
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Figure 4.20 Plot showing the relationship between crystallite size and gelation time. As gelation time
increases crystallite size decreases.

Similar to the trends seen in the materials above, with a decrease in crystallite size
(increasing starting nitric acid volume) comes a decrease in the maximum AS value. Additionally,
the contaminated 5 mL material and the 20 mL material have higher T, values than the other two
(Figure 4.21). The 10 mL and 15 mL materials have a T, of ~265 K. The 5 mL material has a T, of
~275 K. The 20 mL material has a Tc of ~300 K, though the peak in the MCE curve appears at
~266K along with the 10 mL and 15 mL material. This mismatch may be partially due to the wide
working temperature range evident in the M(T) curve. The 1/X vs. Temperature plot similarly
does not look as may be expected; whereas all three of the other materials have a clear T and
paramagnetic region, the 20 mL sample’s plot has no clear Tg, nor does it have a region which
clearly obeys the Curie-Weiss law. This may be due to the small crystallite size for this material.

Similar to how the LSMO parent compound discussed in the second section of this work exhibited
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multiple transition points in the 1/X vs. Temperature plot, the 20 mL material may also have
multiple phases going from ferromagnetic to paramagnetic at different temperatures,
obfuscating the Tc and Tg values and widening the working temperature range. Because it led to
a clearer phase transition, making relevant properties simpler to see and understand, 10 mL was

chosen as the optimal starting volume.
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Figure 4.21 MT, MCE, and 1/X figures for materials created with increasing starting volumes of nitric
acid.

4.3.7 Optimized Parameters

The optimal parameters determined were a CA concentration of 0.13M, PEG concentration
of 0.04M, citric acid, 10 mL of nitric acid, sintered at 900 °C for 3 hours and cooled slowly. These
parameters lead to a phase-pure and highly crystalline material with a crystallite size of 149.5 nm
(Figure 4.22). Barring any unexpected break from the patterns established in this section showing

an increase in AS and T¢ with an increase in crystallite size, this material should have a high AS

value and a T of ~280K.
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Figure 4.22 XRD pattern for material created with the determined optimal parameters.

4.4  Synthesis Changes Conclusions

Nearly all chelating agents, starting concentrations and volumes, sintering times, and
sintering temperatures analyzed produced phase pure material with only a few exception (nitric
acid starting volume of 5 mL and CA starting concentration of 0.05 M). As the sintering
parameters change the crystallite size also changes. With a decrease in nitric acid volume, a
decrease in starting PEG concentration, or an increase in sintering temperature, crystallite sizes
increase. Crystallite size is also maximized after six hours of sintering if cooled quickly or after
three hours of sintering if cooled slowly and with citric acid with a starting concentration of 0.13

M as the chelating agent. As the crystallite size increases, AS increases (Figure 4.23).
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Figure 4.23 AS increases with increasing crystallite size but there is no clear correlation between
crystallite size and T..

There is no correlation between the lattice parameters and Tc or AS (Figure 4.24). The
correlation between AS and crystallite size is far more definitive, which supports the conclusion
that the various sintering parameters studied here control AS (indirectly by altering the
electronic interactions) and T. through crystallite size and presence of a Griffith’s phase as
opposed to induced changes in the crystal structure itself. In order to definitively confirm this,
however, it would be beneficial to obtain further crystal and magnetic structure information

using neutron scattering. This would allow for the quantification of the a-site and b-site defects,

interactions across magnetic domains, and magnetic behavior within the Griffith’s phase.
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Although a large enough increase in crystallite size appears to have a measurable increase in
Tc no distinct jump in size or minimum threshold size clearly increases Tc. There is also very little
change in Tc overall, varying only from ~260K to ~280K. This is significantly less change than what
was seen in the sodium substitution study where the T. value varied from 265K to 333K. T, then,
still appears to be controllable primarily through changing the oxidation states of the Mn ions
and not appreciably altered through distortion of the crystal lattice or small changes in crystallite

size.

The ideal parameters are 10 mL of nitric acid, 0.04 M PEG, 0.13 M citric acid, sintered at 900C
for 3 hours and cooled slowly, which leads to 150 nm crystals. Future work should look into the
kinetics and mechanisms of each synthesis stage in order to tease out additional details as to
their effects. Although the kinetics have been determined for a solid-state synthesis of LaMnOs3
materials, the kinetics of the sintering stage or the gelation process have not been studied for
LCMO materials created via the sol-gel technique. A study of the kinetics of either and/or both
stages may provide insights into both the synthesis method itself as well as why and how the
observed structural and morphological effects are produced and perhaps explain the observed
changes in T..'* In order to measure this, as well as obtain a more complete picture of the
crystallite size and structure control through synthesis parameters, in-situ XRD as well as neutron

diffraction would be beneficial.
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5 Application to Lag.75Cap2sMn0O3

5.1 Overview

Table 5.1 shows a selection of lanthanum manganite materials and their figures of merit.
Although they demonstrate very high values of AS, Lao75Cao2sMnQOs materials previously
synthesized with an additional 200 °C decomposition stage prior to sintering at high
temperatures show T values too low for magnetic refrigeration applications. This project aimed
to increase the T¢ values through omitting the decomposition stage and altering the sintering
parameters following the observation LaopsoCaos0oMnOs materials discussed above where

increasing sintering temperature positively impacted the magnetic properties.313>4>7.150,151

Table 5.1 Figures of merit for a selection of magnetocaloric materials prepared with and without a 200C
decomposition stage before sintering.

Material Decomp Sinter Tc(K) AS(J/kgK) HH(T) Crystallite  Ref.
Temp (°C) Size (nm)

Lag.75Ca0.2sMn03 Yes 1400 224 4.7 1.5 300 55
Lag.75Cao.2sMn03 Yes 1000 177 2 1.5 120 55
Lao.75Cap.2sMn0O3 Yes 1000 200 1.15 3 112.0 This work
Lag.75Cao.2sMn03 No 1000 270 6.04 3 192.6 This work
Lao.60Cap.40MnO3 No 1000 270 1.75 3 63.8 Chapter 4
Lao.60Cap.40Mn0O3 No 1100 277 4.14 3 147.0 Chapter 4
Lag.60Ca0.40Mn0O3 No 1200 272 5.14 3 176.9 Chapter 4
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5.2 Experimental Details

Lao.75Ca0.2sMn0Os nanoparticles were synthesized via a sol-gel synthesis as discussed above
with stoichiometric starting amounts of the metal precursors and concentrations of citric acid,
nitric acid, and PEG unchanged from the default synthesis recipe described in section 1. After
formation of the gel a comparison material (CM) was created by decomposing the gel first at 200
°C overnight, then sintering at 1000 °C for 10 hours, as described by Guo et al.>*>>>7 Materials
were also created without the decomposition stage with sintering temperatures of 600 °C, 1000

°C, and 1100 °C.

Samples were characterized using LA-ICP-MS, XRD, DSC, and TGA-IR as described above.
Magnetic measurements for determining T (from M(T) curves) and AS (from M(H) curves) were
carried out as outlined in the Characterization section. M(T) curves were collected from 50 K to
300 K at 100 Oe; MH curves were collected from 220 K to 320 K for the 600C, 1000C, and 1100C

materials, and from 100 K to 320 K for the CM sample across 3T at 5K intervals.

5.3 Results and Discussion

The sintering temperature did not produce any appreciable change in Tc or AS values. T
for all three varying sintering temperature samples was ~270K (Figure 5.1a). This is far higher
than both the values reported by Guo et al., ~198K, and the value seen in the CM sample, ~1K
(Figure 5.1b) and is much closer to room temperature. The transition observed also becomes
much sharper after sintering and when the decomposition stage is skipped, leading to higher AS

peaks in the MCE curves (Figure 5.2). Maximum AS values are 6.1 J/kgK, 6.0 J/kgK, and 6.4 J/kgK
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for the 600C, 1000C, and 1100C samples, respectively, and 1.2 J/kgK, 0.75 J/kgK, 0.59 J/kgK, and

0.36 J/kgK for the CM, D1hr, D5hr, and D3hr samples, respectively.
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Figure 5.1. MT curves for all Lao.75Cao.2sMnOs materials. A sharper transition and higher T. is observed in
materials created without a preliminary 200 °C decomposition step. (a) shows MT curves for materials
created at varying sintering temperatures and the CM sample. (b) shows MT curves for materials at
various stages of the decomposition step before sintering and the CM sample.
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Figure 5.2. MCE curves for all Lag.75Cao.2sMnOs materials. (a) shows MCE curves for materials synthesized
without a preliminary decomposition stage and sintered at three different temperatures. (b) shows MCE
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curves for materials at various stages of the 200 °C decomposition stage and after sintering a
decomposed sample (CM).

XRD characterization shows excellent phase purity and crystallinity for all sintered
samples (Figure 5.3a). Because of the significantly smaller crystallites in the decomposed samples
and decreased crystallinity those XRD patterns exhibit greater noise but still demonstrate the
presence of a single phase (Figure 5.3b). The CM sample has an average crystallite size of 112.0
nm as calculated using the Scherrer calculator in X’Pert HighScore. Without a decomposition
stage the crystallite size increases to 172.5 nm for the 1100C sample, 192.6 nm for the 1000C
sample, and 197.3 nm for the 600C sample. The samples taken during the decomposition step all
have crystallite sizes around ~18 nm. The crystallite sizes of ~100 nm for the CM sample and ~200
nm for the 1000C sample are congruent with particle sizes seen in SEM images (Figure 5.4). As
stated previously, an increase in crystallite size has been demonstrated in the literature to
correlate to an increase in AS, and in one instance Tc as well, in Lag.soCs040MnO3 materials,*® a
decrease in T for Lao70Cao.30MnO3 materials,’®82 and an increase in Tc, AS, and the narrowing of
the MCE curve for Lao.socao20MnO3 materials.*® In the studies presented in this work an increase
in crystallite size has been confirmed to lead to an increase in AS and a large jump in crystallite
size can positively impact the Tc value. The data presented here implies the minimal crystallite
change amongst the materials created without a decomposition stage is not sufficient to induce
an appreciable change in T., AS, or the width of the MCE curves. Only the omission of the
decomposition stage, which leads to a significant increase in crystallite size, has a clear positive

effect on Tc and AS.
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Figure 5.3. XRD patterns for all Lao.75Cao.25MnOs materials synthesized with and without a decomposition
stage (a) and at various time points during the decomposition step (b).
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Figure 5.4. SEM images for the CM and 1000C Lao.75Cao.2sMnOs materials showing particle sizes of ~100
nm and ~200 nm congruent with XRD crystallite size calculations.

DSC and TGA-IR measurements taken during the decomposition stage offer insight into
what occurs over the course of this step. The DSC curve shows an endothermic event beginning
just above 100 °C, followed by an exothermic event. The curve stabilizes within the first 25
minutes and no further appreciable change is observed until sintering begins just shy of 600 °C.
This correlates well with the TGA curve collected, which shows a mass loss starting at 100 °C,
followed by stabilization of the curve. It can be surmised that, in accordance with the assumed
synthesis process, the initial endothermic and exothermic events and mass loss can be attributed

to the formation of a hard resin as the material is dried and initial crystallization occurs. IR spectra
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collected on the gases produced during the TGA measurement confirm that during the mass
water and CO; are produced as the material dries and organic content decomposes. Nothing
further occurs until the temperature is increased to induce sintering. This is congruent with the
XRD patterns shown above, which show crystalline product within the first hour of the
decomposition stage and no change in crystallite size until after sintering begins. By adding the
decomposition stage and forming the hard resin it is possible that the formation of the crystals
follows more of a nonclassical nucleation process, leading to particles with higher surface area

and a greater total contribution of the Griffith’s phase.
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Figure 5.5. Heat Flow vs. Temperature (a) and Heat Flow vs. Time (b) DSC curves. After reaching ~300 °C
(within the first 25 minutes of the experiment) stabilization occurs very quickly. The material remains
stable until just shy of ~600 °C, where an endothermic event begins.
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corresponding to the removal of water and production of CO; is seen starting at ~90 degrees and
continuing until after the sample reached 200 degrees. ~100 minutes into the decomposition the weight
stabilizes.
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above demonstrating the loss of CO, and H-O.
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5.4  Lao.75Can.2sMn0O3 Conclusion

In contrast to the results seen in the synthesis optimization work (Chapter 4) with
Lao.s0Can.2.0MnOQs, increasing the sintering temperature did not cleanly increase the crystallite size
of the Lap.7sCao.2sMnO3 materials. As long as no decomposition stage has been carried out before
sintering, crystallite size was just below 200 nm for materials synthesized at 1000 °C, 1100 °C,
and 1200 °C. The incorporation of a decomposition stage limits crystallite size to just over 100
nm. Along with this decrease in crystallite size comes a decrease in both Tc and AS. Without the
decomposition stage the T. value reaches a more useful value for magnetic refrigeration
applications — 270 K as opposed to 200 K. This may be attributed to a decrease in the contribution

of the Griffiths phase to the overall magnetic properties of the material.

The DSC and TGA-IR measurements show that the gel dries, and the organic component
begins to decompose during the decomposition stage. By removing the decomposition stage and
sintering at temperatures of at least 1000 °C the T. observed is close enough to room
temperature to be useful for magnetic refrigeration. This is a significant improvement over
literature T. values for Lap.75Cao.2sMnQO3 materials. Additionally, the maximum AS value observed
was 6.0 J/kgK, which is even higher than the maximum AS value for the Lao.s0Cao.40MnO3 materials
studied in this work. Additional synthesis optimization and perhaps the incorporation of a small
amount of Na* in place of Ca?* has the potential to further increase the maximum AS value and/or

Tc value and further optimize the material for magnetic refrigeration.

It would also be beneficial to pursue further in-situ characterization of the decomposition

stage as well as perform similar characterization of the sintering stage. Insights such as those
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achieved regarding the sintering stage would be even more beneficial over the course of the
sintering stage in order to track the changes in crystal structure and crystallite size across both

pieces.
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6 Summary

The primary goal of this work was to pursue a lanthanum manganite nanomaterial idealized
for use as the solid refrigerant in a magnetic refrigeration system. This material needs to have a
high maximum AS value and a T near room temperature, ideally comparable to existing
materials, and be easier and more inexpensive to synthesize than the current best refrigerant
materials. Lanthanum manganite materials synthesized via a modified Pechini sol-gel synthesis
have the advantage of the more expensive Gd- or Rh-containing materials, are less expensive and
simpler to synthesize reliably than materials created through arc-melting or other solid-state
reaction techniques, and have properties proven to be tunable through Mn-O-Mn bond distances
and angles, Mn-ion oxidation states, particle and crystallite size, and surface texture. Pursuing an
ideal material was approached through three avenues: altering the Mn-O-Mn bond distances and
angles to change orbital overlap, modifying the ratio of Mn3* to Mn** to change Zener Double
Exchange interactions, and using synthesis parameters to optimize crystallite size. Key findings

are summarized below.

1) Introducing Sr?*in place of Ca?* in Lao.soCao.20MnO3 nanomaterials alters primarily the Mn-
O-Mn bond distances and angles, as well as crystallite size, without any appreciable
effects being seen in the Mn oxidation states. As Sr?* concentration increased, leading to
a decrease in crystallite size, the maximum AS value decreased but T. remained mostly
constant. This implies that changing the Mn-O-Mn bond distances and angles mostly
affects the value of AS and rapidly decreasing the crystallite sizes can offset any small

changes to T. that may also be induced.
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2)

3)

4)

Changing the manganese ion oxidation state ratios with little effect on the Mn-O-Mn
bond distances and angles through substituting in Na* in place of Ca?* in the
Lao.s0Cao.40MnOs crystal lattice leads to a significant increase in T, taking the value not to
room temperature and beyond as sodium concentration increases. This is achieved with
a significantly less dramatic effect on AS compared to the strontium substitution work.
The implication is that the manganese oxidation states have the larger effect on T, while
Mn-0O-Mn bond distances and angles have the larger effect on T..

Attempts to optimize synthesis parameters further reinforced that crystallite size has an
appreciable effect on AS, but only significant alterations in crystallite size have any effect
on T.. Even with comparatively larger increases in crystallite size, the positive effect on T,
is much more minimal than changing the oxidation states. Additionally, very small
crystallites (created with a starting nitric acid volume of 20 mL) were seen to create
multiple competing phases which transition at different temperatures as was observed in
the LSMO material. The optimal synthesis parameters were determined to be 10 mL of
nitric acid, 0.04 M PEG, 0.13 M citric acid, and sintered at 900C for 3 hours and cooled
slowly. These parameters lead to a Lao.s0Cao.40MnO3z with and average crystallite size of
150 nm and, which should have a high AS and T., making the material viable for use in
magnetic refrigeration.

Applying these observations to the Lap75Cao2sMnQs, along with eliminating the
decomposition stage observed in the literature as part of the synthesis method,
successfully increased the T¢ value to a usable temperature (right at room temperature),

while also positively impacting AS. This demonstrates that optimizing synthesis
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parameters can make materials previously disregarded for magnetic refrigeration into

potential candidates for solid refrigerants.

This work successfully produced multiple materials with potential as solid refrigerants.
The Lao.75Cap2sMn0Os; material sintered at 1100 °C without a decomposition stage,
Lao.s00Can.40MnOs material synthesized with the determined optimal synthesis parameters,
and the Lao.soCao.2sNao.12Mn0Os material all have promise and merit further testing — both
determining magnetic heat capacity and adiabatic temperature change as well as practical
testing in a prototype. The ideal parameters determined should be used for future synthesis
of lanthanum manganites intended to be used as solid refrigerants. This used in combination
with introducing sodium, or otherwise changing the ratio of Mn3* to Mn*" in order to tune
the Zener Double Exchange interactions, has significant potential to lead to a material with

comparable properties to the more costly materials discussed previously.
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