|l nfl uence of Struc
on Frustr aliinpenn s ino |
Coordinati on Pol

¥
A7

D%

\ SERVIR REGNARE

Mario Falsaperna

Division of Natural Sciences,
University of Kent
Canterbury
U.K
This thesis is submitted for the title of
Doctor ofPhilosophy

Juy 2022



AThe chemists are a strange class of mortals,
impelled by an almost insane impulse
to seek their pleasures amid smoke and vapour,
soot and flame, poisons and poverty;
yet among all these evils
| seem to live so sweetly
that may Idie if | were to change places

with the Persian king. o

Johann Joachim Becher

Dedicated to Salvatore, Adriana, Corrado and Eleonora. You have made this possible



Declaration

| hereby declare that the work whichhising presented in this thesis, in partial
fulfilment of the requirement for the award of the degree of Doctor of Philosophy in
Chemistry, constitutes original research carried out under the supervision of
Dr PaulJ. Saines, University of Kent, except whespecific references are made to the
work and contribution of others. The content of this thesis has not been submitted either

in whole or in part for consideration for any other degree or qualification, or to any other

University.
Mario Falsaperna

July 2022



Acknowledgments

| would like to thank my supervisor, Paul Saines, without whom the realisation
of this project would have not been possible. His experience, patience and invaluable
mentoring have allowed me to learn a lot on how to conduct reseat¢tosr to be kind
and collaborative in a team. | will never forget his teachings and his kindness, and | will
carry his example with me throughout my career and my life.

| would like to thank past and current academics in the School of Physical
Sciences tathe University of Kent: Donna Arnold, Emma McCabe, Nicholas Bristowe,
Anna Corrias and Gavin Mountjoy. Thank you all for the helpful discussions, training,
collaboration, help, and your immense kindness. | would also like to thank all the former
and curent members of my group, for their friendship and the fantastic discussions.
Special thanks to Patrick Doheny for helping with the proofreading of this thesis, for all
his help and for often sharing his knowledge with me in rich scientific discussions. To
all of them and my friends in roofr04, | wish the best, | pray they will all achieve their
dreams, and | am grateful for their kindness and affection.

My gratefulness also goes to all the collaborators that played a vital role in
measurements icentral facilities, namely Andrew Studer at ANSTO; Gavin Stenning,
Pascal Manuel and Ivan da Silva at the ISIS Neutron and Muon Source. | would also like
to thank our collaborators at the University of Oxford, Andrew Goodwin and Johnathan
Bulled, for theirhelp in carrying out part of this project. To professor Goodwin, special
thanks for being such an inspiration, and for his infectious enthusiasm for science.

Many thanks to the Leverhulme Trust for their financial support for this research,
for the neceswy training and for the attendance to conferences during the years.

To my parents, Salvatore and Adriana, thank you for your enormous sacrifices,
love and support throughout the years, which have made this achievement possible, and
to my brother and my stier, Corrado and Eleonora, whose love and support is priceless.
Words cannot begin to picture how much | love you all.

Finally, I would like to thank my girlfriend, Alexandra Rosie Paul, for all her love
and support, as well as for the inspiration she digen me through her creativity, and
her perseverance and love for science and all the things she does. | am grateful you are

in my life.

Mario Falsaperna



Abstract

Low-dimensional and frustrated magnets have long attracted interest. The
interrelation batreen structure, composition and magnetic properties of such materials is
vital to understand their exotic states, such as the Triangular Ising Antiferromagnet
(TIA), and to optimise them for technological applications, such as magnetic
refrigeration, a grener alternative to conventional gas compression refrigeration.
Metalorganic frameworks (MOFs) offer a multitude of structures, and are good
candidates for magnetic cooling. In particular, dense coordination frameworks, such as
Tb(HC(O)3, exhibit magnetaaloric properties enhanced for use with magnetic fields
close or below 2 T, resulting from a combination of lanthanide cations with
magnetocrystalline anisotropy, strong local magnetic interactions and magnetic

frustration.

In this thesis, an introductidn magnetism and magnetic materials of interest is
provided in Chapter 1. To set context for the work completed, the known promising
magnetocaloric coordination polymers are reviewed in Ch@pt€hapter 3 describes
the experimental and analytical methoded. Chapter 4 focuses on tgHCO,)(C20.)

(Ln =S Ert") family of coordination frameworks, which resemble the related
Ln(HCOy)3 frameworks. The magnetocaloric effect of Gd(H{O.04) is amongst the
highest found in coordination frameworks for mignagnetic field changes. Lanthanides
with magnetocrystalline anisotropy did not improve the magnetocaloric properties of
these materials at lower fields, in contrast with similar materials. Neutron diffraction
suggested that the Tb and Ho members lackifsignt local magnetic correlations,

which might be essential for optimising magnetocaloric materials.



Chapter 5 describes the magnetic properties ofLti{eICOy)s frameworks
containing earlier lanthanid€s specifically Cé*, P#*and Nd*. We confirmedhese
frameworks lack magnetic order and any noticeable local correlations. The novel
Ho1xEr(HCOy)s series of solid solutions was then explored as these should contain a
mixture of ferromagnetic and antiferromagnetic 1D interactions. Their composition
affects their magnetic properties and olBros(HCOz)3, a potential spithain
paramagnet, was showmte paramagnetic down to 400 mK, with this further confirmed
by neutron diffraction. Finally, the ThYx(HCGQO)s series was studied. Diamagnetic
dopantsj.e. Y, are expected to disrupt the TIA state found in Tb(HEg@nd alter its
magnetocaloric propees. The TIA state proved to be robust to doping, which was also
found responsible for lowemperature contributions to the heat capacity. The
magnetocaloric properties decrease across the series, but the magnetocaloric entropy per
Tb increases at highe« These observed properties are ascribed to be arising from

entropic effects resulting from the fragmentation of qld@sispin chains by the dopant.

Chapter 6 investigates the magnetic structure of a compleangifzrromagnet,
[Li(C 204)]2[Cos(OH)g], where Co sites are arranged in a triangular fashion within the
layers, potentially causing geometric frustration. This material has an antiferromagnetic
transition at ~5%. Neutron diffraction down to 8 K has shown additional Brake
reflections emerge a5.6 K, confirming the magnetic transition temperature. The
magnetic structure i8p triclinic and Rietveld refinements have shown this material
constitutes an example of a Zfanted antiferromagneDFT has confirmed our
experimental model and has allavior the estimation of values of magnetic coupling
constants), which confirmed this material indeed behaves as a 2D magnet. The nature
and strength of the coupling within a layer provides further indication that geometric

frustration might be present this system.
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1 Introduction

1.1 Background Context

The phenomenon of magnetism was known t@tleeent Greek8 at least since
the 8" century BC, as writings from the philosopher Thales of Miletus répdrivho
observedt in lodestone, a rock containing the ferromagnetic minergdf£@lso known
as magnetite, due to its natural attraction to iron and other lodestones. It is speculated that
the termmagnetcomes from the region of Magnesia, Anatolia, where lodestones could

be found.

In modern times, magnetic materials have been studadonly for their
fundamental properti€shut also for their potential applications, including data storage
and transfe?;* magnetic cooling;® quantum computingand medical applications, such

as magnetic imaging techniques.

The originof the ferromagnetic behaviour of materials such as magnetite was
explained in 1907 by Pierernest Weiss, where the idea of molecular field, a precursor
to the measfield theory, was introduceld.In 1933, another type of magnetic behaviour
antiferromanetisn, wasproposed by.ev Landaut! and further explained Hyouis Néel
in 1948% The discovery of another type of magnetic behaviour and the possibility of
materials exhibiting mixed behavioure. ferrimagnetism, drew significant attention to

the field of magnetism.

As in the case of magnetite, a great number of magnetic materials studied in the
last century are cloggacked materials such as oxides, halides and alloys, due to these

typically featuing strong magnetic interactions between their magnetic centres, with



many of these materials being successfully used in technological applications. As an
example, the reader will be familiar with traditional hard drives for data storage on
personal compers, which initially made use of iron(lll) oxide;FeOs, and, in more

recent times, of cobaliased alloy$?

More recently, hybrid materials, combining both organic and inorganic
components, have attracted considerable interest due possibilityeofjgyretween the
two component$? More specifically, coordination polymers containing polyatomic
ligands, including MOFs, have drawn significant attention due to the surprising
flexibility they offer in the design of structures and properties. Theded@acgas
absorptiont>!” gas storage, gas sensiig’ catalysi$¥?® and drugdelivery?®
applications for which MOFs tend to be gecehdidates due to the considerably high
surface areas and pore sizes that can be achieved when organic difjapgsopriate

dimensions are chosen to build the structre.

More recently, magnetic coordination polymers have become increasingly
important due to the possibility of synthesising structures that differ from the
closepacked ones typically adopted Ipyrely inorganic materials. This enables the
realisation of materials with a wider range of structures, and the achievement of targeted
topologies and lowdimensional motifs, such as tvdimensional magnetic sheets and
onedimensional magnetic chains, orporated in the thredimensional crystalline
structure. These features make these materials interesting both from a fundamental
perspective, particularly within these low dimensional units, as well as their potential

applications.

A particularly relevanapplication of magnetic coordination polymers is that of

magnetic cooling. This is achieved thanks to the magnetocaloric effect (MCE), an



entropydriven phenomenon where a temperature change of the material is observed
upon the ordering and subsequenbdigring of the magnetic moments when an external
magnetic field is applied. Magnetocaloric materials have drawn considerable interest in
recent years due to the necessity to substitute traditional gas compression/expansion
technologies for refrigeratiofi,particularly at low temperatures where liquid helium is

increasingly scarce and expensive.

An interesting property that is found in some magnetic materials, including
coordination polymers, is geometric frustration, where competitions between the
magnetic moments arise due to the structure of the material itself, leading to a
suppression of magnetic order. The presence ofdiovensional motifs, such as ene
dimensional chains or twdimensional sheets, and frustration has been shown to
improve the prformance of magnetocaloric materials, particularly in lower applied
fields® Coordination polymers have therefore proved to be excellent candidates for
magnetic cooling because it is easier to fabricate materials featurindinmmsional
magnetism andyeometric frustratio®3? The research in this thesis focuses on
magnetic coordination polymers with the potential feature geometric frustration, some of
which are useful magnetocalorics. Before discussing these résislfirst necessary to
explain some of the fundamental aspects of magnetism along with introducing some
related coordination polymers that promising magnetocaloric properties as a result of

their magnetic frustration, which is the focus of this chapter.

1.2 The Origin of Magnetisn

Magnetism arises in nature due to electrons. The electron is a fermion possessing
spin s = Y%, with electric charg&1(602x 10%° C) and a mass of 9.109 103! kg.

Electrons are found in the orbitals of individual atoms and their interaction is régpons



for the formation of larger molecules and condensed matter. In the context of condensed
matter, and magnetism in particular, it is of paramount importance to understand how

magnetic behaviour arises from the presence of unpaired electrons in materials

The motion of the electron is the result of two contributidims:spin, which can
classically be thought of d@kserotationabout its own axis, anits motion in space, such
as the orbitin@roundthe nucleus of an atom. As a charged particlaation, electrons
are responsible for the generation of a magnetic,feddhe~rench mathematician and

physicistAndré-Marie Ampere considered the father of electromagnetidiscovered

A way of describing electrons in orbit around the nucleus atam is by means
of the quantum numbers |, m, ms. nis theprincipal quantum number, describing the
energy of the electron as well as the size of the orbital, which increases, Wishthe
orbital angular momentum quantum number, which describes theagnitude of the
angular momentumm is the magnetic quantum number, which represents the
orientation of the angular momentum; the fourth parametgrthe spin quantum
number, which specifies the intrinsic angular momentum of the electron. In tleeofas
the electron which, as stated, is a spin % ferrm@agan only have values afl/2. As
fermions, multiple electrons cannot occupy the same quantum state at the same time. For
this reason, only two electrons can occupy the same orbital and only on the condition that
they differ by their spin quantum numbmeg, in which case the twoettrons are said to

be Apairedo.
When considering one single electron and its motion, its magnetic moment is

given by:

D .
Cd_o W 8 ¢pxf *4%h 0P



with ethe electron chargé,the reduced Planck constam the mass of the electron and
L its angular momentum. The magnetic moment of a single eleetimdefined as the

Bohr magneton.

For an atom possessing a partially filled orbital, it is possible to describe many
different configurations, but only one has the lowest energy. The Gepmgicist
Friedrich Hund devised a set of three rules that would help identify this lenesgy

configuration:

1. The electrons maximize their total s@rtherefore implying that they will
arrange in such a way that one electron per orbital is present and that these
are parallel to one anothee.wi t h t he same spin, fApai
all of the orbitals are first filled with at least one electims also implies
that the lowesenergy level maximises the spin multiplicity, represented
by the term (3+1).

2. For a given spin arrangement, the configuration possessing the largest
total atomic orbital angular momentuln,possesses the lowest energy.

3. For atoms with less than hdifled orbitals, the lowesenergy
configuration is the one with=|L 7 §. In cantrast, when the orbitals are
more than haffilled, the lowestenergy configuration is the one given by
J=|L +§. This has to do with the sporbit coupling, expressed Bythe

total angular momentum quantum number.

The spinorbit coupling can be thmht of as the interaction of the two magnetic
moments generated by the spin contribu@nd the orbital momentum contributibn
an interaction that becomes particularly relevant for heavier atoms. For lanthanides,

where the splitting of the energy tbfe 4 orbitals, responsible for their magnetism, via



interactions with their ligands is very small, this interaction can be quantified using the
RusselSaunders coupling scheme (also known as.®eoupling scheme), with the
guantum numbel representig its magnitude, as mentioned. This is in contrast with the
3d transition metals, whergpin-orbit couplingis typically quenched,e. L = 0, due to

the splitting of the energy levels caused by the crystal field, an effect duedtorthiéals
interactig much more with the surrounding ligands than is the case for thdilcors
orbitals of the lanthanides. The implication of thugbital quenching is that the
RussellSaunders coupling scheme does not accurately predict the effective magnetic
momens, which ae not in agreement with the experimental values and are better

estimated by considering the sqnly contribution.

As an exampl e, |l et 6s consi der a gadol i
[Xe] 5d 4f7 65%. In condensed matter, gadolimis typically found as the Gtication,
possessing the configuration [Xdf’. Since there are seven possiblerbitals, the
electrons in this orbital can have seven diffenr@nbrientations. Figure 1.1 shows a
representation of the loweshergy configration for the Géfionaccor di ng t o Hi
rul es. According to Hundbés first rul e, el
before pairing up. With only seven electrons present, no pairing will occur. This leads to
a total spin quantum number & 7/2 and multiplicity (&+1) = 8. Continuing with the
second rule, the largest valueloheeds to be found. In this case= 0, meaning that
G possesses no total orbital momentum, which has significant implications as will be
discussed later on. Fillyg because theférbitals are exactly hafilled, J=|L + § needs
to be considered, with = 7/2 in this case. Conventionally, thes@a | | e dterhhai n d 6 s
are represented with the symi6tYL;, with the value of L replaced by a letter (S, L, P,
F, etc.), in analogy with those used for the atomic orbiteés ¢, |, p, f, etc).

Thelowestenergy configuration for Gdis thereforéSy..
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Figure 1.1: Diagram of the lvestenergy configuration forthe Gtfor bi t al s accor di ng

For a partially filled atom or cation like &4 it is possible to calculate an
effective magnetic moments, arising from the contribution of all the unpaired electrons
presem in the outer orbital, their spin and orbital motion and the coupling between

thetwo. This is given by:

‘ QOO ph P&
whereg; is the Landé dactor for a lanthanide ion, nad after the GermaAmerican

physicist Alfred Landé:

o YY 00 -
q 2 P_ Pk o
C L p

A table of the groundtate configuratios, L andJ values along with the corresponding
term symbol and calculated effective momes, for each lanthanideation is provided

in Table1.133

t

o



Table 1.1: List of theS L, Jvalues for the groundtates of thén®*c at i on s,
state term symbol and effective magnetic monsent

corrgeosnondi ng

Ln3* Electron configuration S J €eif (€B) €obs(EB)
Ce 4ft 1/2 5/2 25 2325
Pr 4f 2 1 4 3.58 3.4i3.6
Nd 43 3/2 9/2 3.62 3.53.6
Pm 4f 4 2 4 2.68 -

Sm 45 5/2 5/2 0.85 1417
Eu 4£ 6 3 0 0.0 3.3135
Gd 47 712 712 7.94 7.918.0
Tb 4f 8 3 6 9.72 9.5/9.8
Dy 4f 9 5/2 15/2 10.63 10.4( 10.6
Ho 4f 10 2 8 10.60 10.4i 10.7
Er 4f 11 3/2 15/2 9.59 0.4i 96
Tm 4f 12 1 6 7.57 7176
Yb 413 1/2 712 4.53 4.3 4.9




1.3 Magnetic Interactions

Before magnetic order ioondensed matter is discussed, it is beneficial to first
explore the most relevant interactions that can occur between the magnetic moments in

the materials that are the subject of this research.

1.3.1 TheDipolar Interaction

The most straightforward int&etion is the dipolar interaction, illustrated in

Figure 1.2.

H)

Hy

Figure 1.2: Two magnetic dipoles: ande; at a distance interacting with one another.

Spins can be thought of as magnets, and a system constructed of two spas can
thought of as containing two magnetic dipokesande», separated by a distancand

having an energk given by:

o ——*" 0 — 3 3 h P8
T 1 l

with gothe vacuum permeability. It can be noted that the energy is inversely proportional
to the cube of the distanae the size of the magnetic moments and their relative

alignment. Fore, ~ €2 ~ &, ared forr ~ 1 A, the energy is approximately 1 K in
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temperaure. Therefore, the magnetic interactions are too weak to account for magnetic
ordering observed in most magnetic materi&l¥he magnetic dipolar interaction,
however, becomes important for materials that order akslin temperature®! The

dipolar interactionD can be approximated by:

h pBd

with e the effective magnetic moment anB.,, the distance between two

nearneighbouring magnetic moments.

1.3.2 Exchange Interactions

Long range magnetic order is most commonly caused by tballed exchange
interactions. Consider a system constructed of two electrons and possessing spatial
coordinates: andrz, where the electron states can be represented by two wave functions,
Ua(r1) anddl(r2). The different types of interactions discussed hereliaget exchange
andsuperexchangeanteractions Other types of interactions are possible, but these are
not relevant in coordination polymers since these are typically insulating nmstesiil

all the structures explored here containing cations with the same oxidation state.

1.3.2.1 Direct Exchange

Direct exchangeccurs when electrons on neighbouring magnetic atoms interact
with one another, without any intermediary needed. This irtteratherefore occurs
because of the overlap between two orbitals allowing for the direct coupling of their
electrons. This interaction thus requires short distances between magnetic centres and it
is very unlikely to happen for rasesarthLn elements because of the strongly localised
nature of the #orbitals, whose electron densityedmot extend far enough from the

nucleus to allow for direct exchange interactions. Similarly, it is less likely to be
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significant for 3 metals, particularlywhere these are well separated in coordination

polymers, than the larged4nd %l metals whose orbitals are more diffuse.

1.3.2.2 Superexchange

Materials where there is no direct overt#ghe orbitals othe magnetic cations,
such as many functional iansolids, can still exhibit magnetic order at sufficiently low
temperatures. This is because the metallic species can indirectly interact with one
another. For example, MnO, and Mrghow antiferromagnetic order, although there is
no direct overlap betweethe orbitals of the Mt cations. In this case, it is possible to
observesuperexchange interactionswhere this is mediated by a roragnetic ion
placed between the two magnetic ions, as shown in Figure 1.3 for NiO. This mechanism
can be easily undersid by assuming that the metallic catiori pbssesses one single
unpaired electron, and this populates the same molecular orbital as the electron of the
anionic species, e.g.’Qthe molecular orbital arising from the overlap of the atomic
orbitals of thetwo ions®* This is usually the dominant magnetic interaction in
coordination polymers, where molecular anions are present leading to more complex

polyatomic bridges?® including those discussed in this thesis.

d, orbital p, orbital

Ni2* 0z Ni2*

Figure 1.3: Depiction of superexchange interaction in NiO.

1.3.3 Antisymmetric Interactions

Coupling between magnetic species is also possible due to theiorbfin
interaction, which plays the role of an intermediary, similarlyotoygen in the
superexchange interacti®h.An ion with an excited state can be produced by the

spinorbit interactions and it can interact with the ground state of another ion, resulting
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in the anisotropic exchange interaction also known asDzyaloshinks/-Moriya

interaction. The Hamiltonian for the two interacting spiSsandS is given by:

0 0 JY "Yh P&
where D is a vector representing the direction and magnitude of the anisotropic
interaction. The direction d depends largely on the symmetf the structure and the
interaction tries to force the two spins to lie perpendicular to one another on a plane
perpendicular t® itself. Therefore, the resulting effect of the anisotropic interaction is
such that a slight rotation of the sping. spin canting, can be observed. Materials
showing such an interaction are a great many, with typical examples being magnetite

FesO4, manganese carbonate Mngad cobalt carbonate CoG.é3

1.4 Spins degrees of freedom: Heisenberg, XY and

Ising models

When considering the magnetic interactions described above, the simplest
approach is to assume that the spins can be oriented in any direction in space. In such a
Heisenberg model, the spins have the greatest numbers of degrees of freedam, wit
dimensionalityD =3, i.e.the spins are thred@imensional vectors. The Heisenberg model

can be represented by the Hamiltonian:
O U'PO"Ph p&)

wherelJ is a constant, andandj are nearesteighbours.

Spins can also have smaller dimemsility, hence have fewer degrees of

freedom. In the Ising model, spins can only point up or down. As a consequence, it is
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only possible to consider one direction for these smiosventionally thez direction.

Therefore, eqn. 1.8 becomes:

O U'YPO'YPh P&y

Finally, spins can be described according to the XY model, having a

dimensionalityD = 2, therefore being able to move on an easy plane.

The lattice on which these spins sit has a dimensiordliself. An interesting
situation can be observed when an isolated system consists of Ising>spi$ $itting
on a oneadimensional latticed = 1), such as in the case of edienensional magniet
chains. In such a system, it can be demonstrated thatdogg magnetic order cannot
exist for temperatures higher than 0 K, as the presence of even a single defect above this
temperaturéeads to an infinite entropy gain. The entropy of the systenbealescribed
by S=ksInN, whereN isthe number of positions available for the defect to occupy along
the chain. For a very large chaifNY D and, given thdree energy of the system is
F =H1 TS(H denoting the enthalpy of the system &its entroy), for anyT i 0, this

tends ta B.3*

1.5 Ferromagnetism and Antiferromagnetism

Having discussed how the magnetic moments interact with one another and the
models used to describe systems of spins, it is possible now to describe the different types
of magnetic order than can be observed in a magnetic system. Magnetic order can be
acheved below some critical temperature, where the thermal fluctuations are sufficiently
low that the exchange interactiodsbetween the spins overcome the thermal barrier and
it is energetically favourable for the system to orient the spins in suchtaatayspecific

low-energy configuration emerges from the paramagnetic state. This usually results in
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some sort of alignment of the spins, as is the case for the two most common forms of

magnetic order, ferromagnetism and antiferromagnetism.

1.5.1 Paramagrtism and the CurieWeiss law

When materials experience an applied magnetic fi€lca magnetic flux is

induced in the sample, as given by

6 ‘O “0h pP T
wherego is the permeability in free space ahtlis the internal magnetisation of the
sample. e magnetisation of a material depends on how strongly it responds to an
external field or how much it is Asuscept

susceptibility as:

T 0.
1.—(51 p® p

which describes the response of a material to theempfibld and depends strongly on
its temperature, as the thermal enekgy, affectsthe interactions between the magnetic
moments in a system. Based @rit is possible to classify materials into four common

groups, as shown in Table 1.2.

Table 1.2: Magnetic susceptibilities for different magnetic behaviours.

Magnetic behaviour ¢ (Cmoh) G trend with decreasingtemperature
Diamagnetism 8 x 108 No trend
Paramagnetism 10% 10° Increase
Ferromagnetism 5x 1C Increase

Antiferromagnetism 0i 102 Decrease

Paramagnetsare materials containing unpaired electrons, whose spins can be

aligned parallel to an external magnetic field and a magnetisation can be induced.
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Without an external magnetic field, the spins point in random directions because the
thermal energy of theystem is high enough to overcome any magnetic interactions
between atoms. When a magnetic field is applied and the spins align, a positive magnetic
susceptibility occurs. At sufficiently low temperatures in most systems, magnetic order
can emerge, and tloedering temperature is known as the Curie temperaidjef the

Néel temperatureT(), depending on whether the material exhibits ferromagnetic or

antiferromagnetic order.

A system with perfectly isolated paramagnetic cations obeys the Curie Law,
which states that the magnetic susceptibility is inversely proportional to the temperature,
and is given by:

6.

N PP G
whereC is the Curie constant anflis the temperature. However, because magnetic

centres interact in paramagnets, a modified Curie laavCilrieWeiss law, is instead

obeyed:

~ —h PP o

wheredcw is known as the CurigVeiss temperature and a measure of the strength of the
interactions. This law is useful for the identification of ferromagnets and
antiferromagnets. A positivelcw indicates that the dominant correlations within a
material are ferroagnetic, whereas a negative value indicates those correlations are
antiferromagnetic. For simple systenolsy is close toTc or Tn. When susceptibility
measurements are carried out, as it will be explained in Section 3.5.1, it is possible to fit
the inverge magnetic susceptibility dand extract the values 6fanddcw, as shown in

equation 1.14:
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v — © PP T

It is possible to determine the observed effective magnetic moment from the Curie

constant using the equation:

‘ OTQQBFI & v
6 0 P

with kg the Boltzmann constartlai s Av o g adr o @&sthe Banmmagnatont and

The magnetic susceptibility of a material can also depend on the-gngle
anisotropy of the magnetic cations, which arises from the interaction between the orbitals
of a magnetic ion and the surrounding crystalline field, and that results from the
guencling of the orbital moment due to this interactidhis includes lanthanides with
orbital angular momentum since the small crystal field splitting of the generally well
shielded 4 orbitals become significant at low temperatures were these effects become
more relevant due to the stronger interactions with tloebitals, partially quenching the
orbital moment and therefore changing the magnetic behaviour of the metallic centres.
This is an important point as it implies that the crystal field might stroafiict the
susceptibility of a rarearthcontaining material while the interactions between magnetic
centres might remain unalteretid also highlights the fact that data on the magnetic
properties measured at lower temperatures are a better refledtenbehaviour of the
magnetic centres and of the materihgle ioranisotropyalso leads to anisotropy of
the magnetic susceptibility due to the fact that magnetic moneitss casgossessing
a preferred orientation axiwill better respond toraexternal field when this is applied
in certain directions rather than othars,parallel or otherwise perpendicular to an easy

axis of magnetisation which results from the siAgleanisotropy.
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Some antiferromagnetic materials show significantlyfedént values of
transition temperaturdn and CurieWeiss temperature. A dimensionless parameter
known as thdrustration index fi, defined as the ratio between the two:

y

Q h PP @

provides an indication of magnetic frustration in a material, with those h&wnt0
considered to be highly frustrated. In those cases where the extent of orbital angular
momentum changes with temperature, the information provided by the frustraton ind

must be considered tentativelye to the above considerations.

1.5.2 The Landau Model for Ferromagnetism

A ferromagnetic material exhibits spontaneous magnetisation in the
absence of an applied magnetic field, with the magnetic moments adilgmedthe same
unique direction and being parallel to each other, as shown in Figure 1.4. The first
explanation of this phenomenon was provided by Weiss in 1907, with the introduction

of a molecular field that explained the magnetic otfer.

However, anore recent model for ferromagnetic materials was proposed by the
Sovietphysicist Lev Landau 1936, in which the concept of ndfégld is introduced® In
his theory, Landau also describes the nature of the phase transition to a ferromagnetic
ordered ste, by first expressing the free enefggf the system with magnetisatidm

as a power series M, hence:

00 O ®"YD « h PP Y
whereFo andb are positive constants a@a(l) is a temperaturglependent constant. A
phase transition can occur wha(iT) changes sign at the transition temperaiu,evith

a(T) near the transition being:
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with ap a positive constant.

By considering— it can be shown thalhé magnetisatiok! of the magnetic

system can only be:

Y Y o

0 ml O T h P& T

with the second condition possible only Tox Tc, whereas the first condition is possible
whenT > Tc. The i ddga edfdofimaaomosed khyspibhsaared a u
subject to the same average exchange field produced by all the neighbours, very similar

to what Weiss had proposed almost 30 years before.

Figure 1.4: Representation of an ideal ferromagnetic material, with-lamge order characterised ay
the spins parallel and pointing towards the same direction.

1.5.3 Theory of Antiferromagnetism

When the exchange interactidmmong the spins is negative, antiferromagnetic
order is observed, with the spins oriented along the same direction, lyabéparallel
to one another. It is possible to describe such a system by identifying two distinct

sublattices possessing ferromagnetic order, one sublattice possessing all the spins
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pointing up (the + sublattice) whilst the other contains all the spanstipg down
(theT sublattice), and yielding an antiferromagnetic ordered state when these are

combined, as shown in Figure 1.5.

M, M M=0

|

_ I

+ | = l
| | | |

Figure 1.5: Representation of an ideal antiferromagnetic material, with-tange order characterised by
all the spins artparallel to each other, while lying on the same direction. An antiferromagnetic lattice can
be described as the combination of two sublatjimessessing magnetisatibh andM..

Each individual sublattice can be described in terms of a molecular field

dependent on the molecular field, as follows:

6 SO 9 h

0 SO h P& p
where Fr¢ is the strength of the molecular field aMl the magnetisation of each

sublattice. In a perfect antiferromagnet, these differ only in direction, hence:
s s 08 P& ¢

Therefore, the combination of the two sublattices will result in a zero net

magnetisation.

The transition temperature for an antiferammet, known as the Néel temperature

Tn can be expressed as:

0 0 psOYP 08

) 0 pg O
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with eers the effective magnetic moment of the systéfigthe saturation magnetisation
0 thatis the maximum magnetisation exhibited by the system in high applied fields, and

nis the number of magnetic atoms per unit volume.

Because the suM+ + M_= 0 in a perfect antiferromagnet, it is often possible to
use the differenc#+ i M., knownasstaggered magnetisationwhich is norzero for

temperatures beloW, as a parameter to describe an antiferromatinet.

It is possible to find materials where the two lattices possess different number of
cations or the cations possess different momeurtigh results in &errimagnet. In such
a material, the spins of the two lattidd, and M. do not cancel out as in an ideal
antiferromagnet, with the net result being that bulk properties resemble to that of a

ferromagnet.

1.6 Competing interactions and frustratedmagnetism

Let us now consider a system where spins are correlated antiferromagnetically,
that is the exchange interaction among the sifess negative. While this interaction is
easily satisfied when the spins sit on a square lattice, the opposite is trusowteeother
geometries are considered. In such a situation, competitions arise among the spins, with
the result that the interactions cannot all be satisfied simultaneously, leading to systems
known adrustrated magnets

The simplest example of such atgys is the triangular Ising antiferromagnet,

where spins sit on a triangular lattice, as shown in Figure 1.6.



21

a) b)

f)

v

Figure 1.6: Antiferromagnetically coupledsing spins sitting on a) a square lattice ahdtriangular
lattice. In the latter case, it is n@bssible for all the spins to satisfy all the interactions simultaneously.

In this system, the energetically favourable correlation between the spins is an
antiferromagnetic one, but the geometry of the system is such that two nearest neighbours
compete fo the same interaction to be satisfied and achieve the antiparallel alignment.
This results in a frustrated ground state which is an average of many degenerate states. It
is easy to understand that the competing interactions are somewhat dependant on the
degrees of freedom possessed by the spins, with Ising spins possessing the lowest number
of degrees of freedom. Indeed, if spins adopting a Heisetikerdehaviour are
populating the very same lattice, the frustration can be somewhat relieved, asrshown i
Figure 1.7. It should be noted that the triangle here is equilateral. When this is not the
case, e.g. isosceles triangles constitute the lattice geometry, interactions are inequivalent
and frustration can be relieved as well. When frustration arisely puieeto the geometry

of the lattice, the system is said to featgeemetric frustration.
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N pd
\ /
Figure 1.7: Antiferromagnetically coupletiieisenbergike spins sitting on a triangular lattice. While it is
not possible for all the spins to satisfy all theerattions simultaneously, the higher degrees of freedom
allow for their orientation to change in such a way that frustration is relieved.

While this simple triangular lattice effectively conveys the idea of geometric
frustration, it is possible for theidngles to be arranged in different ways according to
the structure of the crystal. Indeed, when extending the discussion to the infinite structure
of a material, the triangles might be arranged in an-etlgang or vertexsharing fashion
in two dimensios, or even adopt threimensional arrangements. In an array of
two-dimensional edgsharing triangles each site belongs to six triangles, whereas for a
two-dimensional cornesharing lattice, each site belongs to two triangles at a time. In
the last casehe lattice takes the namelkaigomelattice, a reference to popular Japanese

bambodbasketsKago with a woven pattermge), shown in Figure 1.8 (5.

a) b)

Figure 1.8: (a) Edgesharing triangular lattice and (b) the Kagome lattice, consistingé&xsharing
triangles.
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Thepyrochlore lattice is arguably the most wedtudied example of a frustrated
threedimensional lattice, consisting of a network of verséaring polyhedra, shown in
Figure 1.9. DyTi>O7 andHo.Ti-O7 aresome of the most stlied pyrochloreswith their
polyhedra of lanthanide magnetic cations acting as four ferromagnetically coupled Ising
spins® In these materials, the spins tend to adopt a specific orientation tetrttredral
verticesfollowing whatis known ag h e -ifitweout 0 r ul e, with two
pointing towards the center of the invididual tetrahedra and the remainder pointing
outwards? This is refered to as spine behaviour since this is analogous to the behaviour
of water ice phases, whicexhibit two short (covalent) &l bonds and two long
(hydrogenbonding) interactions. It should be noted that in the case ¢figly; and
Ho.Ti2Oy7, the spins are actually ferromagnetically coupled. The frustration in this case
is not caused by the couplingf the spins but rather by the strong local magnetic
ani sotropy due to the crystal -inftweduwt o0 hat
orientation, rendering the interactions frustrated. This also leads to interesting properties,

such as the existeno& magnetic monopoles, which cannot exist in isolatfon.

Figure 1.9:(a) Pyrochlore lattice, with magnetic ions sitting on the vertices of tetrahedra and (b) extending
in threedimensions in a cornesharing fashion.
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The spinice behaviour is one dhe many possible in frustrated magnets, with
others being that of spiliquids and spirglasses observable both in pyrochlore lattices
as well as others. In a spytass, it is possible to cool the system down to a temperature
where the material ceases lbe paramagnetic with the spins freezing into random
orientations resulting in a disordered structure. $p@sses are characterised by this
Afreezingo temperatur e, akin to the gl as
therefore a large number a@fquilibrium states, in analogy with glass, while not
possessing a unique ordered structure. In contrast teglgsses, spHiquids never
freeze: it is possible to observe fluctuations of spins leading to disordered magnetic states
down to temperaturedose to absolute zero, implying they always present a dynamic

disorder, despite strong magnetic interactions between their cations.

1.7 Low-dimensional magnetism

The exchange interactions between magnetic ions can be restricted to one or two
dimensions, \were magnetism is confined to low dimensional motifs, such as chains or
sheets. Lowdimensional systems, particularly 1D systems, have attracted significant
interest for the discovery of new phases of matter. Achieving them constitutes a challenge
for mateials such as oxides and salts because obtaining isolatedifmemsional motifs
is required to prevent thraBmensional order from emerging, and these are usually
incompatible with their typical cloggacked structures. Some examples of
onedimensional magnets include perovskite ABXmaterials, namely CsNiFand
CsCuCs, which show quaslD magnetic structures, where ferromagnetic interactions
are strong along the direction of the chains, but with weaker antiferromagnetic coupling
between thechains?®#! Another important example of lBagnetism is found in

SrCulrOs and SgCuPtQ, presenting 1D Heisenberg ferromagnetic and
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antiferromagnetic magnetic structures, respectitelyhas been shown it is possible to
tune the properties of theystems by altering the ratios of Ir and Pt, hence obtaining
SrCulrixP&0Os solid solutions, with an example of quantgpinchainparamagnet

reported for SICulro.sP1.506.4?

1.8 Magnetic coordination polymers

More recently, interest icoordinatiorpolymers and dense MOFswhich feature
polyatomic liganddinking their magnetic cations into extended frameworks, has grown
significantly. The varied architectures of these materials allow for the design ofistsuct
that contain lowdimensional motifs, thanks to the ligands being able to impart strong
structural anisotrop§’3143Thus, these materials depart from ckpseked structures and
host well isolated magnetic chains and sheets. Furthernioise posible to design
structures featuring competing magneg@ometric frustrationo further suppress the
onset of longange magnetic ordeExamples of coordination polymers exhibiting 2D
magnetism are metal malonates:Mémal).-2H.O (M = Mn, Fe, Co, Ni or G; mal =
malonate) which feature 2D inorganic layers connected by the carboxylate groups of the
malonate ligand? and GdO(OH)(H20z), also featuring a 2D structure, represented in
Figure 1.10°° Itis possible to find an example of edanensional magnetic coordination
framework in copper hydroxidep-pyridinecarboxylate Cu(OH)EEIsNCO,)-H20,
shown in Figure 1.11, where edglearing CuG@N chains propagate through its
monoclinicP2:/n structure and onedimensional antiferromagnetic order is observed at

Tn~ 51 K#
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Figure 1.10: Crystal structure of G®D(OH)4(H20), with (a) 2D layers stacking along theaxis and (b)
extending on two dimensions on ttieplane.

Figure 1.11: Crystal structure of Cu(OH)gEI.NCO;)-H.0 with zig-zag chains propagating along the
b-axis.

An example of coordination polymers featuring geometric frustration is
Mn2(OH)x(sq) (sg= squarate), which features eegfearing chains of Mn@octahedra
and constitutes an example of a partially frustrated-lsgpider, where competing
interactions are present, although the presence of inequivalent interactions allows for
stronger interactianto prevail at sufficiently low temperature and reach a stable ground

state?’ Coz(OH)2(sq)-3H20 is another example of a coordination polymer exhibiting
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magnetic frustration, specifically in its Ce@bbons?® Due to the Co cations forming
isosceles triangles, the potential frustration is lowered, and the material does in fact order
at sufficiently low temperaturé§ M(tca), (tca = tricyammide) is a family of materials,
based on stacked rows of trianglesl &aturing magnetic chains along thaxis, that

shows frustration, although 3D ordering is reached at sufficiently low temper&tftes.
Going from Mn to Fe to Cr as the metal incorporated in the structure, it was observed
that intrachain interactiaincrease, reducing frustration. The examples shown above are
far from exhaustive and the reader is referred to reviews on the topic for further

details31’43'51'52

1.9 TheLn(HCO,)s family of coordination polymers

Of particular interest in the contestt this work is the.n(HCOy)sfamily of dense
coordination polymers. These materials adopt a rhrombohe8rastructure and feature
LnOyg facesharing polyhedra forming infinite XBhains propagating along tleeaxis.
These chains are then linked togetheng theab-plane via the formate ligands and leads
to the formation of a triangular lattice structdtesd(HCQ)s has been shown to be a
very promising magnetocaloric matertaiyhile Tb(HCQ)s and Ho(HCQ)s outperform
the Gd analogue in lower field conditions above 4 K (a more widely used cryogenic
temperaturey. More will be discussed about the magnetocaloric properties of this
material in the following chapter. For the time being, it is important toioretiie exotic
magnetic states found in this family, in particular Tb(H§3Qvhich constitutesan
experimental realisation oftaangularisingferromagnet (TIA), an exotic magnetic state,
as first reported by Harcomls al>* and that perfectly exenifies the effect of the

combination of magnetic frustration and eienensional magnetisii.
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1.9.1 Tb(HCO)s: magnetic properties and structure

In Tb(HCQ)3, strong diffuse features are observed between ~20 and 1.6 K in
neutron diffraction patterngjith these indicating the presence of strong local interactions
emerging from the intrachain and interchain correlations with Jigegspins oriented
along the chaing! At about 1.6 K, additional Braglike features are observed; these
have been suggeed to be caused by partial 1D leragnge ferromagnetic order being
achieved along the chains, while only sharige order is observed between the chains
along the other dimensions due to frustrated antiferromagnetic interchain interactions,
resulting inthe TIA state’! A second transition is observed at 0.5 K, indicating a more
complete order antiferromagnetic order is achieeBelow this temperature, an
emergenicharge ordered state (ECO) has been identified, which is an antiferromagnet in
which the chains have different ordered magnetic moments that sum to the same value,

found to bet0.75¢g, around each triangké

The combination of 1D and frustrated magnetism in Th(p)&@ave been
identified as being the potential causes of the enhancement of its magnetocaloric
properties at low temperaturésyith magnetic frustration suppressing leramge
ordering down to low temperatures and the paltiafy range order at 1.6 K,laing
for a prompt alignment of the spins along the direction of the magnetic field, enhancing
the resulting magnetocaloric effect. Indeed, the evolution of the structure of TBHCO
has been followed at 1.5 K in neutron diffraction experiments undéedglds from
0i 3 T.5° For an applied field of 0.1 T, the TIA state could be observed, with Bilegg
features having dull-width at half-maximum (FWHM) sharper than in previous
zerofield elastic neutron scatteringtherefore suggesting the digation of an external
field contributes to more ordered chains in the laffdecreasing the field to 0.2 T

causes the emergence of additional magnetic reflections, indicating a second simple
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ferromagnetic state forn?s.As the field increases ftiver, the ferromagnetic phase
becomes increasingly dominant while the TIA phase gradually decreases, until at 0.8 T,
only the ferromagnetic phase existsThe evolution of the magnetic structure of
Tbh(HCO)sunder magnetic applied fields could thereflumeher constitute proof that the
ferromagnetic chain align when small fields are applied and this could be a key factor in

its optimised magnetocaloric performance for small field changes in comparison to

Gd(HCO)3.55
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Figure 1.12: Fragment of thenagnetic structure of Tb(HCR at 1.5 K when the TIA state is reached (top)
and two possible average structure solutions of Th(bi§200.28 K. Top: reprinted figure with permission
from Daniel R. Harcombat al., Physical Review B, 94, 174429, 20T&pyright 2016by the American
Physical Society

1.9.2 OtherLn(HCO2)sphases

Ln(HCO,)3 phases with a broader range of lanthanides have also been investigated.
Members of this series with Ce to Er, at least, also adopt a rhomboR@airstiructure>!

Magnetic property measurements down to 1.8 K indicate these materials remain
paramagnetic and lack interesting magnetocaloric properties. Neutron diffraction studies

of the Ce, Pr, Dy, Ho and Er members of this series all lacked any magnetic Bragg peaks
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down to 1.5 K. Of thesé.n(HCOy)s phasesonly Ho(HCG,)s shows strong diffuse
scattering below 10 K, which is similar in character to that observed for Th{H&0
Analysis of the diffuse scattering via Revekente-Carlo (RMC) fitting indicated that

the spins are preferentially aligned along the directions of the chains and
ferromagnetically coupled, with a strong Ising charatt@imilar to Tb(HCQ)s, the
intrachain and interchain correlations are ferromagnetic and antiferromagnetic
respectively, Bhough those in the Ho phase are significantly weakidn(HCQO,)sdoes

not show an intermediate TIA state but transitions directly into an ECO state at 0.7 K.
The weaker magnetic interactions in Ho(H{sMnight explain both why it shows diffuse
sattering only below 10 K and why it is a worse magnetocaloric material

thanTb(HCOy)3.5!

As opposed to the Tb and Ho analogues, the isostructural EEi@@s not
show any indication of longor short
range magnetic der down to 0.4 K from

magnetic susceptibility and magnetisation® '

measurements, the latter indicating the
spins in this system have IsHige

behaviourr® However, upon cooling

down to 50 mK, the emergence of X ‘
d
additional weak reflections has been

Figure 1.13: Antiferromagnetic structure
Er(DCOy)s at 50 mK. Erbium shown in green, oxy!
in red and carbon shown in black. Reproduced
onset of longrange orde?® The observedR.J.C Dixey Doctoral ThesfS.

observedand these were attributed to tt

magnetic structure, shown in Figure 1.13 for Er(RfzgQOndicates Er(HCg)s features

intrachain antiferromagnetic coupling in direct contrast with Tb(keCand
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Ho(HC)3.5¢ In the Er(HCQ)s chains, the magnetic momenies along the

[ 0. 720, T Gectdrlclbse @o.thé D] 0] axis>®
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2. Overview of Magnetocaloric
Coordination Polymers for

Low-temperature Cooling

2.1 Introduction

2.1.1 Conventional Refrigeration and the Alternative of

Solid-State Caloric Materials

In the pastthree decades;ombating climate changkas become a major
challenge which requiresa decrease irenergy consumption and reductionof
environmentally harmful greenhouse gas emissions. Thernktional Institute of
Refrigeration (lIR) estimates that, as of 2019, there are approximately 5 billion
refrigeration, air conditioning and heat pump units worldwide that contribute to climate
change, with 63% of this contribution being indirect dudgh®energyconsumption
requiredto power thesand around 37%eingdirectly caused by leakage of refrigerant
gases e.g. fluorinated molecuféduith refrigeration becoming increasingly important
both in our daily livesas well as for more specific dpgations such as in the food
industry and transportatiofimedicine and scieng&®it is vital to find alternatives to
traditional gas compressi@xpansion refrigeration technologi@sor which, in general,

energy efficiencies are typicallymited to a maximum of 4®0% of the theoretical
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Carnotefficiency®! This limitation is oftendetermined bymechanical inefficiencesf

the componentgor the refrigerating device, such as the compre§sor

Solid-state caloric materials are an alegime for gasbased refrigeration
technologies with the advantage of avoiding emissions of environmentally harmful
and/or norrenewable refrigerant gases. Furthermore, the predicted cooling efficiency for
some of these materials is higher than that oftteawl gas cooling devices, with above
60% of Carnot efficiency attained by some prototy{3dsis possible to identify four
main classes of caloric materials for refrigeration applications, as shown in Figure 2.1,
which differ from one another depand on the stimuli that drive their caloric effects,

i.e. their heating and cooling processes. These are namely barocalorics, elastocalorics,
electrocalorics and, finally, magnetocalorics, on which this dissertation focuses (see
Figure 2.1). In all cases, the cooling step typically ocetiasan entropically drien
process when the applied stimulus is removed. Electrocaloric materials are solids
exhibiting the electrocaloric effect (ECE), where adiabatic depolarization upon the
application and subsequent removal of an external electric field results in a temgerat
change of the materi&f. Polymeric materials such as the copolymer polyvinylidene
fluoride-tetrafluoroethylene (PVDHFE) have shown to be promising candidates for
electrocaloric applicatiorfé,along with Rochellesalt (KNaGH4OsA 428) 2% KTa0s,°
BaTiOs and SrTiQ,*”%®and NHHSQ.® It is also possible to achieve cooling with the
application of mechanical stress or pressure when elastocaloric or barocaloric (BCE)
materials are used. In materials exhibiting the elastocaloric effect,(d@&ghange in
temperature is caused by the uniaxial stiredaced Martensitic phase transformation
processwhich is a displacive transformation occurring due to shifts of atoms without

long-range diffusion in the structurépplication of mechanical @ss decreases the
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entropy of the material and releases latent e, this reversed when the mechanical

stress is removedhereforeenabling the material to absorb heat from its surroundfhgs.

hydrostatic pressure

/ \ / electric field
Barocalorics :> Electrocalorics D |:>

N

applied stress

N
\ \ magnetic field
Elastocalorics ° :> Magnetocalorics ° :>
S

strained
material

Figure 2.1: Different types of caloric materials attte stimuli responsible for their caloric effects.

Elastocaloric materialsiclude phases such a#loys, including NiTi and CuzZn-Al,"*
alongsideCu, Fe and NiTi-based superelastic allgyghich completely recover their
original shape after aapplied stress is removed without any need for treatment, e.g.
annealing® Barocalorics materials exhibit a thermal response due to isotropic
compression from hydrostatic pressure, typically associated with a concurreoitdest
phase transitio® The BCE has been identified in many materfdl€, including
elastomeric polymer§,;’including natural rubbef® plastic crystaf and magnetic
memory shape alloy®, and coordination polymers, particularly inorganiganic
perovskites that have shown the smlled giant barocaloric effect, including
[TPrA][Mn(dca)],838*  [(CH3CH.CH,)aN]JCd[N(CN)z]s ([TPrA]JCd[dcak)® and

[(CHz)sN]Mn[N 3]3.86

The final categoryof caloric solids are magnetocalorics, which were first
discovered by Wiss and Picard in 19788 The magnetocaloric effect (MCE) is driven
by the application and removal of an extelnahpplied magnetic field. Many
magnetocalorics show promising magnetocalgsroperties with some prototype
devicesdevelopedor apgications such as domestic refrigeration anecamditioning®®

and as established candidates for subkelvin cooling with predicted energy efficiencies
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higher than 60% of the Carnot cy@é?! The secalled giant MCE (GMCE) is associated
with first-order magnetstructural transitions that enable significantly higher
magnetocaloric effects thaonventional MCHnaterials near ambient temperatures and
modest applied magnetic fields, enablingirthese in near ambient temperature
applications. This term was first coined fors$SedGe which showed a magnetic entropy
change ohearly 15 J kg K for a2-0 T field changgedoublethat of the bestear ambient
temperature magnetocalorics then knd#rConversely magnetocalorics for low
temperature cooling rely on gradual fietdluced magnetic ordering of paramagnetic

spins.992

Amongst caloric materialsmagnetocalorics are particularly promising and
thermodynamically efficient candidatesrflow temperature coolingapplications
Cryogenic cooling has become increasingly relevant recently for technologies that are
dependent on cooling to lewnd ultralow temperatures such as hydrogen liquefactfon,
quantum computing,spintronicé, medical imaging? and highperformance infrared
sensing’* Liquid cryogenics are conventionally used for this purpose, with liquid helium
vital for reaching temperatures below the boiling point of liquid nitrogen (77 K),
including the millikelvin regme. Inparticular,*He can reach 2 K, while mixture$*He
with 3He can be used in dilution refrigerators to reach temperatures below 0.1 K. With
liquid helium becoming an increasingly scarce and expensive resource, it is essential to
find alternatives sitable for lowtemperature cryogenic coolifigin magnetocalorics
used at low temperatures, application of an externally applied magnetic field induces a
transition from a disordered paramagnetic state to an ordered magnetic state; the
orientation of he magnetic moments along the direction of the field in magnetocaloric
mat eri al s | eads t 0ag iaantadiabgiieproaessuHeat cao thenihe e |,

removed from the system whilst keeping the spins aligned with the magnetic field under
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isotherméconditions. In a subsequent step, removing the magnetic field under adiabatic
conditions will result in the material cooling down due to the disordering of the, spins
i.e.an increase in entropy occuBue to this final temperature change, which results in

the material having a lower temperature than its initial state, the material can then be used
as a heat sink for cooling utilising the magnetic refrigeration process (see E@jure

The biggest aamplishment of magnetic refrigeration lies in the fact that the cooling
process does not rely on the use of gases, therefore no refrigerant leakage or CO
emission is possible, resulting in r@newable andmuch more environmentally

sustainablgrocess.

z\\ \’\\\ O ﬁ
YNI2Y, ‘d‘
’\kl\lfl

/ \ - Heat expelled
7
@]
device I NS
e
Heat absorbed

WA 1
(I\l’:} X" o 1 !
M2 1

Figure 2.2: Scheme of the magnetic refrigeration cycle of a magnetocataierial
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2.1.2 Theory and Measurement of the Magnetocaloric Effect

The MCE is an intrinsic property of all magnetic mateff&ksnd parameters are
necessary to classify thethMore will be said in Section 3.5.2 about how to measure the
magnetocaloric properties of MCE materials and how the methods were used in this

work, but it is necessary to provide a brief introduction to these here.

The most commonly reported parameteliterature is the maximum magnetic
entropy S'Méwhaerethe nagapvagnstems from the entropy conventionally
decreasing when the field is applied) for a given applied magnetic field change, typically
reported with respect to the masfsthe maerialin J kg* K. A second parameter, the
volumetric entropy change, is easily obtained by considering the product between the
former and the de&%ix{)andsfeportdihanJamdK?e The al (T c
magnetic entropy change can be determfn@d either direct or indirect measurements.

In the former case, the total heat capaCityof the material is measured, with this being

the result of electroni€e, lattice C; and magneticC contributions.Therefore, it is
necessary to isolate the magnetic contributon,to determine the magnetic entropy
change tphe relationship bSezUZgRAM. Indirect t wo
me a s u r e rGerequiresadétermymning theothermal magnetisation ohaaterial and
applying the M&@weh*EWUMGH IMadH; thenefore tpquiring
measurements to be carried out as a function of temperature for a variety of magnetic

fields.

It is also possible to utilise tl@&ausiusClapeyron methodsanindirect method
f or c al S tol neagnetacgoriap that rely on first order transitions, as is the case
for figiantd magnsSkGetiadweverthissgenemliymtirelesast G d

for magnetocalorics for low temperature applicatjotige to theseelying moreon
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gradualchangesin applied field®® A third parameter, the aforementioned adiabatic
temperature changeplag IS a more direct measure tife MCE. Neverthelss, this
parameter is |l ess well characteri s&@d for
requires a detailed understanding of hthe heat capacity changes as a function of
temperature and applied fiekhd this is also free from detrimental kinegitects that

might occur during the removal of the applied magnetic $i8drhe need for His
additional information often limits thealculationo f Taddor new materials, whose

magnetocaloric effect parametare insteadssessed by indirect measuents.

Thema xi mum e nt r 8pHthatcchnasbehgoeeticallgpxtracted from
a materials given bynRIn(2J+1), where R is the universal gas constarthe number
of unpairedspins andl the total angular momentutff Increasing the magnetic moment
isthusessential to 1 ncr easSg" adwell ammirimismgtme r eal i
diamagnetic components of the material, such aswmagnetic cations and coordinagi
ligands, which negatively affect the entropy chanwith respect to its weight and
volume. As a noizero orbital angular momentum might result in zietd splitting
(ZFS) effects, which are responsible for splitting the ground stategy level which
lowers the magnetic entropy changeost magnetocat@ materials studied have
negligible orbital momentum. Thus, their maximum expected entropy corresponds to
nRIN(25+1), and it is therefore entirely dependent on the magnetic degrees of freedom,
as expressed by the termSg2), the spin multiplicity. Thefore, when choosing an
appropriate metal for the fabrication of magnetocaloric materials, gadolinium is
considered the best candidate, as frarlditals of the Gif cation are exactly hafilled,
resulting in a total spin quantum numbeesf 7/2, anddue to it being strongly isotropic,
I.e.it possesses zero orbital angular momentum and its magnetism is determined only by

its spins.eliminatingany ZFS effects. As a result, considerable effort has been put into
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the design and characterization of gadiolin-based materials with oxides such as
gadolinium gallium garnet G&aO12 (GGG) and the irosubstituted derivatives
Gas(GanxFe)s012 (GGIG) well established as candidates for d@mperature cooling,
superseding traditional metal salts due to the dnigh Sa™&p which stems from the

higher density of magnetic cations in these oxides.

More recently, molecubased magnetic materials have been proposed fer low
and ultralow temperatureooling applicationsi® Moleculebasednaterials can adopt a
wide variety of structures that are not easily obtained with traditional oxides due to the
tendency of these to adopt clgsacked structures. This, combined with their lack of
significant intermolecular magnetic interactions, enables these moleaseel
magnetocalorics to be used at lower temperatures. However, research on these materials
has recentl y | osS"withaespeadt to their aveighttarmd eparticularlyp
volume, is limited due to theeed to usdarge ligands for the fabrication of their

structures?®101

2.1.3 Beyond Conventional Materials: Coordination Polymers

In contrast to discrete complexes and metal oxides, there has recently been
significant interest in dense coordination polymers, includikietalOrganic
Frameworks (MOFs), as potential magnetocaloric matefiatd1%* JUPAC
provisionally defines coordation polymers as a coordination compound continuously
extending in 1, 2 or 3 dimensions through coordination b&id&hile according to
IUPAC the definition of coordination bond is a covalent bond where two of the electrons
taking part to the bondome from the same chemical entity, as the IUPAC definition
itself acknowl edges, the term Acoordinati

generally to define the ligands surrounding a metal centre regardless of whether the
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character of the bond is ealent or ionic. With this in mind, and with the balance of
covalent and ionic bonds being difficult to clearly discern for many materials, in this
context he term coordination polymers usedto describe any extended structure in
which metals are linketly polyatomic ligands. The focus on polyatomic ligands is to
avoid considering those more w&hown compounds with monodentate ligands that
would be generally considered saigy. oxides or halides. In doing so we acknowledge
this restriction is someveth arbitrary and some of the materials reviewed here will likely
possess predominantly ionic bonds and that some of the materials included may be
considered by others to simply be salts. The varied structural topologies of coordination
polymers offer moréreedom in the tuning of their magnetic properties than is commonly
found in oxides due to the structtdigecting effect of their polyatomic ligands leading

to a variety of structures rather than the close packed arrays typically adopted by simple

salts*3

The variety of structures accessible with coordination polymers makes it possible
to design threelimensionalstructurescontaining lowdimensional motifs, such as
onevdimensional magnetic chains or twlomensional magnetic sheetsja the
structuredirecing effect of the ligand®**When these structural motifs are well isolated
from one another structures with a higher density of magnetic cations witinaongeg
order occurring at very low temperatures can be realised due to the resulting weak
interactions between these units. Irdiéidn to this, it is possible to design structures
featuring competing magnetic interactions due to the arrangement of the cations in the
crystal lattice, called geometric frustratitffito further suppress the onset of leragge
magnetic order to miclower temperatures and, therefore, allow for an even higher
density of magnetic cations in the structdigpically, thisoccurs instructures containing

triangular motifs such as those discussed in Chapteedponsible for the competition
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of antiferomagnetic interactions, such as the -wmensional triangular or Kagome
lattices!®107 as well as pyrochlore structuré®,such as that of G#li07.1%8 While
conventional materials can exhibit geometric frustration, GGG being a classic
examplet® coordination polymers expand the scope for this through the plethora of
topologies they can adopt. Coordination polymers showing low dimensional units and/or
magnetic frustration have been suggested to be excellent candidatestiemiograture
cooling, highlighting that attention to the structural characteristics of materials plays a
key role in the optimisation of their MCE. The combination of lower ordering
temperatures in coordination polymers compared to metal oxides, which enables them to
remainuseful magnetocalorics at lower temperatures, and higher density of magnetic
cations than is possible in molSdtaslaar con
function of weight and volume, making them very promising candidates as
magnetocalorics matafs3® Furthermoremany coordination polymers have already
been reported S$"§thdnahe denadymaekaokidmateridlsopuch as

GGG

The coordination pol ymer s andmnense |
approximately 40 J k§K or higher for large field changes, tend to be found amongst
materials with either purely inorganic (in which there are Ad Kkonds) or carboxylate
ligands. The majority of the magnetocaloric coordination polymers studied to date
incorporate only lanthanidestimarily Gf*, as their magnetic centres, although there
has been recent interest in a handful of systems that featuredaltid 3f metals as a
future potential route to enhancing their magnetocaloric propeffi@s wasseen
previously in molecular magtocaloricsvherethe combination of the high number of
unpaired spins in lanthanide cations and the stronger interactiommswolBd ideally

improve the correlations among the matahtres® In this chapterwe will discuss the
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most promising magnetocalorics coordination polymers and dense MOFs known to date

across these categories.

2.2 Coordination Polymers Containing Inorganic

Ligands

Coordination polymers with inorganic ligands are attractive as their smaller
polyatomic anion typically allow denser packing of their magnetic cations than systems
with larger organic ligands, thus increasing the magnetocaloric entropy change as a
function of volume. Among inorganic coordination polymers, Ggdi@s attracted
significantinterest or h a v i n §™®thahthegGGE benchmark materit At
room temperature, this material adopts a monocki¢n structure in which the nine
coordinate G& node is bound to four oxygens from the distorted tetrahedral phosphate
groups (se€igure 2.3), with an average Gl distance of 2.47 A, and linked together in
achainlike fashion!®The report ed magn & forthessmatariad py ¢ h
is 62.0 J kg K (376mJcm?® K1) at 2.1 K and an applied field change of 7 T, higher
than that of the benchmark material, G&Gger the same conditiod%'*°The magnetic
properties, including the MCE, of this material are largely attributed to the high density
of Gd®* cations in the structure, coupled with the presence of weak nimgnetactions
and the low magnetocrystalline anisotropy, allowing for magnetic order to appear only

below 60 mK as a dipolar antiferromagné.
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Figure 2.3: Crystal structure of GdPQOThe GdQ polyhedra are bridged by the tetrahedral phosphate
groups. Colour codes: Gd: purple, P: grey, O: red.

More recently, a Gd(OH)S@oordination polymer has been synthesised and has

been shown $%canparabldtothat o GGBEThis materih crystallises

in a monoclinicP2:/n structure with the asymmetric unit consisting of oné*Gdtion,

one sulfate ion and a singtgdroxideanion. The Gd cations are nineordinate and

form a capped squasatiprism coordination geometry, with six oxyrgs from the Sg¥

l igands, with two o bbrilgmgandtoréefoxgders fratweggens L
OH aniors, t h i s-bridgeglt The Gd* cations are connected to form-thains

along thea-axis, and these further extewich hydroxy oxygens thebc direction to form

a threedimensionaframework (see Figur24).!13

The magnetic coupling is negligible in this material withCarieWeiss
temperature dcw, of about 10.2 K which indicates the presence of weak
antiferromagnetic interaction¥he magnetic entropy changeq$of this material was
extracted from magnetisati on dSg"®™wlueosi ng t
53.5J kgt K1 (276 mJcm3 K1) obtained 82 K and for a 7 T field change, demonstrating
a higher g$&Y hmet IGIGG, T dut a coWmPdortkebl e vo

benchmark materiaf114
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Figure 2.4: a) Crystal structure of Gd(OH)SQwith onedimensional chains propagating along &haxis

and forming layers along tlee-plane, (b) with the latter stacking along thaxis. Colour codes: Gd: cyan,

O: red, S: yellow. The hydrogen atoms have omitted for clarity. ReprodiaredMater. Chem. Front,
2018,2, 2327 2332 with permission from the Chinese Chemical Society (CCS), Institute of Chemistry of
Chinese Academy of Sciences (IC) and Royal Society of Chemistry.

Another family of coordination polymers, the lanthanide orthoborat#03
(Ln= Gd, Tb, Dy, Ho, Er, Yp have proven to beiable magnetocalorics for liquid
helium temperature regimes at both high and low applied magnetic fiel@lhese
materials adopt a monoclini€2/c structure with triangular layers dfn®" cations
separated by sheets of thireembered rings of corner sharing BQetrahedra that form
isolated BOg® units!?® While the existence of antiferromagnetic interactions within
triangular layers suggest eéhpossibility of geometric frustration, the monoclinic
symmetry results in the triangles being scalene and the differerigelin distances
within different triangles make this less likely than in higher symmetry systéms.
Consistent with thisit was found that GdB&has a low frustration indeix= 3.1 and
although the Er and Dy analogues posdessl10, consistent with highly frustrated
systemsit cannot be ruled out that thilsfferenceis partly due teeffects such as lattice
distortionson dew.'*® In GABQ;, the average iplane GdGd distance is 3.84 A, while
the average interplan distance is 4.52 A. The maximum magnetic entropy change
T @™ for this material is found to be 57.8 Jki&™* (366mJcm?® K1) for a field

change of 9 Tat 2 K> While this value is higher than the benchmark material, GGG,



Overview 45

under the same conditions, the high magnetic field strength would limit its application to
where superconducting magnets &m&drapsmpl oy e
significantly, reaching values below 10 Jkg* (about 60 mJ crK™) at 2 K Amongst

other members of thenBOs series, it is worth noting that DyBMas been shown to
outperform the Gd analogue at lower applied e | d s , S\Wioft 1B.9 Jakg Ktp

(92.5mJcm3K™) for a field change of 2 T at 2 K.

Among inorganic coordination polymers, theOHCQ; frameworkg(Ln = Gd®*,
To®, Dy**, H*, and Ef)h av e t h e Sfi* ag &fanstibn of vapight. Work on
these compounds started with GdOHGE%which adopts an orthorhombR2:2:2;
structure in which the Gd cation is 16coordinate, binding to five carbonate anions,
three in a chelating fashion, and two hydroxideugso These polyhedra connect in a
facesharing fashion to form zigag chains with short 3.82 A G&d contactghatare
packed in a dense and distorted triangular lattite edgesharing connectivity. (see

Figure25).

Figure 2.5:a) Crystal structuref GdAOHCQ with facesharing Gd@ polyhedra forming zigzag chains
along thea-axis and b) packing of the distorted triangular lattice alongthglane. Colour codes: Gd:
purple, C: black, O: red. The hydrogen atoms have been omittethfity.
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The MCE effect was determinedia the Maxwell equation from the
magnetisation data to givei gn"® of 66.4Jkg* K (355mJ cm® K™?) at 1.8 K for a
field change of T, which is very similar to that determined from heat capacity
measurement§7.1 J kgt K1 (359 mJ et K1) . An i nlpgof@skswasalso o

determined for a field change off%rom heat capacity measurements

Interest in the magnetocaloric properties of GAOH®@ Dixeyet al?°to an
investigation of heavier lanthateés from TIEr, which were confirmed to adopt
orthorhombicP2:212; structuresvia neutron diffractiont?> Among these materials,
TbOHCG and DyOHCQ@ demonstrated promising magnetocaloric properties with
higher entropy changehan GdOHC®Q®for field changes lower than 2 T, the maximum
field strength achievable using a permanent magnet at temperatures dhowbete
they could be potentially used teplace liquid He for a wider range of cryogenic cooling
applications Specifically, DyOHC@h a s Sa™of §8.3Jkg! K (186mJcm3K™?)
at 4 K and a field change of 2 T while TbOHED a s S™ bf ®01.0 J kg K?
(169mJcm3 K1) compared to aalue of 29.5 J kg K (158 mJ crit K1) for GAOHCQ
underthes ame condi ti ons .S "™hatuesdetweénaehese nompoands n
are even greater for a field change of 1 T (Bh6 20.81kg! K™ respectively for Dy
and Tb;cf. 11.7Jkg*K™? for Gd). These results are impressive when compared to the
benchmark garnet oxides, with DyOH&€§howing improved magnetocaloric properties
overGGG6s maxi mum f or a 2 T field change
optimise magnetocaloric entropyange further through synthesising solid solutions
GdixThyOHCO; and Gd.xDyxOHCQO; were unsuccessful, with heterometallic

compounds having lower entropy changes compared to the homometallic materials.

A further study by Dixeyet al!?!indicated that th& nOHCQOs compounds with

improved magnetocaloric properties above 4 K all exhibited significant magnetic diffuse
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scattering in their correlated paramagnetic phases. Reverse Monte Carlo (RMC) fits
indicated this was a result of having pawilinear ferromagetically coupled Isinglike

spins within the zigzgag chains packed into a frustrated antiferromagnetic lattice. They
suggested such arrangements allows the ferromagnetic Ising chains to be readily aligned
with low applied magnetic fields once the antifenagnetic interactions are supressed

by it, therefore maximising the change in magnetisation under these conditions, resulting
in a higher MCE, as expressed by the Maxwell relation. This is in contrast to GAOHCO
which, as is typical in Gd coordination goiers, has predominantly antiferromagnetic
coupling with adew of about-1 K.>*Therefore, geometric frustration likely plays a key
role in the optimisation of the MCE for this material, and indicates the important role
structure plays in achieving such aptimisation, suggesting particular attention needs

to befocused on fabricating materials with similar structural motifs.

Other inorganic coordination polymers have also been reported to have high
magnetic entropy changes. &de includes weakly antiferromagnetically coupled
Gd(OHiw h 0 s & fisgppomparable to GAOHG@t 62.0J kgt K1 (346 mJ crif K1)
at 2 K and 7 T, as determined from magnetisation ‘3afhis material adopt®6s/m
hexagonal symmetry with nirgoordinate G# connectediia 9 different p-OH groups
into a 3D structure with 1D hexagonal channels (see F@6)e GAO(OHu(H20)2 is
another promising materidiw i t 15" vadues, determined from magnetisationagiat
0f59.1 J kgt K1at 2 Kand 7 T, although its lower density leads to a significant decreased
value as a function of volume of 217 mJ€K™. This orthorhombicCmcmstructure
features two distinct Gdions which are eight and nine coordinatespetively. These
are connected to form a 2D structwra connection of adjacent Gd2 ions through two
OH and one & bridges along the-axis with adjacent Gd1 ion connected through two

OH bridges along the same direction; adjacent Gd1 and Gd2 ions are connected through
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three OH bridges along thé-axis. These 2Btructures ardinked together along the
a-axisvia hydrogenbonding between the coordinated water molecules from adjacent 2D

layers thus generating a 3D framework.

b 2/
S, Sk, &

] - a\ — \0. —2’./‘/:}3—"
.\-.ﬁ. .:?%.
R 2 2

Figure 2.6 Crystal structure of Gd(OHl)Colour codes: Gd: cyan, O: red, H: white. Reproduced from
Chem. Commun2015, 51, 731:7320with permission from the Royal Society of Chemistry.

A final inorganic polymer wi h Si™¥pabove 4Q) kg K is Gab(Hs-O)(s-
OH)s(l4-ClO4)4(H20)6](0)4,122 which crystallises in a monoclini€2/c structure with
relatively strongantiferromagnetic couplinfdew =-5. 5 K) a &8%equaldo a 1
46.6Jkg*K?t (207mJcm® K1) at 2.5 K for a field change of 7 T, based on
magnetisation data. This material has a complex structure comprised of hexanuclear
octahedral clusters and four crystallographically distinct Gd cafidres.distorted
octahedral[Gds([e-O)(Hs-OH)s]®" clusters have six Gd around one central gfbx0
central atom and are connected by eight-fza@ping |i-OH bridges. All G&* cations
are coordinated to nine oxygen atoms in a maeqaped square antiprism geometry. The
octahedral clusters are cauted to each other to form a 3D framework throughsCIO
bridges, with every cluster bridgeta twelve CIQ ligands with every ligandinking

three Gd clusters
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2.3 Carboxylatebased Coordination Polymers

The other family of promisintanthanide coordination polymers that have shown
significant promise as magnetocaloric materials are carboxyssed frameworks.
Amongst these materialthose with extended 2D and 3D structures can gendyally
considered MOFs, albeit most of these @gase and, thus, lacking significant porosity.
Generally, these materials can be thought of as containing either small monocarboxylate
ligands, slightly larger linear dicarboxylates or bulker aromatic carboxylates; where
materials inthis chaptecontainmore than one of these ligand types we have classified
them according to the largest ligand type. The larger ligands involved in these materials,
compared to purely inorganic coordination frameworks, lead to less densely packed
structures, therefore, white h e iS§™®ds epfunction of weight are often similar, these

coordination polymers typically have lower entropy changes as a function of volume.

2.3.1 Monocarboxylatebased Frameworks

The denser monocarboxylate frameworks, which amongst the polymers
cotn aining organic |igands are g®&mrelbased| v r e
on either acetate or formate ligands. Acetate compounds commonly adopt 1D chain
structures with coordination bonding only within these chains, with three such materials
being reported to have high magnetocaloric entropy changes. Two exampleseafeh
Gd(OAck(MeOH) and Gd(OAg(H20)0.5, which adopt monoclinicP2:/c and Cc

symmeties respectively (see Figug7).123

In Gd(OAck(MeOH), the G&" are in a nineoordinde capped squaantiprism
geometry, while in Gd(OAegfH20)o5, there are two Gaentresin ninecoordinate,
capped squarantiprismatic and eightoordinate, square antiprismatic geometries

respectively In both cases, the Gd within the chains are bridged by three acetate ligands,
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in a mixture oftl:cs andsynsynacetate geometries with Ged distances of 4.06 A and
6.46 A for Gd(OAc)(MeOH) and Gd(OAe) H20)u s, respectively. In Gd(OAgjH20)o.5
there are interchain hydrogen bang interactions between the water and acetate
carboxylate groups while Gd(OA¢MeOH) only has weaker interchain interactions.
Gd(OAck(MeOH) and Gd(OAg(H20)5 have very weak ferromagnetic and
antiferromagnetic coupling, resctively, withdew of -0.22 and 0.34 K. Magnetisation
measur ement sSy"¥48.0 kg K968 mJ apf K1) and47.7Jkg! K-

1 (106 mJ crit KY) for a 7 T field change at 1.8 K for Gd(OA@1eOH) and

Gd(OAc)k(H20)0.5 respectively.

P XA AL P \f[\’\’

Figure 2.7: Chain structures of a) Gd(OA¢MeOH) and b) Gd(OA@IHzo)o,s, shown with thermal
ellipsoids at 30% probabilityc) Threedimensional hydrogebonded network of Gd(OAgH20)o.s.
Adapted with permission fromorg. Chem 2012, 51, 406413.

A third 1D acetate compound reported to havegh magnetocaloric entropy
change is weakly antiferromagnetically coupled Gd(HQ@AC)(H20)*?* which
adopts monoclini®2:/msymmetry. Hergit is the formate cdigand which connects Gd
within the chain, with Gd5d distances of 6.58 A (see Fig®®). Adjacent chains are

rotated by 180° which allows for the formation of a dense network of hydrogen bonds in
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one direction perpendicular to thleain while chains in the third dimension are separated
by methyl groupsrbmthe acetate ligand resulting in only weak intermolecular forces in
this direction. The magnetocaloric properties of this compound were evaluated through
both magnetisatiorand heat capacity data, both determining thap %" has a

maximum of 45.9 J kK§K™ (110 mJ cri? K1) at 1.8 K for a field change of 7 T.

Figure 2.8: a) Coordination chains of Gd(HGJOACc)(H20). along theb-axis; b) hydrogetsbonded
chains forming sheets thebc-plane; c) packing of the sheets alonglikexis. Colour codes: Gd: purple,
O: red, C: black, H: pink. Reproduced fr&dhem. Commun2012, 48, 75927594with permission from
the Royal Society of Chemistry.

The otheformatecontaining compound in this group reported to have significant
magnetocaloric properties is Gd(Hg&P® which adopts ahombohedraR3m structure
featuring facesharing chains with neighbouring chains connected through the formate
ligand to yietl a triangular lattice (see Figu2®). The Gd cations are nim®ordinate in
a tricapped trigonal prismatic geometry. The MCE of Gd(He®@ evaluated both
indirectly from the magnetisation data and directly from heat capacity measurements. In
the forme case, the magnetic entropy changes for different applied field changes are

obtained, which are similar to those from heat capacity datal At and for a field
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change ofSis$5.9)kgtKn er216 opd criK?, with the large volumetric
entropy change enabl Bdvaskestimated ® bedappnosireately t r u c
22 K from heat capacity measurements. Direct measurements undeiadjabsitic

conditions suggest values of 2.47 and 0.51 K during magnetisation and demagnetisation

for a 10 T field change, consistent with the values obtained from the indirect entropy

based measurements for such changes. The relative cooling power (RCP) of @d(HCO

was also estimated to be 522 mJ%HKi?, which is higher than the 479 mJ érK*

repored for GdGas012.%°

Figure 2.9: a) Crystal structure of Gd(HGY with chains propagating along thexis and barranged in
a triangular latticen the bc-plane. Colour codes: Gd: purple, C: blackréd. The hydrogen atoms have
been omitted for clarity.

The high entropy change of Gd(H@®&has led to the investigation of analogues
containing heavier lanthanides from-Eb> Wh i | e St™A ef thésepompounds is
lower at high fields than for Gd(HCGH, for field changes less than 2 T and for
temperatures above 4, Kb(HCOy)sz and, to a smaller extent, Ho(HE@®@ have higher
T @ m*compared to the Gd analogue. Specifically, Tbh(HEz6utperforms Gd(HC®)s
above 6 K for a0 T field change and both Th(HG@and Ho(HCQ)s do so above 4

Kfora IO T field change, although the difference between Ho(bJ&€hd GAd(HCQ)3
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is very modest. Unlike thenOHCG:s series the mixing of lanthanideations is shown

to be a promising route to optimising higher temperature and lower applied field MCE
behaviour. In the serie&di.xThy(HCO,)3, for x= 0.2 and 0.4 and a field change of 1 T,
there is improvement in the magnetic entropy change abovemiared to GA(HCE)s

with only a minimal loss iii gp $™® at 2 K>

Strong diffuse magnetic scattering is observed from neutron diffraction of the
paramagnetic phase of Th(H@&with RMC fits indicating the presence of Isiige
spins parallel to the chain direction with strong ferromagnetic correlations within these
units. There are also weaker frustrate@rchainantiferromagnetic correlations within
the triangular latticelt has been suggested that the high entropy change of Th{kCO
under low applied fields is caused by ready alignment of the ferromagnetic Ising chains
with the applied field once the interchain antiferromagnetic interactions are supressed.
Further work ha shown that this combination of interactions in Th(Hz@ads to a
unique triangular Ising antiferromagnetic state below 1.6 K, which has long range
1D magnetic order with only short range antiferromagnetic correlations between these
chains®* Strong magnetic diffuse scattering has also been uncovered in Ho{sCO
indicating the presence of similar magnetic interactions as in Thf4@@ile all other
Ln(HCOy)3 lack such correlations, suggesting the ferromagnetic Ising chains in these
systemsare key o improving theiri p & at higher temperatures as opposed to the

predominantly antiferromagnetic interactions in Gd(H&

2.3.2 Linear dicarboxylate ligands

Another extensively studied family of carboxylate magnetocalorics are those
using linear dicarboxylate ligands, principally those containing the relatively small

oxalate, succinate and citrate ligands. The oxalate ligand is the simplest of these, being
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conprised of two connected carboxylate groups. The first promising magnetocaloric to
be reported using the oxalate ligand was GA@J¥H20)sCl, a material that showed very
weak antiferromagnetic coupt).!?® This materialadopts aP21/n monoclinic structure

with the Gd in a nine€oordinate capped squared antiprismatic geometry. Gd dimers,
formed by edgeharing polyhedra with an intradimer separation of A4&re connected

into 2D layers with shorter G@d distances of 5.84 A along tkeaxis, through

41 du:d:da:dz bonded oxalates, and 6.31 A along thaxis, througteT dp:dz oxalates

(see Figure.10).

Figure 2.10: Crystal structure of Gd#04)(H20):Cl, with a,b) 2D layers on thac-plane and c) packing
along theb-axis. Colour codessd: cyan, C: grey, O: red. The hydrogen atoms have been omitted for
clarity. Adapted with permission fronorg. Chem.2014, 53, 17, 9053057. Copyright 2014 American
Chemical Society.

The structure features intralayer OwaterH:-:Ooxaiate and interlayer

OwaterH - -Owater and QuaterH---Cl hydrogen bonds. Indirect method$ determining
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magnetic entropy changesn d i ¢ &t™&of 48.00 K kg (144mJ cm®* K1) at 2.2
K for a 7 T field changeDirect determination of the MCE effegta hed capacity
measur ement s sSH"® wakues tark eonsistenh with thage obtained from

magneti sat i 0Tisdl@9 Kafor thensdmetmiagnetic figdd change.

Another oxalate family shown to have good magnetocaloric properties are the
Gd(pda(ox)o.s(H20) (x = 0, 1, 2, pda propionate) phaseg® All three compounds
adopt0p triclinic symmetry with nine coordinate Gd cations in the anhydrous form,
which increase ttenin the hydrated forms. The increase in the hydration state leads to
a change from a 3Btructure made of pillared layers in the anhydrous and monohydrate
formsto a 2D dihydrate structure with only wealtC:-O hydrogen bonding interactions
between thenmlhe layers in the 3D structure are connected by the carboxylate groups of
the pd& ligands with the oxalates pillaring the layers. In the dihydrate, the layers
comprised of cationic zigzag Gd(pda) chains, which are connected to form 2D layers by
the oxalate ligands. Despite the changes in dimensionalltghree materials retain
similar weak ferromagnetic coupling witbdcw ranging between 0.3 and 0.7 K.
Magnheti sati on me asS"?™éombese compoundd are sinilar withg
regards to mass density at 46181 K1, 46.1 J kg K*and 45.0 J k§ K for thex =0,

1 and 2 phase®spectivelyfor a 7 T field change at 2 K, although the greatasig of
the hydrated phases increases theiumetric entropy changef(128 mJ crit K1, 1512

mJ cm® Kt and 159mJcm® K for x=0, 1 and 2, respectively).

The succinate (suc) ligand is expanded from an oxalate by inclusion of two CH
groups between its carboxylates. Two succinate frameworks have been reported to have
promising magnetocaloric entropy changes, @id(OH)2(suck(H20)-2H0 and
Gds(OH)s(suck(H20)2-4H20, which adoptC2/c and P2:/c symmetry, respectivel{?’

G(OH)2(swe)2(H20)-2H0 and Gd(OH)s(suck(H20)2:4H.0O both adopt ladddike
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structures with two and six distinct Gd cations, respectively, with one gadolinium in an
eight coordinate environment in both structures and the remainder in nine coordinate
environments (see Figu211). G (OH)x(sucy(H20)-2H0 crystallises as a GAH

ladder that grows parallel to theaxis and is comprised of two rows of tibns with

Gd-Gd distances ranging from 3.655 to 4.065 A. These ladders are then connected along
the a-axis and thec-axis via succinate ligands which serve as pillars to form 3be
network. Similarly, Ge{fOH)s(suc)(H20).-4H>O adopts a three rail @dH ladder where

three rows of Gtf ions, connected by the succinate ligamdiyfthe rungs of the ladder.

The ladders extend along theaxis and neighbouring Gd---Gd separations renga

3.656 and 4.049 A. Magnetisation measurements of these weakly antiferromagnetically
coupl ed phas@&®ofidnsldkd &Kt (820 mcnide?) and 48.Q0kg*

K™ (144 mJ crif K1) for a field change of 7 T at 2.6 K and K§  w T.40h17 and

15 K, respectively.

One citrate (cit) coordination polymer, which is related to the succinate Nggand
replacement of a CHyroup with a C(OH)(CHCg) group, has been reported to have
potentially promising magnetocaloric entropy changes, na@elcit)(H0)!?8. This
compound adopts monoclini€2/c symmetry with Gd@ polyhedra connected by
carboxylate O atoms in ax{g> bridging mode to form a dimer (see FigW2el?).
Neighbouring dimers are then bridged through carboxylate groups to form d€islad
Gd* chains which are bridged by citrate ligands to from a 2D layer structure with weak
ferromagnetic coupling indicated by dezw of 1.1 K. Magnetisation measurements

i ndi c &f"&of 43.60 kgt K1 (115mJcm3KY) for field change of 7 Bt 2 K
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Figure 2.11:a) Crystal structure of GEDH)(sucyH»0-2H,0 with a twarail Gd-OH ladder parallel to the
b-axis and (b) the packing of the ladders on tleplane. (c) Crystal structure of
Gds(OH)s(suck(H20)2:4H,0O showing the threeail GAd-OH ladcer parallé to the b-axis and (d) the
packing of the threeail ladders on thac-plane. Colour codes: Gd: purple, C: black, O: red. Hydrogens
are omitted for clarity.

Figure 2.12: Two-dimensional layer structure of Gd(citif®l) showing two Gd ladder chains propagating
along theb-axis. Colour codes: Gd: purple, C: black, O: red. Hydrogens are omitted for clarity.
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2.3.3 Cyclic Carboxylate Ligands

Compounds incorporating cyclic carboxylate ligands, which are amongst the
most conmon ligands utilised in MOFs, have also been investigated as magnetocaloric
materials Amongst the first of these was Gd(@)(OH)(H20)4,'?° which adopts a
monoclinic P2:/c structure with six coordinate Gd, which are bridged by the squarate
ligand to fom a 2D sheet in thiec-plane with an intralayer G&d separation of 6.48 A

(see Figure.13).

Interlayer coupling ivia extensive hydrogen bonding between squarate oxygen
atoms and water ligands. This phase has negligible magnetic interactions welatindir
measurements of MCE piSd% efrdf.8 dskgd Klnati cat i n
210mJcn K1 for a field change of 9 @t ~3 K, with the volumetric density particularly
high for a MOF containing a cyclic unit due to the dense structure enabled by the smaller
squarate ligand. Another high performing magnetocaloric framework containing a cyclic
carboxylates Gd(HCQ)(bdc)*° where bdc is the aromatic iénzenedicarboxylate
ligand commonlyfound in many MOFs structures. Heiteleads to a monoclini®2:/c
structure with edgsharing dimeric Gd@distorted trigonal dodecahedra, which are
connected through the oxygeroris of two formate ligands with intradimer &l
distances of 3.95 A. These dimers are connected through the bdc carboxylate groups to
generate layers that are pillared through the bdc knkesulting in th&d(HCQ)(bdc)
network, and are founi be vey weakly antiferromagnetically coupleas indicated by
the intradimerd ~ -0.04 K T3 calicup®d from magnetisation data, gives a
value of 42.4 kg K1 (113mJcm?® K?) for a 5 T field change at 2.2§ with this

increasing to 47.0 J KgK 1 (125mJIcm® K1) for a field change of 9 T.
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More recently an evacuated porous benzenetricarboxylate (btc) framework,
Gd(btc)(H0),**! has been reported to have a surprisingly laghof 16.2 K and good
magnetocaloric entropy changé 42J kg* K'at 1.8 K for a 5 T field change as a
function of weight. Its entropy change as a function of volume is, however, very modest
at about 68 mJ cthK™?, due tothe low densityof the structure. Thé structure, which
adopts the chiral space groupsPdi22 or P4;22 13 features Gd cations connectéd

carboxylate groups of btc linkers to give 1D helical chains with3@dlistances of

Figure 2.13: (a) Twodimensional layers of Gd¢O.)(OH)(H20)s on thebc-plane and (b)packing of the
layers along the-axis. Colour codes: Gd: purple, C: black, O: red. Hydrogens are omitted for clarity.
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4.30 A. These rods pack to give a 8Bucture thanks to the connectivity of Gibns
and bté ligands and features heliestiaped channels, with welpaced Gd cations

between chains with a minimum separation of 8 A.

Two other frameworks with potential voids featuring cyclic carboxylates and
wi t hSS™¥ @bove 40 J kdK?! have been reported, namelthe weakly
antiferromagnetically coupled GdgOH)s(TZI1)3(DMA)15(H20)95DMA3 (where
HsTZl is 5(1H-tetrazot5-yl)isophthalic acid and DMA is dimethylcetamide) and
Gd(2,5FDA)o 5(Glu)(H20)]-xH-0* (where FDA is furan2,5-dicarboxylate and Gfu
is glutarate)ynaterials | ndi rect meas WSF"EohdlBikg'Kilandi cat e
40.6 J kgt Kt at 2 K for a 7 T field change but, again, their porosity leads to a very
modest v o ISiM¥ma 83 7macmiKg and 70.6 mJ crh K1 respectively.
Gds( £OH)s(TZI)3(DMA) 1.5(H20)9.5:DMA forms a 3D framework in monoclini€2/m
symmetry. Its structure is based on theg@tH)s]°* trigonal bipyramidal core built from
eight and ninecoordinate Gd linked together lsyi %-OHebridges and fivesynsyn
carboxyl ate bridges. Thes gH@bridge to oMmslD ar e t
chains which are in turn connectedthg carboxylate groups of the TZI ligand to create
the 3D framework. Gd(2;6DA)o.5(Glu)(H20):xH>-O adopts orthorhombidnma
symmetry consisting of nireoordinate Gd in monocapped squargiprismatic
polyhedra®* that are linked into GgDis dimers by two bidentate chelatibgidged
carboxylates. The dimers connected into 1D zigzag chéartke 2,5FDA ligand with

neighbouring chains bridged together by two Glu ligands per dimer.

2.4 4-3d Mixed-Metal Polymers

The other general group of magnetocaloric coordination polymers that should be

considered are those containing transition metals, with the highest performing materials



Overview 61

amongst these typically combinidgMn?* with f Gd®* to maximise their magnetic spin.
Mn?* is the transition metal of choice im-3f systems due to it being readily available
and having the most unpaired electr¢8s 5/2) possible in a transition metal. Indeed,
despite their lower number of unpaired electrais§ G&*), Mn?* complexes can have

hi ghn¥ quigh respect to weight even in the absence of a lanthanide, as seen in
Mn(Me-ip)(DMF) (where MeipH: is 5-methylisophthalic acid)®® This material adopts

a Pna2; orthorhombic structure which contains distorted octalieta®" in a
coordination polymer comprised of chains of Mn cations connected by two carboxylate
ligands with a MaMn intrachain distance of 3.88 A (see Fig@r&4). Each chain is then
connected to four adjacent onga the Meip? ligand with interchairMn-Mn distance

of 7. 49 Si"™*forThis systénuis calculated at 42.4 J'k¢* (66. 7 mJ cri K-

1y for a field change of 8 T at 2 K. This is accompanied by weak antiferromagnetic
coupling, with adew of 10.59 K, indicating that despite the presen€ only 3l cations

the emergence of magnetic order should not prevent its use as a magnetocaloric until

much lower temperatures.

An interesting 8-4f mixed coordination polymer is
GdMn 5(OAC)s(H20)2-3H:0,*¢ which contains dow-dimensional motif, specifically
the Gd*-Mn?* acetate chainswith only very weak antiferromagnetic coupling within
them. This co&Pou3s.dJlky&s (787 md gof K1) for a field
change of 7 T at 2.5 K It should be noted that teimpound also shows an interesting
T @M of 31.1 Ik K1 (63.2mIcm3K?) for a field change of 3 T at ~2 K, which is

higher than that of the commercially available GGG under the same conditions.
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Figure 2.14: Crystal structure of Mn(Mép)(DMF) with MnGs octahedra forming chains along theds,
connected by the Mip2- ligand. Colour codes: Mn: orange, C: black, O: red. Hydrogens are omitted for
clarity.

This compound crystallises in a triclinkp structure where each Gd ion is in a capped
squareantiprism geometry and each Mn adopts an octahedral geometry. Two adjacent
Gd** ions are bridged by two acetates while adjacerit &ad Mrf* ions are bridged by

three acetates (see Figrd5. This geneates a 1D chain structure where pairs of Gd
ions are separated by one Mn along the chain. Within the chains, 1#3&l @dtance is
4.277 A whereas the GiIn distance is 4.038. Intrachain hydrogen bonds are present
between one coordinated water molecatel two acetate ligands. Water tetramers,
formed by two guest water molecules, supportrttaén interactions between chains by

enabling hydrogen bonding between coordinating carboxylate and water molecules.
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Figure 2.15: Crystal structure of [GdMyx(OAC)4(H20),]-3H20 with chains of Mn and Gd polyhedra
bridged together in a 2D netwovia hydrogen bonds. Colour codes: Gd: purple, Mn: orange, C: black, O:
red. Hydrogens are omitted for clarity.

The remaining mixed ®4f coordination polymers with promising magnetocaloric
properties are 3D frameworks with a net charge that is balanced by the presence of
counterions in the pore space. These compounds all have respectable magnetocaloric
entropy changes as a function of weifput, as for other porous magnetocalorics, they

are much more modest as a function of volume. [M@(][MnGd(oda}].-6H-0O (where

od& is oxydiacetetate) is the only reported example of a promising magnetocaloric
framework with an anionicharge!t*"1*The framework is composed of nine coordinate

Gd in a distorted tricapped trigonal prismatic geometry while Mn in an octahedral
environment, with eachd3cation connectedia carboxylate oxygen atoms to six 4

cations and vice versa (see Figure 2.16).
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Figure 2.16: Crystal structure of [Mn(kD)e][MNnGd(oda}].-6H-O. The structure presents broad and
narrow cavities, occupied by [Mn{B)e]>* and water molecules, respectively. Colour codes: Gd: purple,
Mn: orange, C: black, O: red. Hydrogens are omitted for clarity.

This leads to a cubic lattice with voids of alternatingly broad and narrow cavities
that are occupied by [Mn@®)s]?* units, whth both balance the anionic charge of the
framework and enhance the MCE of the material, and solvent water molecules,
respectively. This weakly coupled ferromagnetic matem@iy (of 1.2 K) has been
determined i nd&Mt50.1Jkg?! Kb(11enIbni® K1) at 1.8 Kgor
field changes of up to 7 T. Heat capacity measurements under fields of up to 3 T were
also performed and values were found to be consistent with those obtained from bulk
magnetisation measurements witbpkag of 10.1 K foran applied field of 3. Weakly
antiferromagnetically coupled @dn(L)3(H20)3( £OH)4(HCOO) s](NO3)2.5:6H0
(where HL i shipyridire-Mj,-d4 Njc ar boxyl i ¢ ac S§f8%ambngss t he
a series of cationic mixed3f frameworks, between which L is varied, with a value of

46.0Jkg! K1 (70.0 mJ cr? KY) for a field change of 7 T atkR.3® This compound
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adopts a cubit2:3 structurewith Gd** having two distinct coordination environments
where Gdl1 is eight coondfited with a dicapped trigonal prism geomeing Gd2 is six
coordinated. These distinct cations are linked by @idups into a distorted cubane
[GdsO4] with GAd-Gd distances of 3.78 A and 3.87 A. Thé& ligands both link each
[Gd4O4] cluster to three o#trs but also the octahedral Mihich is coordinated only to
nitrogen atoms from these ligands to six {34 clusters, forming a 6;8onnected
sqctopology. The clusters are bridged by formate liggndsrma 3D framework with

two unusual types of helitahannels alarger L-helix with a pore diameter of 10.4 A
while the latter is an Relix with the same helix pit¢lthat is the height of one complete
helix turn of 20.7 A but a smaller pore diameter of 5.0 A. Residual electron density has
been used tmsuggest the pores of this compound are occupied by disordefed H
molecules and N§) anions, the latter being required for charge balancing, but there is
no direct confirmation of this through other techniques. Weakly antiferromagnetically
coupled [GeMN(L)3(H20)10( £OH)e](NO3)s-13H0,%° (where HL i sdipgridirNj

4 | -dichlfboxylic acid) is another example of a 3D cationic framework with a high
T @ of 38.3 J kgt K (57.3mJcm3K™) at 3 K for a field change of 7 T. This
compound adopts hexagom®ah2: symmetry and contains [GEOO0)s(H20)10(OH)}]3*
cluster nodes in which the five &dcations are arranged in a distorted trigonal
bipyramidal geometry, with the Gd cations bridged $y x-OHe groups and
encapsulated by the six carboxyl groups of thrédigands. Each cluster contains three
crystallographically independent &dtatiors, all of which are eightoordinated with
dicapped trigonal prismatic geometries in the apical jpositand square antiprism
geometries in the equatorial plane of the cluster. Every cluster connects to six adjacent

ones through the 4. ligand which also connects the octahedral Mn to the Gd clusters,
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forming an overall 6 &onnected topology. The resalgi channels in the structure

contain free water molecules and N©@ounter anions.

2.5 Summary and Perspective

This chapterhas presentea review ofcoordination polymematerials based on
polyatomic ligands, exhibiting MCEBnds h o wi ng an"*hthegntost reapiBy
available measure of their potential magnetic coghiregperties These are dominated by
materials in which Gd is the magnetic cation and have been grouped aarpss fo
categories based on the ligand type,inorganic,monocarboxylate, linear carboxylate
and cyclic carboxylate (see Figur2.l7). Among these, the best performing
magnetocaloric materials are typically found to incorporate only inorgeased ligands,
such as phosphates, borates and carbonates, likely because these smaller ligands yield
structures containing higher densities of3Gdations. One of the best performing
magnetocalorics in this category is GdP& which features a high density of &dn
combination with weak magnetic interactions and low magnetocrystalline anisotropy,
with a magnetocaloric entropy change of up to 62.0°9Kk§ (376 mJcm™ K1) for a
field change of 7 T, making this a very promising material for high field appitsti
Comparable materials are Gdg¥°® Gd(OH),*® and GAOHC@®>® with the latter two
having comparable and higher gravimetric magnetic entropy changes, respectively, but

presenting a slightly lower volumetric entropy chadge to their lower densés
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Figure 2.17: Plot of gravimetric and volumetric maximum entropy chaniggss ™ of the materials
discussed in thishapter Presented here are inorgaba&sed (blue), monocarboxylav@sed (red), linear
carboxylatebased (green), cyclicarboxylate based (orange) and mixeH48 (purple) materials along

with selected higiperformance conventional materials (black). The values presented here are for field
changes of 7 T with the exception of those for which 9 T (GGGB®&Dy, GdBG;, Gd(HCQ)(bdc)), 8

T (Mn(Me-ip)(DMF) and only 5 T (GdE Gd(btc)(HO)) values were available.

While there are a number of compounds associated with the other ligand
groupi ngs Sfi*aboveedr hkigkotjand thusggomparable to the commonly
used benamark material GGG, they generally exhibit more modeagneticentropy
change values with respect to those incorporating only inorganic ligands. There are,
however, some notable exceptiasthis, such asGd(HCQ)s,5°® that highlight that
magnetocalods with simple carboxylates can offer comparable entropy changes to
purely inorganic frameworks. It can be seen that coordination frameworks with more
complex ligands, particularly where these lead to more porous structures, generally have
much lower MCE de to their relatively low density of magnetic cations. Such MOFs,
however, retain scope for multifunctionality that could be either used to enhance their
magnetocaloric properties, exa inclusion of simple magnetic guests in their pores
such as simple neutral lanthanide complexes analogous to

[Mn(H20)s][MnGd(oda}].-6H.0,*"1*80r by couping another function with good, if not
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excellent, magnetocaloric properties. In the pursuit of such multifunctionality, the use of
simpler cycliccarboxylates, such as squardf@sand relatively small pore sizes that
provide space for the desired guest or functionality, besdot unnecessarily reduce
overall density, appesaito bea sensible route forward. In contrast to the wide number of
coordination polymers whosep & have been characterisddrther characterisation of
the thermodynamic properties of even the most promising matersi i&ery limited.

It will be important toaddress this in the futute enable the full potential ahe most
promising magnetocalorics to be determined.sTisiemphasised by examination of
Table2.1, which compares thip &™**a n dlagsapcoordination polymers, for the limited
number of materials where the lapErametehas been reported. This showatteome
materials with highgp®™h ave r el at i v & whicmeafteeconsideded s t

a more direct measure of magnetocaloric performance.

Looking beyond Ge¢based materialst has been noted that, amongst tHe 4
coordination polymers, there aee handful of examples where metal cations with

significant magnetocrystalline anisotropy feature improved entropy changes for lower

Table21l:Av ai | ab | eTafomthe coanpourad discussed in tbiepter.

Compound Mad(K)  TagBn™™ (I kg*K?)  Tmax(K) gH (T)
GdPQ 24.6 62.0 2.1 7
GdOHCQ 24 66.4 2 9
Gd(HCQ)s 22 55.9 ~1 7
Gd(G:04)(H20)Cl 16.9 48.0 2.2 7
Gb(OH)x(such(H20)-2H,0 ~17 42.8 2.6 7
Gds(OH)s(suck(H20)2-4H,0 15 48 1.8 7
Gd(btc)(HO) ~14 42 ~20 5

[Mn(H20)s][MnGd(oda)].-6H.0 10.1 50.1 ~2 3
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field changes and higher temperatures compared to their Gd analogues. This renders
these materials good candidates for a broader range of applications that require cooling
above 4 K, as He is commonly used to do, rather than the < 2 K temperatureshat whic
Gd materialgypically show better performancehis is particularly the case when lower
applied fields are needed, which are more readily achieved and offer the potential of
using a permanent magnet rather than a more energy demanding superconducting
magnet. Notably amongst these are DyOHE&nhd ThOHCGQG,*2° which have higher

T gSchanges at and above 4 K than GdOHG@ field changes below 2 T, and
Tb(HCO,); and Ho(HCQ)3,> which offer similar improved magnetocaloric properties
compared t&sd(HCQ)s. This suggests such properties are dependent on a combination
of the single ion anisotropy and tailored magnetic interactions and thus designing
structures where local magnetic interactions are optimised might be key to improving the
magnetocalac properties for cooling using low applied fields higher temperature
Examples thus far focus on cases where there are strong ferromagnetic intenaittions
magneticchain motifs but competing interactions between the chains due to geometric
frustraion. This enables the facile alignment of the moment on the chains along the
direction of a modest external magnetic field while the frustration suppresses order to
very low temperatures in the absence of an applied field. Similar behaviour might also
be expected for well isolated chains in coordination polymers, such that the interchain
interactions are weak enough that magnetic order does not occur until below the
temperature at which these are useful magnetocalorics, although this would likely lead
tolo w e rS\"™ap a function of volume and, to a lesser extent, weight due to the dilution
of the magnetic cations required by this additional spacing. It is also possible that other
magnetic motifs may exhibit similar properties with anisotropic magnehtres as

indicated by the performance of DyBQ@ompared to its Gd analogtfe. Thus
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investigation of the analogues of inorganic frameworks with anisotropic lanthanides
offers a potential opportunity for improvement of magnetocaloric properties undar low
applied fields with such materials including Gd(O4) Gd(OH)SQ and

GbO(OH)(H20)e.

Finally, 3d-4f mixed-metal coordination polymers have bekscussegwith Gd
Mn pol y mer sS'"§bomparableggto thegother classes of materials discussed
with respect to weight. Although the lower density of these mixed metal MOFs leads to
their entropy change as a function of volume being quite moiesttould also be
considered that the materials reported thus far commonly have cyclic dicarboxylates that,
even in purely 4 materials, commonly lead to poorer MC properties. The greater
availability and lower cost of transition metals, however, makle$f 8ameworks or, as
seen in Mn(Meip)(DMF),*® even 3l frameworks attractive as a way of enabling the use
of magnetocalorics with a reduced dependence on the use of lanthanides. Thus, the
magnetocaloric properties ofldif and 3 frameworks based on inorganic ligands or
small carboxylates, e.g. formate and oxalate, are worth further exploration. While it is
possible these will have stronger magnetic coupling than dhmoBtaining polymers
explored in thischapter,this should noprove an impediment to their applicatioa a
magnetocalorigsprovided magnetic order is supressed to below the desiredryder
temperature by e.geometric frustrationAdditionally,t hr ough t heS"gFr omi s i
of GdMrp.s(OAC)4(H20).-3H20 for 3 T fied changes*there is some indication of there

being a potential route faptimising MCEproperties at lower applied magnetic fields.

In conclusion, a variety of coordination polymers featuring promising
magnetocaloric properties have belescribedhi ghl i ght i ng the i nflue
structure, including incorporation of smaller polyatomic ligands apiiimisation of

magnetic interactions, through use of low dimensional motifs and magnetic frustration,
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as important factors to consider when dasig materials for low temperature magnetic

cooling applications



3 Experimental Techniques

3.1 Introduction

A variety of experimental techniques have been used throughout the researc
projectsoutlined in this dissertatioand are presented in this chapter. The methods
employed for the synthesis of the compouumdder studyvill be discussedollowed by
a description of the techniques used for the characterisation of the resulting target
materials. The first and masindamentallyuseful technique isowderX-ray diffraction,
which is essential imapidly determining the crystal structure tfe products of a
synthesisprovided the structure has already been sobuedijdentifying the presence of
potential impurities. Singlerystal Xray diffraction was also used fastructural
determination ofthose samplesvith single crystals of sufficie size for analysis.
Neutron powder diffraction has been also employed as this technique pitavusg of
the positionof the lighter atoms, suchas hydrogen, in thenuclear phase, being
complementary to Xay diffraction in this respect, as well as tmagneticscattering
indicative of average or local magnetic correlatiofise results of th@owder Xxray
diffraction experiments have been analysed with methods such as Le Bail and Rietveld
refinementsSuperconducting quantum interference device (SQuUiBynetometrand
heat capacity measurementsvdalso been extensively used to determine the bulk
magnetic properties of the materials under investigafitiermogravimetric analysis
(TGA), differential scanning calorimetrfDSC) and infrared spectroscogyR) have
been used to gather furthelnemical insight regardinthe propeiies of the materials

studiesthroughout tfs thesis
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3.2 Synthetic Methods

The synthetic methods used to obtain the target materials will be described in this
section for both fAnormal 0o and perdeuterat
quality neutron diffraction experiments becadisepossesses a very strong incoherent
scattering component and, as a consequence, neutrons colliding with its nucleus and
scattered from it will contribute significantly to the background of the measurements.
Deuteration makes it possible to avoid this effect, greatly reducing the backgfdhad o

signal and increasing the sigftainoise ratio of neutron diffraction patterns.

3.2.1 Synthesis of the Lanthanide Formate Oxalate

Ln(HCO2)(C204) Frameworks

Samples of Ln(HCQ,)(C204) (Ln = Snt*iEr*) were synthesised under
solvothermal conditions following a previously reported procedure with
modifications!4° 2 mmol of the appropriatien(NOs)s-xH20 (99%,x = 6 for Sni*, EU*,
and TB", Acros Organics and x = 5 for By Ho** and EF*, Alfa Aesar), 2 mmol oxalic
acid (98%, Acros Orgacs), 0.8 mmol Nz£Os (99.5%, Acros Organics), 3 ml
N,N&dimethylformamide (DMF, Fisher Scientific, 99%, reagent grade) and 3 ml distilled
water were mixed in 25 mL Tefleined stainless steel autoclaves. These were then
sealed and heated under autogerprassure at 150C in an oven and left for 7A2ours.

After cooling to room temperature, the crystalline products were collected by vacuum

filtration, washed with ethanol and allowed to-diy.

About 2 g of deuterated samples of Th(DgO204) and Ho(DCQ)(C204) for
neutron diffraction experiments were synthesised by following the same procedure but

were obtained from a combination of different batches of synthesis wh@réoD.9%,
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Acros Organics) and DMHBy (99%, Goss Scientific) were used as solvents. The products

were washed with ethandb and left to dry in a desiccator.

3.2.2 Synthesis of Ce(HCOz)3, Pr(HCO2)3 and Nd(HCOy)3

Following a reported method, samples of Ce(HC£s Pr(HCQ)s and
Nd(HCO,)z were synthesised by dissolving the metal precursors, namely
Ce(NQ)3-6H20, Pr(NQ)3-6H.O and Nd(NQ)3-5H20, in 4.75 ml formic acid (98+%,
Fisher Chemicals) with the addition of 0.25 ml ethanol, used to dilute the solutions and
slow the reactions down. At several minutes of stirring at ambient temperature, the
release of N@gases could be observed alongside the precipitation of pink products out
of the solutions. The precipitates were collected by vacuum filtration, washed several
times with ethanol and allowed to -@ry. Deuterated samples for the Ce and Nd
members were syhesised following a similar procedure but employing deuterated
formic acid (formic aciedz, 99+ atom % D, 95% solution in2D, Acros Organics) and

deuterated ethanol (ethard, 99 atom % D, Acros Organics) as solvents instead.

3.23 Synthesis of the Hé&mium/Erbium Formate

HoixErx(HCO2)s Solid Solutions

Following a literature procedupésamples of HoxEr(HCO,)s (x= 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9) were synthesised by dissolving the metal precursors,
Ho(NGs)3-5H.0 and Er(NQ)3-5H20, in the appropriate molar ratios, in 4.75 ml formic
acid (98+%, Fisher Chemicals) with the addition of 0.25 ml ethanol. After several
minutes of stirring at ambient temperature, the release qfgd€es could be observed
alongside the precipitation of pipkecipitates out of the solutions. The precipitates were

collected by vacuum filtration, washed several times with ethanol and allowedlty.air
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A sample of HesEros(DCOy)s for neutron diffraction experiments was synthesiged
the same method, busing deuterated formic acid (formic aeid, 99+ atom % D, 95%
solution in RO, Acros Organics) and deuterated ethanol (ethd$)®9 atom % D, Acros

Organics) as solvents instead.

3.24 Synthesis of the Yittrium/Terbium Formate

Y 1xThx(HCO2)3 Solid Solutions

Samples of YxThy(HCO)s (x = 0.20, 0.60, 0.80, 0.90, 0.95, 0.9750.975, 0.95,
0.90, 0.80, 0.60, and 0.20) were made by employing the same approach as above and
reported in the literatur®,by dissolving metal precursors, namely Y (#®&%H,0 and
Thb(NQs)s/6H,0, in appropriate mota ratios, in 4.75 ml formic acid (98+%,
FisherChemicals) with the addition of 0.25 ml ethanol After several minutes of stirring
at ambient temperature, the release ofxN@ses could be observed alongside the
precipitation of white products out of the sibbns. These precipitates were collected by

vacuum filtration, washed several times with ethanol and allowed-tair

3.3 Scattering Technigues

Techniques based on the phenomenon of the scattering of light or particles are
among the most important infiérent fields of science, particularly in condensed matter
physics. When a material is irradiated by an incident beam of electromagnetic (or
particles) of wavevectds, the beam is scattered in multiple directions in space causing

a change in directiodescribed by a final wavevectkar(see Figure 3.1).



Experimental Techniques 76

k.
: Sample 26
< k

Figure 3.1 Diagram showing the phenomenon of elastic scattering from a sample.

To better understand this phenomenon,
everyday life as an analogy: light from a source, such as the Sun, irradiates objects around
us and the light is scattered across multiple directions. Some of this stégbtevill
then be collected by the human eye and an image of the objects is formed in the retina.
Similarly, for much smaller objects, particularly those of microscopic size and for which
optical microscopes are used, we make use of lenses that soleetof the scattered
light, refract it and magnify the image of the object. Depending on the material irradiated
and the wavelength of irradiating light, all of it can be scattered or some of it might be
absorbed by the material due to waves of appr@peatergy being responsible for
excitation phenomena. In the first case, the phenomenon is said to be elastic and the
wavevectorsk; andks differ only in direction while their magnitudes remain the same,
that is |ki |= | k|, whereas in the latter cai'e phenomenon is said to be inelastic and
the two wavevector will have different magnitudes, thas|is |k|. The two wavevectors

are then related by the momentum tran€feas shown in equation 3.1:

. _ _ c“ .
Q Q —h
L o) oP

with d interatomic spacingThe smallest size of objects that can be seen with a

microscope is set not simply by technical limitations in the manufacturing of lenses

capable of sufficient magnification, but by the size of the objects themselves.
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Wavelengths of visible light range fro400 to 700 nm in the electromagnetic spectrum,
and bodies with a size below this rargnot be resolved usingsible light. For this
reason, the study of crystal structures, where the size of the atoms and their interatomic
distances are in the ordef magnitude of 18° m, or 1A, must occur by using light or
particles of comparable wavelength. In the first case, we make useagbXvhereas, in

the latter, the particles most commonly used for the study of condensed matter are
electrons and, more portantly in the context of this work, neutrons. It is then possible

to collect information on the scattered waves, although it is not possible to immediately
see an image of the crystal structure investigated as we would with macroscopic objects
with the exception of electron diffraction where appropriate lenses are available to
reconstruct the imag&Vhen using xrays and neutrong, is necessary to make use of
mathematical relationships between the objextthe crystal, and the scattering pattern

produced during the experiment.

3.3.1 Diffraction

The phenomenon of diffraction is regarded as one of the most powerful and useful
techniques for the structural study of condensed matter materials and it is regarded as a
nontdestructive techniquéVaves or particles hitting a sample are elastically scattered
off the sample depending on the characteristics of the crystal structure and the interatomic
distances of the atoms within it.

The physics and the mathematics behind the phenomenon of diffraetiobe
quite complex to use, but grouhdeaking work carried by W.H. Bragg and L. Bragg
allowed us to consider diffracted waves simply as waves reflected by planes of atoms in
a crystal. While this is not a strictly correct physical interpretationeopttenomenon of
diffraction, it significantly simplifies its mathematical treatment and has proven effective

in interpreting the results of diffraction experiments. Let us consider two planes in a
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crystal structure separated by interatomic distahaed a incident beam of waves or

particles of wavelengti-irradiating the sample at an angleBecause each plane is

Figure 3.2 Two incident Xrays of wavelengtlb-and denoted by irradiating planes of atoms in a crystal
structure separated by a distarttand being reflected (diffracted), as denotedrpwith d being the
incident and reflected angle.

reflecting the beam, reflected light with the same adgls the incident one will result.
Furthermore, because the planes are separated from one another, both the incident and
the reflected beam differ in pathlength. It is possible to have constructive interference

only for those rays able to interact constiugdy, i.e.only for multiples ofe: This is clear

in Figure 3.2 and it can be demonstrated that all the elements of this systems are related

to one anothevia the following equatior*k nown as Braggb6s | aw, W

condition for constructiventerference:
£l CQi & — (01

Two or more waves reflected from a family of planes can then interfere
constructively or destructively with one another. In the former case, the addition of the
amplitudes of the waves results in a wave having an ardpliegqual to the sum of the

individual amplitudes, whereas in the latter case the same addition leads to the waves
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cancelling each other, resulting in light and dark spots, respectively, on the diffraction

pattern.

As mentioned in Section 3.3, it is podsilbo reconstruct an image of the object
studied when using Xays or particles thanks to mathematical relationships between an
object and its corresponding diffraction pattern. The relationship between the crystal
structure and the diffraction pattern guzed during a diffraction experiment is known
as the Fourier transformatidft. Therefore, the diffraction pattern is the Fourier
transform of the crystal structure andge versathe crystal structure is the Fourier
transform of the diffraction patte. In principle, calculating the Fourier transform of the
pattern allows us to obtain an image of the crystal under analysis. The Fourier

transformation has the following form:

"00 "1 Ag®i Qih o®

where” is the electron density of an atom atpositionr in the threedimensional
structure. The equation above can be applied for a continuous medium where an infinitely
large number of particles are present, which is effectively true when considering a crystal
of macroscopic size containing a véayge number of particles in its structure. In reality,

it is possible to express the same equation simply by considering the summation of a
finite number of terms. Taking into account the dependenQeonfthe atomic positions

and the reciprocal lattiggarameters, Egn. 3.3 becomes:

O Q—Rge @ W o h o8

where"Q — is the atomic form factor for thpth atom at a position defined by the
coordinatesv, @, & andh, k andl are the Miller indices defining the family of planes

theatom lies ort*? This form of the equation shows an important point: the intehsity
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IFri|? of a diffracted beam on the pattern depends on individual atoms at their given
position due to theiform factors, the family of planes they belong to, and the collective
effect of the diffraction itself as expressed by the summation operator. This equation is
correct when Xrays are used to probe the structure. When neutrons are used instead, the

atomicform factor’Q — is replaced with the scattering length which willdiscussed

later on.

To obtain an image of the crystal structure, réverseFourier Transform must
be calculated, and this provides information about the electron de@sig. While it is
possible to measure the intensities of the diffracted beams, proporticg@l ®, and
the contributions of the positions of the atoms for each family of planes, the information
on the phases of the waves/particles used is lost during thectdh experiment. This
constitutes the weknown phase problem and it is therefore not possible to use the
Fourier transformation directly to obtain the image of the crystal, hence solve its
structure. Fortunately, considerable effort has been pufimding methods to obtain

the information necessary for the solution of the crystal structure.

3.3.2 Xray Diffraction

a) b)

L 4

X F. X

Figure 3.3 Two equivalent ways of representing radiation and particles: a) wave representatioR| with |
the amplitude of the wave andits phase, and b) vectorial representation, viatitHe magnitude of the
vector and the anticlockwise angle formed with tkexis.
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Diffraction experiments most commonly usera§ radiation as the probe to
determine crgtal structures. This is becausaays are easy to generate and there is a
wide variety of equipment that can be used to conduct such experiments, ranging from
large diffraction instruments to benchtop diffractometers. This makey Miffraction
one ofthe most readily available techniques for routine analysis of phase purity and
quality of the crystalline phases when analysing powders or to determine novel crystal
structuresab initio when single crystals are available. Of course, more sophisticated
egupment exists, such as synchrotrons where intensities are orders of magnitude larger
but here, only routine laboratory equipment will be considered, since this is used in the

work presented in this thesis.

Traditionally, Xrays are generated using a CogédTube in the following
manner: a filament (the cathode) in a vacuum tube is electrically heated and electrons are
emitted from it due to the thermionic effect. The electrons produced are then accelerated
by a voltage, usually of 480 kV, towards a targenaterial (the anode), typically made
of copper or molybdenum, although other elements can also bé*ti3&e. collision of
the electrons with the target material is responsible for a series of different phenomena.
First, the kinetic energy of a greatmber of electrons is simply converted to heat, this
being the reason for-Xay sources requiring a significant amount of continuous cooling
to operate, lest the melting of the target material occurs. Meanwhile, the remainder of the

electrons colliding wh the target generatesrdys due to two main different processes.

In the first of these processes, the electrons are simply slowed down, and the
energy lost is converted into-Xay r adi ati on; this fAwhiteo
Bremmsstrahlung, ie.fibr aki ng radi ati ono. In the sec

energyO "Q cause the ejection of a core electron from the atoms of the target. The
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vacancy is then filled by one electron of higher energy decaying into the lower energy

orbital.

To do so, energy equal to the energfedence between the orbitals must be lost
via the emission of Xays, which has &haracteristic radiation,_  "@G¥3'O. As
opposed to the Bremmsstrahlung radiation, which has a continuous profile with energy,
X-rays emitted as a consequence of the ydetaelectrons to lower orbitals appear as
sharp discrete peaks at defined energies depending on which material is being used and
which inner orbital the outer electron is filling by losing its energy. Figure 3.4 shows this
concept clearly, and depicts ttagiation profile when copper is used as a source. It will
be noted that the sharp, intense peaks of wavelengths 1.5418 andAL.8@g3ectively,
are labelled using the symbets and+,, according to the Siegbahn notation, one way
of describing specttéines characteristic to elements. When copper is used as the anode

these two different characteristic

- [ 3p M
radiations are generated by the decay o; 3s |
electrons to the lowest energy orbital, a%: gg i T . L
denoted by the letter, but from ‘. .: K, EKB
different highenergy orbitals, as 1s :+ l K
indicated by the lettegsandy . It should A
be noted that the-, radiation is the - K
average of a doublet of two distinct -%

c

radiations+, and+, , of wavelengths

Bremmsstrahfun
1.5406 and 1.544A. The two peaks in g

B
»

_ _ ) N Figure 3.4 Diagram showing the energy lev
Figure 3.4 have different intensities dtinvolved in the generation of the character
radiation for copper (top) and the radiation pre

to the differenpopulation of the energyresulting from the collision of electrons on a co|
anode (bottom).

levels and the probability of decay
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related to the energy itself. The most intense radiation is chosgpibglly excluding

all the other wavelengthsia the use of filters and, for separatirg and +, ,

monochromator crystals that reflect only Xays of the desired wavelength making use
of Br a g*ynisemelcases, multiple monochromators can replace the filters for the

same purpose.g.removing+ .

The X-rays produced are themllimated and focused onto the sample using a
series of slits of various dimensions which restrict the size of the beam and its divergence.
The beams diffracted by the sample accordi
slits and hit the detectawhere they are converted into electrical signals that can be
recorded by computer software, hence generating the modern digital diffraction patterns
used today as opposed to the obsopletehistorically importantdiffraction patterns on
photographic fm. Different devices are used nowadays to detecays, including
scintillation detectors or the more sophisticated line and area detectors, the latter allowing
for the detection of Xays at different angles simultaneously rather than one angle at a
time, acting in many respects as fieléttroni
The efficiency of each detector is obviously tied to the technologies employed for their
fabrication and functionality, which are beyond the scope of this descriptibat has
been described so far are the essential elements of-emydiffractometer, whether this

is used for singlerystal or powder diffraction experiments.

Singlecrystal Xray diffraction is a powerful techniqgue which enables the
structure of a ¢rstal to be determineab initio, that is without any prior knowledge of
what this structure might be. In a singleystal diffractometer, a single crystal is rotated
about three axes and the diffraction pattern is collected as-ditnemsional map from
which an electron density map can be calculated and, ultimately, the structure

determined. What is especially important is that the map acquired by such a technique
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makes it possible to test for different potential symmetries when many are plausible,
along with separating out reflections with differehkl with the same or similad-
spacings. On the other hand, powderaX diffraction is not sensitive to the orientation

of the crystals. As a matter of fact, polycrystalline samples are used here, and they are
ground in order to further randomise the orientation of the crystallités.pFocedure
ensures that any preferred orientation is minimised, and the pattern represents the average
structure of the crystallites without any amongst them dominating the padtgra,
particular family of planes of indicgbkl} . Furthermore, theaformation collected using
powder diffraction is condensed into one dimension, with reflections having sdnilar
spacing easily overlapping, and no map is obtained. This makes it difficult, although not
impossible, to solve a structure using powder diffaacwithout prior knowledge of it.
Despite this limitation, the technique is still a powerful one. In addition to powders being
easier to obtain than single crystals, powder diffraction is indeed a fast and easy to use
technique, widely employed for theentification of the phases in a sample, to assess its
purity and the quality of the crystals, and can be used to detepnoiperties such as the

size and the strain of the crystallites forming a polycrystalline sample. Similar

considerations apply to gife-crystal and powder neutron diffraction as well.

X-Ray Diffraction: Experimental Details
Within the context of this research, both powder and siogistal diffraction
have been employed for the study of the material synthesised in the laboratorgr Powd
X-ray diffraction was used on ground polycrystalline samples with a Malvern Panalytical
Xopert 3 powder diffractometer elg@{pi:pped w

1.5046,&,1#@“:1.5444A),aNifiIterforthe# ®radiation anlhe an X0

detector, with samples mounted on zbaxkground silicon sample holders. Theay
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generator operates at 40 kV and 40 mA and the sample holders are held in a reflection
transmission spinner PW3064, with the samples measuredtdicanfiguration.e.the
sample is fixed on an horizontal plane whereas the source and the detector move together

in discrete steps according to the step size.

Singlecrystal Xray diffraction was used to determine the structures of
Tb(HCO)(C204) and Ho(HCQ)(C204) using aSupernova Rigaku Oxford Diffraction
diffractometer. This instrument is equipped with two selectable microfocus sources,
# ®, 8 used in the measurement of the sampleand- 1+, (2= 0.71A), and an Atlas
S2 CCD area detector. The samples were coolednitibgen at 120 K using a@xford
Cryostream to reduce the thermal effects and improve the quality of the data. The data
obtained from the experiment was indexed, integrated and reduced using the software
CrysalisPro 1.171.40.53? with absorption corrections performed using the same
software package. The structures were then solved using SHEOXF* and
refinements of the structure were carried out using a-tepsires method by

SHELXL-2015 within the Olex2 graphical usetenface!®14’

3.3.3 Neutron Diffraction

As mentioned earlierparticles such as neutrons, which possess vkee
properties,can also be used to study the structure of materials. One of the most
widespread techniques using patrticles for the studyoatlensed matter is neutron
diffraction. The use of neutrons offers several advantages. Firstly, neutrons are able to
accurately probe the position of light atoms, such as deuterium, and hence indirectly that
of hydrogen. While this is not possible withr&ys due to the direct correlation between
the intensity of scattering and the number of electrons of an element, the scattering of

neutrons has no such correlation. As will be later explained, neutrons interact mainly
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with the nuclei of the atoms, and tBeattering from light atoms can be significant.
Secondly, neutrons of adequate energy have a higher penetration depthralyarbith

due to their zermet charged therefore being unaffected by the electron clouds of the
atomsd and the interaction witlthe nucleivia the strong interaction which only
happens at very short distances and is responsible for the weak scattering of neutrons by
the nuclei. This allows the bulk properties of the material to be probed. Finally, neutrons
possess a magnetic momelnence they are sensitive to the magnetic dipoles within a

material, making them excellent probes for magnetic structures.

3.3.3.1Production of Neutrons

Neutrons were discovered by James Chadwick in 1932, while irradiating
beryllium with U-particles fom the decay of poloniunt*tPo)1*® The nuclear reaction

that follows is responsible for the ejection of a neutron from the beryllium nucleus:

U+ Bef '€+n8 o
This process can produce®1® 1 neutrons per secortt? A much higher production of
neutrons is possible thanks to nucléasion.'*® During this process, a heavy nucleus
splits into two lighter and more stable nuclei, generatinays, neutrons and subatomic
particles. For this purpose, uranium enrichethvits rare isotope?®U, is used. Free
neutrons, produced by a spontaneous fissigfrdfitself or by the interaction of cosmic
rays in the atmosphere and matter, interact Will. The unstablé*®U isotope results,

and this decays in a number offdient ways, including the following:

I <980 ¢9%0 POZ A PTFO ¢ 8 o®
It must be noted that this mechanism generates two neutrons per reaction. A combination
of all the mechanisms occurring will generate an average of 2.5 neutrons per event. In

addition to this, as will be easily understood from Eqg6, the production of neutrons
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results in a sel§ustained chain reaction wher@U is continuously bombarded, since
they initiate thdissioneventst*° This allows for the generation of a neart flux of 10°s

lem? in research reactors. This happens only when neutrons of adequate

y 7 xe @
—>‘ --------
\ ...........

235 sy 0000 G ‘

Slow neutron

1008y

Figure 3.5 Pictorial diagram showing one of the mechanisms for the fissiéfbfollowing the collision
of a neutron with &% atom. In this casé®*Xe and'°Sr form as fission products, along with two neutrons
per event. Other decay mechanisms are possible.

energy hit theé*U nuclei. The nuclei ejected after the decay®8 are too fast, that is

they have a high kinetic energy. It is then necessary to usedarator 6 typically
graphite or heavy watér that absorbs some of the kinetic energy of the neutrons within
the reactor core, effectively slowing them down. This proaskedthermalisation, is

also vital for the diffraction experiments themselves as the energy of the probing neutrons
would be too high otherwise: the kinetic energy is related to the wavekeagtording

to the de Broglie equation:

1 Eﬁ
L T8 oX

x EA®fandvnar e the mass and the velocity of t
(6.62607015 x 1 m? kg s1). Hence, one or more moderators can be used to tune the
wavelengthe f or t he experi ments, as necessary.
average kinetic energy comparable to that of the atoms constituting the medium they are

interacting with. A single wavelength can then be selected by simply using a single
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crystal monochromator, allowing for constavdvelength neutron diffraction

experimets.

A second method used to produce neutrospadiation.}® This method is based
on the acceleration of protons within a synchrotron. A flux of {eiglrgy protons
(typically ~1 GeV) hits a target material made of a heavy element, for examplestyngst
andthis ejectssubatomic particles, mainly proton and neutrons. Following this, more
neutrons will be ejected due to the relaxation of nuclei excited upon impact, these
neutrons having a considerably lower energy than that of the previous batcarafal¢h
easier to moderate for experiments. As opposed to neutrons generated in a nuclear reactor
by fission, which provide aontinuousflux of neutrons because of the chain reactions
occurring within the reactor core, neutrons produced by spallation cordiscrete
pul ses, hence the name fApul sed sourceo.
(i.e.the window of time during which spallation is occurring and neutrons are produced)
and by a repetition tim&between each pulséd. the time necessy for a group of

protons to reach the target material), as shown in Figure 3.6.

Intensity

[ »
1 »

0 T 2t time

Figure 3.6 Schematic depiction of the pulses of thermal neutrons after the moderation step at a spallation
source. The pulses are intense and repeat regularly after pleriod
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One of the advantages of using the spallation method lies in the higher number of
neutrons that can be generated for the experiment while also producing less heat, with
nuclear sources producing four to five times as much. The selection of neutrons of a
desired wavelengths after thermalisation does not occur by using monochromators, but
viadevices known ashoppersvhich rotate at certain frequencies such that only neutrons
having a sufficient speed can pass through a slit, while the rest of thermaxede This
allows ranges of wavelengths to be selected with the result that polychromatic neutrons
are used. Using a polychromatic beam is possible because the flightipdthown, as
well as the time from the collision of the protons onto the target material and the
detection of the resulting neutrons from detectors, fixed around the sample container.
Neutrons with different energies will be detected at different times due to their different
wavelenghs and velocities as shown by Eqn. 3.7. This forms the basis of theftime
flight technique, with spallation sources existing since the 1980s, and becoming
increasingly common in the last three decadegortant spallation sources are the ISIS
Neutron @d Muon Facility, UK!*® the Spallation Neutron Source (SNS), Tennessee,
USA®! the Japan Proton Accelerator Research CompldXafd), Japaf? and the

upcoming European Spallation Source (ESS), Swéden.

3.3.4 Difference Between Xays and Nautrons

Neutrons producedia the two methods above can be used for a variety of
scattering experiments, both elastic or inelastic in nature, the latter type referred to as
A s pectaThentam pnportant difference between neutrons amdyX lies in their
interaction with matterWhile the diffraction of Xrays is caused by the electrons
surrounding the nuclei of an atom, neutrons interact with the nuclei themselves. As a
result, in neutron experiments the structure factardées not depend on the atom form

factorsf(d), which are directly related to the number of electrons of an element. It is
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necessary to consider theattering lengthof an atombp, which quantifies the scattering
interaction of a neutron with its nucleus. This depends on the composition of the nucleus
and tre orientation of the nuclear spins. The scattdengthb cannot be predicted from
theory*>*and for this reasothere is no law to predict hoewaries with the atoms, unlike

the case for the atomic form factors in which the process is well undetoorelated

to the atomic numbers. Due to the strong dependence on the nucleus composition, the
scattering lengths of nuclei are specific to each isotope and do not vary in a monotonic
way with the atomic numbéf® Furthermore, nuclear spins can adajfferent
configurations, leading to different valueskpthence an average scattering lendb <

must be used instead. Historically, this complexity has led to the determination of the
scattering lengths using an entirely empirical and ‘bmesuming approach. It is also
necessary to point out that the scattering length has little to no dependehtedfien
assumed for elastic scattering, where no resonance phenomena are present) on the
scattering angle and the wavelength used, in direct contrast to the atomic form factors

f(d), due to the

3.3.4.1 Neutrons and Magnetism

As mentioned previouslyeutrons are excellent probes for the study of magnetic
structures. This is because, despite having no net charge, neutrons haypenaatd

therefore possess a magnetic dipole morhent

‘ pgop'oh oR
x E O E the nuclear magneton960 times maller than the Bohr magneton, which
describes the magnetic moment produced by a single electron precessing around a unitary

magnetic field, and with the discrepancy resulting from the different masses of heavy
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nucleons and electrons. With a sgig Y2, naitrons can adopt only two different spin

configurations, either spinp or spindown4°

Understanding the magnetic dipalgole interactions of neutrons with the
magnetic moments within a material can be made easy by picturing the interaction
between wo bar magnets. When such a simple experiment is carried out, it can be
immediately noticed that the interactions between the two magnets depends on their
relative orientation. Repulsion between the magnets occurs if their poles are &like (N
or SS) wheeas attraction between different poles can be observed. Therefore, the
magnetic interaction between two magnetic poles is strongly anisotropic. This
phenomenon is identical at a microscopic level and influences the scattering by the
magnetic lattice. Whea neutron is scattered along a direction defined by the scattering
vector Q, this implies that the neutron has been affected by the component of the
magnetisatiorM that is perpendicular to it. The scattering length of a magnetic ion is
described as:

O ® con® ARk o8
x E © the nuclear scattering amplitugethe magnetic scattering amplitudethe unit

vector direction of the scattered neutron grgiven by:

N -HIEIH TR oP T
x E A Qihthe unit vector describing the direction of treutron beam anibhs the unit
vector describing the direction of the magnetic moment. The pprmEqgn. 3.9 is

described as:

Qr
Ca W
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x E A @His the magnetisation perpendicular to the direction of the momentum transfer,
e is the electron chargegthe mass of an electroathe speed of light, the neutron
magnetic moment (earlier described’ a$ andf is the magnetic form factor. It cdre

seen from the above that for magnetic moments that are parallel to the direction of the
neutron beany tends to zero, hence the scattering lekgthvill depend on the nuclear

scattering amplitude only.

As magnetic scattering is caused by magneticledfpd hence by unpaired
electronsd the phenomenon can be described by using magnetic form factors which
follow a similar trend to the atomic form factors foirys, that i$ depends on the atom,
the wavelength used for the experiment and decays witintjled.*4° It is important to
note that the decay of the magnetic form factor occurs at a much faster rate than that of
the atomic form factors. Indeed, whiler®y scattering depends on the entire electron
densitym & U,Unagnetic scattering is affied only by the unpaired electrons of the
atoms, therefore resulting in an increasingly smaller contribution to the cooperative
diffraction from the electrons per atom with the angle. It is therefore essential to probe
low Q regions in order to maximise the collection of signal arising from the magnetic
structure of a sample. The sfinly contribution to the magnetic form factor can be

described by > having the following form:

~

QB 5Q 5Q 08 oRC

The orbital contribution to the magnetic moment is described by:

Q i 00Q 0 Q 0Q O 8 op o

In both cases, the empirical constants A, a, B, b, C, c and D are listed in the
International Tables for Crystallography VoC!® as well as on the Institut

LaueLangevin websité> The constanjk is essential when strong spinbit coupling is
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present, such as in the case of lanthanides. The form factor of an atom is then described

as:

O QO 6 M h oP T
x E @Fbeing the ratio between the orbital magnetic moment and the total contribution

of the magnetic form factor.

3.3.4.2 On Neutron Instruments

Neutron diffraction experiments presented in this work were carried out using
different diffractometers, namelye General Materials (GEM) diffractometand the
AWi de Angl e i n a Si athé KIS Muos and Yleuthomsourde Wl S H)
Rutherford Appleton Laboratorfy® with the help of Dr Ivan da Silva in carrying out the
experimentdor the former and Dr Manui®ascal for the latteas well as th&/ombat
hightintensity powder diffractometer at the OPAL reactor, located at the Australian
Nuclear Science and Technology Organisation (ANS®PQianks to the assistance of
Dr Andrew Studer,as access to the facidis was not allowed during the COVID
pandemicThe GEM beamline has been designed with the purpose of measuring high
resolution scattering patterns over a wide rang®,ofith minimal contributions from
background scattering. This is achieved by using ZnS scintillation detectors, which have
a low intrinsic background noise, and by collimation of the incident and scattered neutron
beam. The detectors are arranged in seven banks (numbered from O to 6) around the
sample at different scattering angles and offer a detection area &f THannsrument
has a resolution afd/d = 2i 3x10° in backscattering angid/d = 5x10° at a scattering
angle of 90 at all d-spacings. The fixed detector geometry also easily allows changing
the sample environment to suit specific needs for each experiment. eSawipl

Th(DCO)(C204) and HODCO,)(C204) were measured in a 1.800 K range, cooled in
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a 8mm vanadium can using an Oxford Instruments Variox cryostat. Similarly, a sample

of [Li(C204)]2[(Cos(OD)g] was measured in & 800 K temperature range.

A sample ofHoosEr.5(DCOy)3z was measured using/ISH at 100, 10, 2 and
0.28K at the ISIS Muon and Neutron source, Rutherford Appleton Labor&tory,
Dr Pascal Manuel carrying out the measurement as access was not allowed during the
COVID pandemic. WISH is a longravelength diffractometer designed to carry out large
d-spacing measurements in a range frarh77A, both on powders and singbeystals.
Accessing longl-spacings is extremely useful for structures possessing large unit cells
and magnetic interactions, #ss allows probing lowe@-spacings (see Eqgn. 3.1) where
the magnetic reflections are the most intense. This is achieved by the combination of the
high-brilliance of solidmethane moderators, positisensitive®He detectors covering
scattering angles fro 10 to 170, and tunable resolution. WISH can operate in three
different resolution mode$s low, medium and high resoluti@h depending on the setup
of the piezoelectric slits that tune the divergence of the incident neutron beam. In
high-resolution mode, it is possible to achiep®/Q = 3x103at highresolution frames.
WISH also possesses a low instrumental background that enables the detection of weak
magnetic Bragdike or diffuse features in the scattering pattern which would otherwise
be hidden by instrumental noise. Measurements ofsEtes(DCO,)s were carried out
between 0.28 K to 300 K, with the sample loaded into an 8 mm vanadium can and cooled

using an Oxford Instruments Variox cryostat.

Elastic neutron scattering experimentssamples of Nd(DCg)s and Ce(DCQ)3
were performed usgnWombat This constant wavelength instrument is used primarily
as a higkspeed powder diffractometer, although its capabilities go beyond this purpose.
Its fast data collection rate is enabled bycadstinuous 120Darea detector, having a low

intrinsic background level, a large beam guide and a large crystal monochromator. This
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provides a higHlux of neutrons, up to Fons® cm? at the sample position, with a
resulting highcount rate of 10s®. Nd(DCO,)s and Ce(DC®); were measured from
room temperature down to 140 and 50 mK respectively, with samples cooled using an
Oxford Instruments Kelvinox DL1 lotemperature insert with a € top loading

closedcycle refrigerator.

3.4 Structure Refinement Techniques

After diffraction experiments are carried out and sufficient data is collected, it is
necessary to produce a model that reproduces the data, therefore providing a
representation of the average structdt@his is carried out with the use of software that
employs statistical methods to fit a structural model to the data. This process is not
completely automated and requires considerable effort depending on the complexity of
the structure and the data cotkst, that is the refinement must be guided in order to
produce a physically sensible model. The last step in the refinement process is to check
if the final model is reasonable in terms of the chemistry; the software does not know if
the calculated modetrsicture is sensible or whether it contains components that would

be impossible from a chemical point of view.

A wide variety of software packages is available to carry out structural
refinements at the heart of which the same principles are sharedhessdwill be
discussed first. Two of the main methods used for structure refinements are the Rietveld

refinement and L8ail extraction method%°160

3.4.1 The Rietveld Method

One of the most powerful ways to refine accurate average models of baghrnucl

and magnetic structures using the data collected from powder diffraction experiments is
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the Rietveld method, first described by the Dutch crystallograghgoM. Rietveld in
1969%° This is a whole powder pattern fitting method, where model paeas)et
including cell parameters, are fitted to the whole pattern simultaneously using-a least
squares approach. This is in contrast with older historical methods where the reflections
were treated separately and their positions refined individually, withaiit cell
restraints'®! In the Rietveld method, a pexisting model, as close as possible to the
structure to be refined, must be used. Therefore, prior knowledge of the crystal structure
must be possessed before a refinement can be attempted. Moaleleters are then
optimised according to the sample and the instrument used, and they include the unit cell
parameters, the atomic positions, the atomic displacement pargmglisisg either an
isotropic or anisotropic model, the peak shape profie,dample zero offset and the
background. The parameters are refined gradually, ideally including them one at a time,
and the sequence can vary considerably, although guidelines have been devised in order
to optimise the proces&1%|t should also b@ointed out that the number of parameters

used should be as low as possible to avoid-iitarg the data.

The brilliance of the Rietveld method relies on a simple concept: instead of
extracting the integrated total intensities of the observed refhsctdirectly, the
contributions to that reflection are estimated on a goyapoint basis. Indeed, in powder
diffraction, the observed reflections are often the results of a number of reflections
overlapping due to the clos#spacing values. This impliethat the extraction of
intensities directly, employed in older methods, neglected a significant amount of
information that is Ahiddeno in the powde
Rietveld method was made possible by the advent of compupaisleaf handlingnore
resourcedemandingalculations. Before that, manually estimating the intensities of each

expected reflection under a diffraction peak was too prohibitive to achieve.
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During a Rietveld refinement, calculated intensity vallgslc), are generated
according to the crystallographic model: the atoms in the structure, their form factors and
their positions, although not accurate during the initial stages of the refinement, all
contribute to the estimation of groups of reflection intéesiB) £ £./The method then

relies on a leastquares minimisation approach, where the quantity to be minimised is:

~
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wherew; is the weight, corresponding to the reciprocal of the estimated uncertainty,
1/0°yi(obs)],yi(obs) andyi(cal) are the observed and calculated intensities, respectively.

The model parameters are therefore modified to achieve suafiraisation.

To estimate the quality of the fit resulting from a Rietveld refinement, hence
understanding how closely the model is representing the data, a series of discrepancy
terms have been proposed in the literatftdlone of thesparameteralone can be used
to evaluate the quality of a refinement, but they rather need to be used together, along
with the visual aid provided by the software used, showing clearly how the calculated
pattern is overlapping with the observed data. It is indeed p@ssibbtain discrepancy
terms that indicate a very good fit of the data, only to find out the data is significantly
misrepresented due to the refinement reaching false minima during thedeasts
minimisation. These discrepancy terms will be briefgcdssed here, with details being

provided in Appendix A.

The most used and straightforward of these discrepancy terms is the weighted
profile R-factor, Rwp, with ARO standing for fAreliabil
square root of the minimised quiy scaled by the weighted observed intensities. A
much simpler version of this parameter, Byfactor, simply ignores the weights. It is

possible to obtain a third parameter, the expectéackr, Rexp, Which corresponds to
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the bestRyp achievable whe fitting the data in the ideal situation that the calculated
values during the refinement are the #fAtru
yi(calc) =yi(obs), the only error left in the refinement being only the intrinsic uncertainty

from datacollection.

Finally, an important term used to assess the quality of a refinement is known as
the chisquared valueg®. While this parameter should ideally bag just like Rexp, in
practice it only approaches unity depending on the quality of the fit. At the beginning of
the refinements;?tends to assume very large values due to the high discrepancy between
the starting model and the data against which it is refined, andyi@éahould never
increase during a leastuares refinement. In practice, small increases can occur when
the parameters being refined are correlated with one another. It must also be noted that
under no circumstana@ should drop to values below one, e5< 1 would imply that
the fit is better than the uncertainifyi(obs)] itself, implying that either thélyi(obs)]
are overestimated or the refinement algorithm is attempting to fit noise in the powder

pattern.

Other Factors in Rietveld Refinements

It was previously discussed how the Rietveld method calculates the intensities of
the reflections in the powder data. We now briefly turn our attention to other factors that
strongly influence the diffraction data and, therefore, the Rietveld refinemehte of t

structural model.

The background of a diffraction pattern affects the refinements, and this must be
estimated. Various ways of dealing with the background in the data are possible. One
approach is to specify some points in the background, linearlypotéee them and

subtract the resulting background from the data. In theory, this procedure needs to be
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repeated several times during the refinement to represent the background contribution
progressively better, mainly because in complex datasets, the greatksely resolved

to baseline. A different approach consists in fitting functions that represent the
background, such as polynomial functions such as the Chebyshev polyri§mials,
amongst others. The use of functions allows for the automatic fittitigedackground

while refining the structural parameters. However, these functions tend to be empirical
or semiempirical, meaning they will work only if they happen to well represent the
background. A combination of the two methods can be employed insuftnare e.g.

fitting the background using a function and correctidgviations by means of

interpolated fixed points.

The shape of the peaks needs to be calculated as well and will largely depend on
the type of measurement being carried out. Foayéand constant wavelength neutrons,
the peak shapes can be represented by a combination of a Gaussaaloastzian
curve or pseud®oigt curve. The pseuddoigt function is a linear combination of a
Gaussian and a Lorentzian component according to tileefAp — , where—is the
pseudeVoigt mixing parameter. This function is often used and represents very well the
symmetric part of the peaks. However, the peaks contain an asymmetric component due
to the axial divergence of the diffracted beams at low angles. This cakdre ihto
account, for example using the Finggox-Jephcoat (FCJ) asymmetry functitshput
other functions can be used as well. In addition to that, the diffraction profile width
changes with the anglel2To take this into account, the Caglioti funatis often used:

N0 — YOAT— wOAF wh oP @

where FWHM is the fullvidth-half-maximum of a reflection antl), V and W are

parameters to shape the functif6hThis function well represents how the Gaussian
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component to the reflection changeish the angle, but not the Lorentzian component.

For the latter, a separate function needs to be used:

I
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where X and Y are the Lorentzian parametefor X-rays and constant wavelength
neutrons, the position of the keftions can be easily calculated from a modified version

of Braggbs |l aw (Eqn. 3.2) where the zero i

Q — 8 op Y

When TOF neutrons are used, the situation is more complicated. An extra asymmetric
component conifputing to the peak shapes is present. This is related to the pulsed nature
of the neutron beam, which causes an additional broadening effect. In 1982, Von Dreele
et al1% developed an empirical function describing such a component, consisting of a
series of backo-back exponentials convoluted with a Gaussian function:

"03Y 0AZ® QI @ AZD Qi "@bh oP w
where H is the peakhape function for a reflectipnerfc is the compdmentary error
function and\, u, v andy depend on thd spacing of the reflection, the scattering angle
of the detector and characteristics of the neutron source. The description of the diffraction
profile is a more complex one as well, witle Gaussian and Lorentzian of the TOF peak

shape described by the following equations:

~
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The time of flight has a quadratic dependence owmlt@acing:
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where zero is the detector electronics delay in processing the signals (reported in
microseconds)DIFC and DIFA are constants related to thetmsnent. In particular,
DIFC is determined by the flight path the detector anglé the mass of the neutrom,

and the Planck constalmt

_...ca 0Di Q& —
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The timeof-flight of neutrons is also affected by absorption, with the absorption
crosssection of neutrons by atoms being proportional to the wavelength. Therefore,
neutrons with a longer wavelength will be absorbed more easily, resulting in a change in
penetration depth and, therefore, the tiofdlight. DIFA introduces small correicins
related to this inevitable absorption effects and allows for the resulting peak shifts. More
information about Rietveld refinements of bothray and neutron data along with a
description of the equations can be found in the manual for the refinaswfénare

FullProf16°

In order to carry out average structure refinements, two refinement programs have
been used in this research project. For laboratergyXdata, LHPMRietica has been
used!’®whereas GSAS & EXPGUI has been the software of cHoicthe refinement

of TOF neutron dat&?!

3.4.2 The Le Bail Method

The Le Bail method was first introduced by A. Le Bail in 1988 and is a whole
profile pattern fitting method® The main difference between the Le Bail and Rietveld
methods is that, wie the latter requires prior knowledge of the atoms in the crystal
structure and their form factors to calculate the intensity of the reflections, the Le Bail

method does not require this information. While the unit cell parameters, instrumental
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zero erro and the peak parameters are
Initialise arbitrary

refined using a leastquare method, values for /(calc)

the intensities are not. Consequently, !

the calculations are very rapwhich Calculate I{obs)

makes this method incredibly fast.

This is made possible because the
Accept and use

new parameters l(calc) } I(ObS}

observed integrated intensities in the

diffraction patternJ(obs), which are

Least-squares
refinement of
parameters
(a,b,c,a,8,Y,etc.)

the result of overlapping reflections
from planes at similag-spacings, can

be approximated by calculating the
Figure 3.7: Scheme summarising the procedure behin

integrated  intensities, I(calc), -© Ballfiting method.

contributing to the observed intensity. The initial valued fcalc) are arbitrary and are
therefore not tied to the atoms in the structure and their form factors. The lack of a link
to atomic types and positions means the insights available from this method are primarily
limited to the symmetry and unit cell parameters.iecting (sometime referred to as
Arecycl i ngod) t hlébsyimosthelalgdrithng agoala) latueees cycte f

while the other parameters are refined, allows for the determination of newer and more

accuratd(obs) values. This can be expressed as:

O¢ wi 0 J0 ww Cw——— h~ og T
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where lij(obs) andli(calc) are the integratedbserved and calculated intensities,

respectivelywi; is the contribution of the Bragg peak at the positidri®2the diffraction

profile at the position@, yj(obs) is the experimental data point at posi#drandy;(calc)
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is the sum of theeparate estimated points contributing to the reflections of the diffraction

profile.

3.5 Physical Property Measurements

The study of magnetism in condensed matter requires a series of experimental

techniques. These will be discussed in this section.

3.5.1Magnetic Susceptibility and Magnetocaloric Properties

The first quantity measured to obtain an insight into the bulk magnetic properties
of a material is the magnetic susceptibility. The main instrument used here is the
Quantum Design Magnetic Propertideasurement System (MPMS), equipped with a
“He cryostat. This is a very sensitive magnetometer that allows for the precise
determination of the magnetic susceptibility by employing a superconducting magnet
capable of producing magnetic fields up to 7 Bitemperature range of 1400 K. In
the context of this thesis, magnetic susceptibility measurements have been performed
across a 11800 K temperature range with an applied magnetic field of 2000 Oe while

isothermal magnetisation measurements were mggsoia maximum of 5 T.

The MPMS has many important components (see Appendix A), with the most important
being its detector, the Superconducting Quantum Interference Device (SQUID). It is

composed of Josephson junctions and exploits the Josephson effect.

The Josephson effect was proposed by Brian D. Josephson in 1962 and first
observed in 19642173For this discovery, Brian D. Josephson was awarded the Nobel
prize in 1973. The Josephson effect is a supercurrent phenomenon where Cooper electron
pairs @n flow through a barrier in a circuitia quantum tunnelling. When two

superconducting wires are separated by t

hi
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and often, though not exclusively, made of an insulating material), the Cooper electron
pairscan tunnel through it in the absence of a voltage. This is the case for as long as the
resulting superconducting current is lower than a critical culienApplying a bias
currentlg, greater thanlc, to both ends of the superconducting wires resultthén
production of an oscillating AC voltage. The Cooper pairs can also be described using
wavefunctions. When a current is present, the Cooper pairs in the two superconducting
wires will possess a different phaseThe phase differenagd is responsibledr the
electron current and is proportionallgo A SQUID detector is built using two Josephson

junctions in parallel, forming a ring, as shown in Figure 3.8.

The biasing current is applied to polarise the supercurrent through the junctions.
When the lop is placed in a magnetic field, this current can only flow through the
opening of the ring due to its superconductive properties. Additionally, it changes the
phases across the two junctions, so that a phase difference results. The critical current in
thering changes and it oscillates with the magnetic flux. This can be altered by the motion
of a magnetic sample within the loop. What is measured is the oscillating AC voltage
associated to the current, making the SQUID a voltegetransducer. The change
oscillations enables for the determination of the magnetic properties of the sample.
Because the magnetic flux in a superconducting ring is quantised, the SQUID can

accurately detect magnetic fluxes on the order 3P Tam?.17*

In order to performthe measurements on our Quantum Design MPMS
magnetometer, the samples were placed in gelatin capsules, loaded inside plastic straws
with a uniform diamagnetic background. Samples of Gd(b(@204), Ce(HCQ)3,
Nd(HCO)z and [Li(CG04)]2[Cos(OD)g] have been measured using this instrument,
across a 1~1.5 to 300 K temperature range. Measurements for the remainder of the

Ln(HCO,)(C204) sampleshave been kindly carried out by Dr Gavin Stenning at the
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Materials Characterisation Laboratory at the IBlk$n and Neutron Source (Rutherford
Appleton Laboratory, UK) using a QuantudesignMPMS 3 SQUID magnetometer,
while samples of HoE(HCO.)s have been analysed at the Inorganic Chemistry
Laboratories, University of Oxford, using a MPMS 3, by Johnathale® in the
Goodwin group, with the exception of bikros(HCOz)s which was measured down to

0.4 K by Dr Stenning at ISIS using a ldemperature insert.

Magnetic field

Superconductor
Insulator

Voltage
V(t)

Biasing
current

Figure 3.8: Depiction of a SQUID.Detector coils of the MPMS are connected to the ring by
superconducting wirewith a biasing current applied. The darker sections of the rings represent the
Josephson junctions

3.5.2 Measurement of the Magnetocaloric Properties

Indirect Measurements

As briefly mentioned in Chapter 2, the magnetocaloric pregsedf a material
can be measured by using either direct or indirect methedsrough the determination
of the heat capacity as a function of temperature or through magnetisation measurements,
respectively:** Throughout this work, the entropy changf the materials under study

has been carried out using the latter method.
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The magnetic entropy change of a material can be determined from isothermal

magnetisation measurements using the Maxwell relation:

Measurementsof the magnetocaloric properties of members of the
Ln(HCO,)(C204) series, withLn = Gd**, Tb*, Dy**, Ho®* and members of the
Y xThix(HCOy)3 series, withx = 0.025, 0.05 and 0.10, were performed in a field range

of 0i 5T and a temperature range 6fl2 K in 2 K steps.

Direct Measurements

When heat capacity data is available, the magnetic entropy change can be
determined from it. The heat capacity of a matezorresponds to the energy necessary
to produce a unit change in temperature and can be thought as the rate of heat transfer
with respect to the temperature. This relationship is more clearly described by the
equation:

Q0 . "
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whereC, is the heat capacity at constant pressufg tlte heatP the pressure of the
thermodynamic system afdis its temperature. Under isobaric conditiore,constant

pressure, the entropy of a syster§, id related to the heat according to the second law

of thermodynamics:
Q0 "YQ8Y o8 X

As a consequence, the entropy is related to the heat capacity of a material by the

following relationship:
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At a microscopic level, the total heat capacity of a mate@ialis the sum of
electronic, magnetic and nuclear contributions, as well as the contribution from the
Schottky anomaly, a peak observed at low temperatures in solids due to the sudden
increased probability in thermal excitations right above absolute zero. This can be

expressd as:
0 O 0 0 0 8 o8 W

At sufficiently high temperatures, no contribution due to the Schottky anomaly is
present. As a consequence, only the first three terms need to be considered. While the
contribution from theelectrons is usually assumed to be zero in insulating materials, the
lattice contribution can affect the total heat capacity considerably. It is possible to model
the lattice contribution (the phonons being responsible for the lattice heat capacity) by

using the Debye equatidf?:

o ‘ Acoh oR T

whereR is the universal gas constaftis the temperaturdy is the number of atoms per
unit cell anddp is the Debye temperature, corresponding to the temperature at Which a

the atoms in the crystal structure vibrate at the same frequency and is defined as:

— =7 h oD p

whereks is the Boltzmann constart,is the reduced Planck constant angls the Debye
frequency, that is the frequency adopted by the atoms at this temperature. When the
temperature of the material is significantly lower tila@ Debye temperaturee. T <<

db, the following relation holds true:
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It is difficult to deconvolute the contributions to the heat capacity from

experimental data and, consequently, it is often necessary to model the lattice

contribution and other anomalies and subtract those from the total heat capacity to

estimate the magtie heat capacity term and extract the magnetic entropy change.

Heat capacity measurements in zetd conditions were carried out for
Dy(HCO,)(C204), while both zerdield and norzero field measurements were
performed for the ¥Tb1x(HCO.)3 (x = 0.05,0.10. 0.20, 0.40) were carried out using a
Quantum Design Physical Properties Measurement System (PPMS) Dynacool across a
250mKi4 K temperature range, achieved using of-Hensert, at the Materials
Characterisation Laboratory at the ISIS Muon and Newmirce (Rutherford Appleton
Laboratory, United Kingdom). To isolate the magnetic contribution for the measured
samples, the lattice heat capacity was estimated using the Debye function in the low

temperature limit (see Eqn. 3.32).

3.6 Other characterisaton techniques

3.6.1 XRay Fluorescence

X-Ray Fluorescence (XRF) is a ndestructive analytical technique that allows
for the determination of the elemental composition of a material. This is because the
absorption of Xrays produce electrically excitedn® which decay to their groursdate
by electronic transitions from higher to lower energy levels. These transitions are
characterised by the emission ofr&ys, in a process similar to what has been described

in Section 3.3.2. These-vays have charactstic emission lines at defined energies



Experimental Techniques 109

depending on the element excited and are always at higher wavelength than the
irradiating Xrays from the source due to inelastic phenomena occurring during the

excitation process.

XRF measurements were performedadinthe members of the (XThy(HCO)3
and HaxEn(HCO,)s families in order to experimentally assess their stoichiometries,
using a Panalytical Epsilon 3 XRF spectromd®esults obtainefibr the Yi.xThy(HCO,)3
wereextractedoy using a calibration curve determined from physically ground mixtures
of Y(HCOy)3 and Th(HCQ)s with different Th:Y molar ratios, namely 97.5:2.5, 95:5,
90:10, 75:25, 50:50 and 27:7Similarly, results for the HaEr(HCO,)3 series were
obtained by using a calibration curve determined from mixtures of HofHG@Dd
Er(HCOy)3 with different Ho:Er molar ratios, specifically 92:8, 75:25, 84:16, 60:40,

40:60, 16:84 and 8:92.

3.6.2 Scanning Electron Microscopy and Energy Dispersive

X-Ray Spectroscopy

The Scanning Electron Microscope (SEM) is an instrument that enables the
production of an egrgetic beam of electrons that is incident to the surface of a s&fhple.
The interaction of the electrons with the sample is responsible for a series of phenomena,
some electrons from the beam will simply be reflected from the sample (backscattered
electrons or BSE) following an elastic interaction, whereas some electrom$i@ént
energy will cause the sample to eject electrons from the outer orbitals (secondary
electrons or SE) and the excitation and subsequesidtation of bound electrons

causes the emission of characteristicay(s1’® a process explained in Sexti3.3.2.

The detection of backscattered electrons and secondary electrons allows for an

image of the sample surface to be produced. The scattering of electrons depends strongly
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on the atomic numbeét of the elements in the sample, causing a much strangyeal in
proportion to the position of heavier elements. In other words, backscattered electrons
provide an image where the main feature is the contrast between the elements present,

allowing to distinguish different phases in the samfie.

source
aperture
Condenser EM lens
aperture
Focusing lens
and scanning coils
BSE — EDX
detector detector
SE detector
Sample

Sample stage

Figure 3.9: Schematic of the components of a Scanning Electron Microscope.

Secondary electrons are produced by the elements themselves and originate from
the surface of the sample, with the resulting images providing visual information about
the topography of a saplel’® Since this technique allows high magnification images to
be obtained with high resolution, very detailed pictures of the analysed samples can be
achieved. This is possible thanks to the typical energies used to accelerate the electron
beam, usudy in the 0.2 0.4 keV range. Therefore, the beam itself possesses an average
wavelength, thanks to the de Broglie relationship (Eqn. 3.7) which determines the

resolution of the image. For this reason, the SEM allows the resolution limitation of
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traditiond optical microscopy to be overcome. A schematic of the SEM instrument is

shown in Figure 3.9.

SEM measurements are typically carried out in a high vacuum, so that the
electrons produced by the source, as well as those resulting from the interactitre with
sample, do not interact with atmospheric atoms, resulting in them having too short a
lifetime. Due to the vacuum, sample charging can occur, caused by the charge depositing
on the sample, when this is roanductive, and therefore not being dissipaldus can
alter the brightness of the area under observation as well as the image produced. To
overcome this issue, a conductive material, such as tape or coatmgsl|fl or carbon),
can be placed on the surface of the sample to earth it. In thosecestwhen earthing
the sample is not possible, variable pressure (VP) experiments can be conducted to
introduce more atmospheric atoms in the sample chamber to allow the dissipation of the

accumulated charge on the surface.

As mentioned above,-Xays arealso produced when the electron beam hits the
sample. These are characteristic of the elements constituting the sample, and it is
therefore possible to carry out sequantitative and quantitative elemental analysis.
Detecting these characteristicrdys s possible thanks to energdispersive Xray
spectroscopy (EDX), with an appropriaterd§y detector coupled with the microscope
and sampling different energy ranges thanks to multichannel analysers. Nonetheless,
EDX suffers from lowenergy resolution an¢hé properties of the sample analysed, such
as Xray absorption due to surface roughness, which might lead to an erroneous

guantification of the elements, usually requires the polishing of the surface.



Experimental Techniques 112

The SEM used for the analysis of all the memberthefY1.xThy(HCO,)3 and
HoixEr(HCO,)3 solid solutions is a Hitachi S3400N, equipped with a thermionic gun

and employing the default higlacuum mode.

3.6.3 Infrared Spectroscopy

Fouriertransform infrared spectroscopy () is a weltknow, widespread,
time- and costeffective technique that probes the bonds in a material thanks to irradiation
of samples with infrared light, typically in the 4G@D0 cm' or mic-IR energy region.
By detecting which wavelengths of light are transmitted to the detéctdrence
absorbed by the materi@ it is possible to obtain information pertaining to the
functional groups present at a molecular level. This is because the frequency of the
vibrational modes,e. the stretching and the bending motions, of a functioraigare
influenced by the masses of the atoms constituting the functional group and the type of

covalent bond present, as shown by the relation:

Kol
— h o® O
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CH
wheres is the frequency of the modethe force constant of the bond (which could be

imagned as a spring joining two spheres together for simplicity)eaisdthe reduced

mass of the bonded atoms.

FT-IR spectra were acquired for the synthesised memberslaftHE O,)(C204)
family, with Ln = Sm**i Er**, using a Shimadzu IRaffinity Fouriertransform infrared
spectrometer in the energy range 4@ cm'. The background was first measured,
and this was automatically subtracted by the instrument software during the measurement

of the samples. The collected spectra have been mainly usedrfpagson among the
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samples and further confirmation of the ligands of the synthesised samples by recognition

of the typical ML bonds.

3.6.4 Thermogravimetric Analysis and Differential Scanning

Calorimetry

Thermogravimetric analysis (TGA) and Differenti@icanning Calorimetry
(DSC) are two methods used to determine the thermal stability of materials, as well as
the mass loss and absorptionreleaseof heat with temperature. farticular, DSC is
especially useful in the study of phase transitions or thkyrmduced reactions, as the
heat released, or otherwise absorbed, is directly related to the thermodynamics of such
phenomena. It is possible to conduct the experiments in different atmospheres, typically

either atmospheric or an inert atmospherg,under nitrogen.

TGA and DSC measurements were simultaneously carried out for all the
members of then(HCO,)(C204) family synthesised using a Netzsch STA 409 PC TGA
DSC across a 2800°C range, with a heating temperature ramp of@@nin, in order
to assess the decomposition temperature of the members of the serregatheements
were performed under air and the background, automatically subtra@ethe

instrument software, prewsly measured using an empty ceramic crucible.



4 Structure and Magnetocaloric
Properties of Ln(HCO2)(C204,)

Frameworks

4.1 Introduction

As discussed in Chapter 2,ettbest performing magnetocaloric coordination
polymers are those featuring heavier lanthanides, frorEiGavith a densely packed
structure. This is exemplified by the magnetocaloric performance of phases like the
LNOHCQO; and Ln(HCO)s frameworks)®>17 in which the magnetostructural
relationships and the exotic magnetic states play a key role. For exampleQz{ kit
Ho(HCQOy)3 exhibit the TIA state in the former ca8ethis system in particular being its
first experimental realisatiod °! and the ECO state for bothdue to thelD chains
achieving partial ferromagnetic 1D lomgnge ordering at 1.6 K, while the chains are
antiferromagnetically correlated on a frustctriangular lattice (see Section 1.9). The
ferromagnetic chains and magnetic frustration in these materials also play a key role in

their magnetocaloric properties

Interest in these two families of frameworks led to posing the question about how
strucural and compositional changes would affect their observed propevitesthe
former beingthe major focus of this chapter. Introducing a different ligand while
retaining a similar structure would modify the symmetry of the crystal structure and

consequetially modify the magnetic properties and the MCE of analogous systems. This
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has drawn our attention towards tli€HCO,)(C204) series of coordination frameworks,
previously reported for Ce and 5;1’®17%and the study of their magnetic properties.
these phases, two of the formate ligandsn(HCO,)s are exchanged for one oxalate
ligand, resulting in a lowering in symmetry from rhombohe@®2h to orthorhombic
Pnma Similar to theLn(HCO)s frameworks, these isostructural materials feature
facesharingLnOg polyhedra forming infinite 1Ezhains, with a ziggag shape rather than
linear. In this chapter, we explore the range of lanthanides that can be incorporated in the
Ln(HCOy)s structure and explore the magnetocaloric properties of phases cantam

later lanthanides, GHo. We find that while Gd(HCE(C204) is a promising
magnetocaloric for 2 K applications, the disruption of the local magnetic correlations,
likely due to the change in symmetry from th&HCO,)s3 to Ln(HCO)(C204), means

the Tb and Ho members of the latter series do not exhibit the prgrhigimtemperature

and lowfield magnetocaloric properties found in the analogho@HCGQO,)s phases.

4.2 X-ray Diffraction and Characterisation of the

Ln(HCO2)(C204) Phases

4.2.1 SingleCrystal X-ray Diffraction

Samples of n(HCQ,)(C204) (Ln = St Er®*) were synthesised as described in
Section 3.2.1. Singlerystal diffraction da obtained at 120 For Ho(HCQOy)(C204) and
Er(HCO,)(C204) indicated both coordination polymers are isostructural and crystallise
in the orthorhombi®nmaspace group. The structure of Ho(H(@20.) is described
here and shown in Figure 4.1; the asymmetric units for both structures are shown in
Figure 4.2;crystallographic parameters are given in Tableé and a selection of bond

distances are provided in Table B.1 and B.2 (see Appendix B).
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Figure 4.1 (a) Crystal structure of Ho(HGI{C,O4) with infinite onedimensional chains grang along
thea-axis. (b) Arangement of the chains in a triangular lattice orbthplane.

>

Figure 4.2: Asymmetric unis of Er(HCQ)(C.04) (left) and HEHCO,)(C204) (right), with atoms shown
as ellipsoids with a 60% probabilitistribution.

The structure oHo(HC,)(C204) contains H&' cations occupying one unique
Ho site (Hol) and coordinated by nine oxygen atoms from surrounding ligands, three

oxygens from three formatesne O2 and two O1) and six oxygens from three oxalates
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(two O3 and four O4), with the latter acting as a bischelating ligand using both

carboxylates groups.

Table 4.1: Crystallographic data for the structuretdd(HCQO,)(C,04) and Er(HCO,)(C204) determined

by singlecrystal X-ray diffraction

Compound Ho(HCO2)(C204) Er(HCO 2)(C204)
Formula HoC3HOs ErGHOs
Formula weight (g mof) 297.97 300.30
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
Temperature (K) 120 120
a(h) 6.9473(3) 6.9198(4)
b (R) 10.5261(4) 10.4221(6)
c(A) 6.5526(4) 6.5331(4)
V (A3 479.18(4) 474.32(5)
Z 4 4
}calc (g cnTd) 4.130 4.205
e (cm?) 30.72 32.72

Refl. meas./unique
Parameters refined
Ry, WR; (all)
R1, WR: (0bs)

Goodness of fit

2037/489 Rint= 2.83%]
52
2.03%, 4.56%
1.89%, 4.50%

1.04

1003/483 Rnt = 2.33%]
52
2.17%, 4.30%
1.90%, 4.20%

1.04

This results in Ho@polyhedra which adopt a distorted monocapped square

antiprism geometry, with H® distances of 2.391(3% and 2.451(3)A for O1,

2.402(3)A for 02, 2.390(2)A for O3 and 2.413(2) and 2.437(®) for O4. The

facesharing polyhedra propagate along #haxis forming infinite zigzagchains and

with intrachain HeHo distances of 3.7948(#, and with angles of 103.21(12)° and

102.98(12)° for HeEO1-Ho and HeO4-Ho, respectively. Each individual chain is then
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joined to the neighbouring ones forming a distortéahtjular latticevia the bridging
formate ligand along the-axis and oxalate ligands along the @ and 1 p axes
Interchain HeHo distances are 6.5526(8) and 6.2367(3A for those connected by
formate and oxalate ligands, respectively. Overall, thislteesn a coordination
framework with threadimensional connectivity of ©? type, according to the

nomenclature of Cheethas al 1

4.2.2 Powder Xray Diffraction and Le Bail Fits

Powder Xray diffraction measurements were acquired for all the members of this
series, from Sm to Er, and showed these frameworks exhibit a similar diffraction pattern,
indicating that they are isostructural at room temperature, and are shown ind=3gure
Attempts to make isostructural phases with lanthanides larger than Sm were unsuccessful
(see Appendix B). Furthermore, the repeatability of the synthesis of the Er member
proved unsuccessful, as this synthesis tends to yield significant amounts of
[(CH3)2NH2]Er(HCO)(C20)s, which adopts a monoclinicP2/n structure with

[(CH3)2NH2]*in its cavities:8t

Le Bail fits to the patterns, as shown in Figure 4.4 for Th(E)(®0.) (see
Appendix B for fits to the remainder of the samples), confirmed that aflaimples are
phase pure and adopt an orthorhonfmenastructure at room temperature. The lattice
parameters and statistics obtained from the Le Bail refinements for all the members of

the series are reported in Table dr2l the former are shown kigure4.5.
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Figure 4.3: Conventional powder Xay diffraction patterns of the synthesiselHCO,)(C204), with
Ln = Sni Er, measured using Cu sourcéa= 1.54A).

Table 42: Lattice parameters and fitting statistics from Le Bail fits to PXRD patterns from
Ln(HCO,)(C20s4) phases.

Ln a(d) b (A) c(®) Ro(%)  Rwp(%) &2

Sm 7.13136(14) 10.6840(2) 6.65763(15)  2.88 3.66 3.33
Eu 7.08694(14) 10.6524(2)  6.6324(2) 2.66 3.47 3.62
Gd 7.0431(3)  10.6194(4)  6.6070(3) 3.03 3.82 1.81
Tb 7.02274(18) 10.5980(3) 6.59748(18)  2.30 3.65 1.72
Dy 6.98194(13) 10.5752(2) 6.58162(14)  2.56 3.23 3.52
Ho 6.97292(19) 10.5811(4)  6.5821(2) 4.09 5.13 2.84

Er 6.925903(17) 10.5448(3) 6.55559(18)  4.36 5.58 4.63
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Figure 4.4. Conventional powder Xay diffraction pattern of Th(HCE(C,O4) measured using a Cu
source &= 1.54A) andfitted using the Ldail method to highlight phase purity. The crosses, red and

green lines are experimental and calculated intensities and the difference curve. Vertical markers indicate
the position of the Bragg reflections.
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Figure 45: Plot of the ldtice parametera, b andc for Ln(HCQ,)(C204) (Ln = Sn#* Er®*) obtained from
Le Bail refinements of powder-¥ay diffraction patterns.
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4.3 Infrared Spectra of theLn(HCO2)(C204) Phases

Fouriertransform infrared spectra (HR) for Ln(HCO,)(C204) (Ln = SmEr),
shown in Figure 4, reveal all members of the series have similar spectra, with a strong
signal at ~1735 crhy usually attributed to the stretching of the C=0O group, here
ascribake to a shortened-O bond length, whereas bands at 1367 and 1345 aswell
as those at ~790 chare attributed to & bending modes, due to the presence of the
formate ligands in the structure. Ittentativelypossible to attribute bands a ~134@la

~1300 cm'‘to the stretching of © bonds.

Figure 4.6: Fourier transform infrared spectralaf(HCO,)(Cz0.4) (Ln = Smi Er from top to bottom).

















































































































































































































































































































































































































































































