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Abstract 

Molecular magnets are compounds with intrinsic magnetic properties. 

Such molecules are attractive targets for applications in quantum information 

technology and for fundamental research in magnetism. The properties of 

these molecules arise from magnetic anisotropy, which describes the fact that 

magnetic properties, such as the magnitude of an induced magnetic moment 

are dependent on the molecular orientation. The link between anisotropy and 

magnetic properties makes it vital to study how magnetic anisotropy can be 

controlled and enhanced. An important part of that endeavor is being able to 

measure magnetic anisotropy experimentally. 

In this thesis, the magnetic anisotropy of several molecular compounds is 

studied experimentally with polarized neutron diffraction and the method of 

site susceptibility refinements. The magnetic susceptibility is directly related 

to the energetics of magnetization, and measuring its anisotropy provides an 

important tool for studying correlations between magnetism and molecular 

structures. The thesis therefore presents a comprehensive description of this 

technique. Through the work presented in this thesis, it will be shown how 

quantitative comparisons can be made between the site susceptibility and other 

observables in molecular magnetism, obtained both through established 

experimental techniques and theoretical approaches. 

The site susceptibility can be obtained both from powder and single crystal 

diffraction. Both approaches of measuring data provide an unambiguous 

determination of a molecule’s magnetic axes and its degree of magnetic 

anisotropy, and both ways have been pursued at a variety of different neutron 

diffraction instruments, where the technique had not been applied before. 

Considering the difficulty of growing large single crystal of molecular 

compounds, this work has thus paved the way for making site susceptibility 

measurements go from being a specialized technique to being a tool that is 

more generally applicable to a broader range of new molecular magnetic 

compounds. 
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Dansk resume 

Molekylære magneter er kemiske forbindelser der har iboende magnetiske 

egenskaber. Disse typer molekyler er attraktive kandidater til brug i 

anvendelser som kvanteinformationsteknologi og grundforskning i 

magnetisme. Disse forbindelser opnår deres egenskaber gennem magnetisk 

anisotropi, der betyder, at et molekyles magnetiske egenskaber afhænger af 

molekylets rumlige orientering. Forbindelsen mellem den magnetiske 

anisotropi og de molekylære egenskaber betyder at det er afgørende at studere, 

hvordan magnetisk anisotropi kan kontrolleres og øges. En vigtig del af disse 

studier er den eksperimentelle måling af magnetisk anisotropi. 

I denne afhandling bliver den magnetiske anisotropi af flere forskellige 

molekylære forbindelser studeret eksperimentelt med polariseret 

neutrondiffraktion til forfininger af atomare magnetiske susceptibiliteter. Den 

magnetiske susceptibilitet er direkte afhængig af et molekyles 

magnetiseringsenergi, og målingen af den anisotrope susceptibilitet er derfor 

et vigtigt redskab i studiet af korrelationer mellem magnetisme og molekylære 

strukturer. Afhandlingen præsenterer derfor en omfattende beskrivelse af 

denne teknik. Gennem det arbejde, der præsenteres i denne afhandling, vises 

det, hvordan der kan laves kvantitative sammenligninger mellem den atomare 

susceptibilitet og andre typer observationer i molekylær magnetisme, opnået 

både ved eksperimenter og teoretiske beregninger. 

Den atomare susceptibilitet kan måles både med pulver- og en-

krystalsdiffraktion. Begge tilgange bestemmer utvetydigt de magnetiske akser 

og graden af magnetisk anisotropi, og begge metoder bliver i dette arbejde 

anvendt ved flere forskellige neutroninstrumenter, hvor teknikken ikke 

tidligere har været brugt. Idet det kan være svært at dyrke store en-krystaller 

af molekylære forbindelser, har denne afhandling derfor lagt et fundament for, 

at målinger af atomar susceptibilitet kan gå fra at være en specialiseret teknik 

til fremover at være en teknik, der kan anvendes på et bredere udvalg af nye 

forbindelser. 
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Outline 

This thesis presents the results of my PhD-work in 8 chapters and 3 

appendices. The main part of the work revolves around magnetic anisotropy 

in molecular magnets using neutron diffraction through the site susceptibility 

method. 

The first two chapters present an introduction to the theory of molecular 

magnetism and the methods, experimental and theoretical, that have been a 

part of the work. Chapter 1 contains a description of theoretical models in 

molecular magnetism and how they relate to measurable quantities. Chapter 2 

discusses how to measure those quantities. Diffraction with polarized neutrons 

and the site susceptibility method are presented in detail and discussed in 

relation to other methods of measuring magnetic anisotropy. Methods of 

performing magnetic measurements and ab initio calculations are also 

presented. 

The next two chapters deal with measurements on lanthanide compounds. 

The first experimental chapter, Chapter 3, presents a study made on two 

Dy(III)-compounds, where the results of using the site susceptibility method 

was compared to other magnetic techniques. This study was an important 

landmark in establishing the site susceptibility technique in relation to other 

methods. Chapter 4 describes a study of two analogous lanthanide compounds 

based on Dy(III) and Ho(III), where the site susceptibility method was used to 

quantify the difference between the two compounds in combination with 

magnetic measurements and ab initio calculations. 

Chapter 5, 6, and 7 present studies on cobalt-containing molecular 

magnets. Chapter 5 contains work on a pseudo-octahedral compound. A large 

part of this work was the treatment of data measured on the instrument HB3A 

at the High Flux Isotope Reactor (HFIR) that had not been used for site 

susceptibility measurements before. The results were compared with ab initio 

work to quantify the direction and degree of magnetic anisotropy in the 

compound. In Chapter 6, two analogous pseudo-tetrahedral compounds are 

measured. One analogue was studied by using site susceptibility refinements 
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on a powder sample for the first time. Those measurements were compared 

with single crystal site susceptibility refinements on the other analogue, and 

this study therefore served to compare site susceptibilities measured from 

powders and single crystals. The ease with which diffraction results can be 

collected on powders meant that a further analysis could be applied to those 

data, which is accounted for in the chapter. Chapter 7 presents very recent and 

ongoing work on a powder diffraction experiment, where efforts to measure 

site susceptibilities from powder were made for the first time on the D20 

diffractometer at the neutron facility Institut Laue-Langevin. 

Finally, Chapter 8 contains a conclusion and an outlook. At the back of the 

thesis, Appendix A contains further derivations and a reiteration of some of 

the mathematics that goes into the thesis, adapted here for completeness. 

Appendix B contains further details on the site susceptibility refinements on 

all compounds. Finally, Appendix C contains the publications A-D. 
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1 Introduction to molecular magnetism 

In this first chapter, the theoretical foundations for molecular magnetism 

will be presented. For this purpose, there will be a discussion of common 

Hamiltonians that are used to describe molecules in molecular magnetism, and 

it will be shown how to go from the knowledge of an energy spectrum of a 

molecular magnet to experimental observables such as the magnetization and 

magnetic susceptibility. 

1.1 Why study molecular magnets? 

Molecular magnetism is the study of molecules that have unpaired 

electrons, so-called single-molecule magnets (SMMs). From these unpaired 

electrons arises sets of molecular states, each with an associated magnetic 

moment, and it is the study of how to control the energy splitting of those 

states, and thus the energetic favorability of some directions of magnetic 

moment over others, and the transitions between the states that captures the 

attention and imagination of a large interdisciplinary community of physicist 

and chemists in the field of molecular magnetism. 

Two important phenomena of SMMs are those of slow magnetic relaxation 

and magnetic bistability. A molecular magnet can be magnetized along an 

external magnetic field, and when the field is removed, there is a relaxation 

time associated with the molecules return to the magnetic ground state. 

Magnetic bistability is associated with the energy splitting of the magnetic 

states and can give rise to magnetic hysteresis of a molecular origin. The first 

observation of this effect was made thirty years ago in a Mn12-cluster cooled 

to 4 K [1], and has recently been observed at a temperature surpassing that of 

liquid nitrogen [2-4]. One driving force for studies in molecular magnetism 

are potential applications such as molecules acting as binary information 

carriers or as systems capable of performing quantum computations [5-8]. The 

temperature at which magnetic hysteresis is observed can in that regard be 
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thought of as a measure of the working temperature of a molecular magnet. It 

is the temperature at which binary information could be encoded in the system. 

Another driving force is the fundamental challenge of understanding how 

magnetism can be controlled in metal-organic complexes, which has spawned 

exotic systems such as toroidal magnetic systems [9-11], magnetically 

coupled metal clusters [12] and molecular chains [13, 14]. 

The potential for binary information storage is noteworthy: Counting by 

areal density, i.e. the number of bits that can be stored on a given surface, 

technologies such as hard-disk drives and solid-state drives currently have a 

maximum storage capacity of few terabit pr. square inch (Tb in-2) [15]. If each 

molecule is assumed to store one bit of information, a rough number for a 

molecular areal density can be calculated as the reciprocal size of the 

molecule. Measured in Tb in-2, the areal density of a molecular system is then 

 𝐴𝐷 [
𝑇𝑏

𝑖𝑛2
] =

6.45

𝑙 𝑤
⋅ 104 (1.1) 

when the dimensions, 𝑙 and 𝑤 of the molecule on the surface are measured in 

ångström. Using an approximate size of 10 Å by 10 Å for a typical molecule, 

the areal density of molecules on a surface could be around 500 Tb in-2, or two 

orders of magnitude higher than the devices used today. 

1.2 A theoretical description of molecular magnetism 

To understand how to construct good molecular magnets, a first step is to 

understand the interactions that affect the energy levels in a molecular magnet, 

and thus control whether magnetic bistability is achieved. The language for 

obtaining such an understanding is quantum mechanics [16]. However, a 

complete quantum mechanical treatment requires that all electrons of a system 

must be described fully through a wave function by solving the electronic 

Schrödinger equation. Such a description can in principle provide all 

molecular states and their energies. Ab initio calculations deal with ways of 

obtaining such a wave function from first principles, which will be the focus 
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of section 2.6. In this chapter however, the goal is instead to arrive at 

expressions that are more experimentalist-friendly and which with a simple 

set of parameters can be used to describe the small part of the energy spectrum 

that is important for molecular magnetic properties. The dependence of these 

parameters on the molecular structure and composition may then be studied 

experimentally. 

While quantum mechanics is the language, perturbation theory provides 

the framework on which those simple expressions are built. Magnetic 

properties arise from unpaired electrons, which are in unfilled d- or f-shells in 

ions of atoms of transition metals or lanthanides, and it is the perturbation of 

the electronic energy levels due to such effects as a crystal field, spin-orbit 

coupling, the Zeeman-effect and exchange coupling that can be put into a 

mathematical form and used to describe molecular properties. A general 

Hamiltonian for such a system can be expressed as 

 �̂� = �̂�𝐶𝐹 + �̂�𝑆𝑂 + �̂�𝑍𝑒𝑒 + �̂�𝑒𝑥 (1.2) 

The exchange coupling is a collaborative effect that occurs between different 

metal ions in a molecule. As all compounds studied in this thesis are single-

centered molecular magnets, where magnetic coupling does not play a role, 

this term will therefore not be considered further here. There are other effects, 

such as the interaction between a nuclear spin and the electronic magnetic 

moment, the so-called hyperfine structure, or intermolecular interactions 

between different molecules in a crystal, but the influence of those effects on 

the electronic energy levels is small and therefore also not considered here. 

1.2.1 The crystal field effect 

Magnetic bistability originates in zero-field splitting, which is the splitting 

of degenerate magnetic states in a metal ion upon the application of a crystal 

field. The crystal field is the primary effect that can be controlled through 

targeted synthesis of compounds, and therefore the effect that receives by far 

the most attention. The crystal field model is developed by considering 
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influence that an electric potential formed by ligands of an arbitrary 

configuration exerts on an electron of the free metal ion. The Hamiltonian will 

have the form [17] 

 �̂�𝐶𝐹 = −𝑒�̂�(𝒓) (1.3) 

where 𝑒 is the elementary charge, and �̂�(𝒓) is the electric potential generated 

by the ligands at the position 𝒓. 

An outline of the development of a practical form of the crystal field 

Hamiltonian is then as follows: the electric potential energy between two 

charges is inversely proportional to the distance between the charges, which 

can be expressed as an infinite sum over spherical harmonics. In general, 

therefore, the crystal field potential can then be expanded in terms of spherical 

harmonics, or in terms of tesseral harmonics [18]. In the cartesian expression 

for the tesseral harmonics, the coordinates 𝑥, 𝑦, and 𝑧 can then be replaced by 

their angular momentum operator counterparts 𝐽𝑥, 𝐽𝑦, and 𝐽𝑧 according to a 

simple set of rules due to Stevens [19], and a practical form of the crystal field 

Hamiltonian is thus the extended Stevens operators, which are written as 

 �̂�𝐶𝐹 = ∑ ∑ 𝐵𝑘
𝑞

�̂�𝑘
𝑞

𝑘

𝑞=−𝑘𝑘=2,4,6

 (1.4) 

Here, 𝐵𝑘
𝑞
 and �̂�𝑘

𝑞
 are called the Stevens (crystal field) parameters (CFPs) and 

operators respectively, and each 𝐵𝑘
𝑞
 corresponds to a term in the sum over 

tesseral harmonics. In a detailed treatment, the value of the parameters 𝐵𝑘
𝑞
 is 

even quantitatively related to the ligand charge distribution [18], but it should 

be noted that such an approach is flawed. A molecule does not fundamentally 

have “ionic electrons” and “ligand electrons”, and the distinction of the two in 

this model is bound to give wrong results. Instead, the Stevens parameters are 

used experimentally as fitting parameters, their appeal being the origin in a 

physical model of an electric potential. The specific mathematical form of the 

operators can be found elsewhere [20] and they can be expressed by either the 
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total or orbital angular momentum operators (𝐽, �̂�), depending on the 

compound being studied. As will be discussed in section 1.3, sometimes the 

crystal field operators are also expressed through the spin operators, �̂�, 

although the 𝐵𝑘
𝑞
’s are then not strictly CFPs in the same sense. 

In the full description of a crystal field in eq. 1.4, it is at most necessary to 

include 27 CFPs. This is due to the connection between the Stevens parameters 

and spherical harmonics, and the nature of the matrix elements that are 

involved in calculating the effect of a crystal field. Such matrix elements have 

the form 

 𝑊 = ∫ 𝜓𝑛𝑙𝑚�̂�𝐶𝐹𝜓𝑛𝑙𝑚𝑑𝜏 (1.5) 

where 𝜓𝑛𝑙𝑚 is a one-electron wave function and 𝑊 is the corresponding 

energy. With the formulation of the crystal field through spherical harmonics, 

the matrix element effectively becomes an integral over three spherical 

harmonics and it can be shown to be zero, when 𝑘 > 2𝑙 for the rank, 𝑘, of an 

operator �̂�𝑘
𝑞
 [17] and the quantum number 𝑙 of the one-electron wave function 

𝜓𝑛𝑙𝑚. Because the largest value of 𝑙 that is encountered in molecular 

magnetism is 3 (for the 4f-electrons of the lanthanides), only the CFPs with 

𝑘 ≤ 6 need to be included. 

The number of CFPs can also be reduced by symmetry of the molecule. A 

term in the crystal field expansion may only be non-zero, when the part of the 

electric potential that it represents has the same symmetries as the point group 

of the molecule [18]. This is the origin of the designation “axial operators” for 

the operators �̂�𝑘
0 (operators with 𝑞 = 0), as they are symmetric with respect to 

rotations around the quantization axis. The axial operators only contain the 

angular momentum operators 𝐽 and 𝐽𝑧 and therefore do not mix free-ion states, 

whereas operators with 𝑞 ≠ 0 also contain powers of the operators 𝐽𝑥 and 𝐽𝑦, 

which mix states with different projections of the angular momentum. Finally, 

CFPs require the definition of a coordinate system. In symmetric molecules, 

the choice of axes is given by the molecular symmetry, for example by high-
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order rotation axes, but for a non-symmetric molecule, the main magnetic axes 

are not trivial to determine without prior knowledge of the system or 

experimental techniques with which they can be established. 

1.2.2 The Zeeman-effect 

The Zeeman-effect is the interaction of a magnetic moment with an 

external magnetic field, treated within first-order perturbation theory. The 

form of the Zeeman-term can be derived by considering the energy of a 

magnetic dipole (𝝁) in a magnetic field (𝑩) [21], which is 

 𝐸 = −𝝁 ⋅ 𝑩 (1.6) 

For a magnetic moment originating in the spin angular momentum, the 

expression for the Zeeman-Hamiltonian then becomes 

 �̂�𝑍𝑒𝑒 = 𝜇𝐵𝑩𝑔�̂� (1.7) 

where 𝜇𝐵 is the Bohr magneton, and �̂� = [�̂�𝑥 �̂�𝑦 �̂�𝑧]
𝑇
 is a vector of the 

electron spin operators. 𝑔, the g-tensor is a proportionality constant between 

the electron spin and magnetic moment. If spin is the only source of magnetic 

moment, it is isotropic and the tensor can be replaced by the electronic g-

factor, 𝑔𝑒 = 2.0023 …  [22]. Furthermore, if an ion is described solely by the 

spin states |𝑆, 𝑀𝑆⟩, and the magnetic field is along the quantization axis, then 

the energy of a spin state in first-order perturbation theory due to the Zeeman-

perturbation is 

 𝐸𝑀𝑆
= 𝜇𝐵𝑔𝑒𝑀𝑆𝐵 (1.8) 

If the metal ion is more appropriately described by a total angular 

momentum, 𝐽, then a similar expression to eq. 1.7 can be used, where the g-

factor is the Landé g-factor, 𝑔𝐽, which is given by 

 𝑔𝐽 =
3

2
+

𝑆(𝑆 + 1) − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)
 (1.9) 
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and the spin operator �̂� is replaced by the total angular momentum operator �̂�. 

In many cases, the 𝑔-tensor is also used as a fitting parameter, either 

isotropically or with three distinct diagonal values. 

1.2.3 The spin-orbit coupling effect 

Spin-orbit coupling (SOC) lifts the degeneracy of spin-states in a spin 

multiplet, and is therefore, similarly to the crystal field, a zero-field splitting 

effect. Even though an electronic spin does not interact directly with the 

crystal field, SOC can affect spin-states in a spin multiplet differently, and 

thus lift the degeneracy of spin-states. A description of this effect from the 

point of view of a single electron is that the magnetic moment arising from the 

electron spin interacts with the magnetic field generated by the atomic 

nucleus, given the electrons own orbital angular momentum, such that the 

operator associated with the SOC of a single electron is 

 �̂�𝑆𝑂 = 𝜁�̂� ⋅ �̂� (1.10) 

where 𝜁 is the one-electron SOC constant that is an atomic constant, 

proportional to the charge, 𝑍, of the atomic nucleus [21]. For an atom with a 

total orbital angular momentum 𝐿 and spin 𝑆, the SOC operator can be written 

as 

 �̂�𝑆𝑂 = 𝜆�̂� ⋅ �̂� (1.11) 

where 𝜆 is an effective spin-orbit coupling constant for the ion under 

consideration. 

1.3 Application of magnetic Hamiltonians 

For a given experiment, to write an appropriate Hamiltonian for describing 

the magnetic properties of a molecule, it is necessary to consider the metal ion 

and its coordination environment. The most important distinction is between 

ions of the transition metals and of the lanthanides, which differ by how the 

spin-orbit interaction is treated. Regardless of the description, such 
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Hamiltonians lend themselves to easy computation as implemented for 

example in the popular fitting program PHI, which allows for the fitting of 

several of the presented parameters presented here as well as others [23]. 

1.3.1 Hamiltonian for the lanthanides 

For ions of the lanthanides, SOC is stronger than the crystal field. This is 

due to two effects: first, that the SOC increases with atomic weight, as seen in 

the preceding section, and second, that the unpaired electrons occupy the 4f-

orbitals, which are shielded by the 5s-, and 5p-electrons that extend further 

radially from the ion [24]. Therefore, lanthanide ions can typically be treated 

by the total angular momentum, 𝐽, of the ground state. Consider for example 

the lowest energy state of the Dy(III)-ion, which has 9 f-electrons. Using 

Hund’s rules of placing electrons in orbitals, Dy(III) has a spin quantum 

number 𝑆 = 5/2 and an orbital quantum number 𝐿 = 5. Since the multiplicity 

of spin (or orbital) angular momentum states is 2𝑆 + 1 (or 2𝐿 + 1), the total 

amount of magnetic states for 𝐿 = 5  and 𝑆 = 5/2 is (2 ⋅ 5/2 + 1)(2 ⋅ 5 +

1) = 66. However, an experiment is unlikely to measure contributions from 

all these states. Instead, the magnetic properties of the molecule can usually 

be well described by the lowest energy multiplet in the system, corresponding 

to the Hund’s rule ground term that can be described by a term symbol of the 

type L𝐽
2𝑆+1 . 𝑆, 𝐿, and 𝐽 are here the angular momentum quantum numbers of 

the term, which for Dy(III) amounts to the term symbol 𝐻6
15/2 [25]. That 

describes 2𝐽 + 1 = 16 molecular states, all with the same total angular 

momentum 𝐽 = 𝐿 + 𝑆 = 15/2. The 16 magnetic states are degenerate for the 

free ion but can be split by the application of a magnetic field or by placing 

the lanthanide in a crystal field. A common Hamiltonian for describing the 

magnetic properties of lanthanides can thus be written [26-28] as 

 �̂� = ∑ ∑ 𝐵𝑘
𝑞

�̂�𝑘
𝑞

𝑘

𝑞=−𝑘𝑘=2,4,6

+ 𝜇𝐵𝑔𝐽𝑩 ⋅ �̂� (1.12) 
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by expressing the Stevens operators through the total angular momentum 

operators. SOC is then in this case not considered explicitly but is accounted 

for by using the total angular momentum operators in the crystal field and 

Zeeman Hamiltonians. Figure 1.1 shows a typical splitting of the 𝑀𝐽-states of 

the Dy(III)-ion in an axial crystal field environment and illustrates the 

Zeeman-splitting of these states upon the application of a magnetic field. 

 

Figure 1.1. Splitting of the 16 sublevels of the 𝐻6
15/2 multiplet of the Dy(III)-ion, based 

on eq. 1.12 with 𝐵2
0 = 20 𝑐𝑚−1 and the other crystal field parameters being zero. The dotted 

lines represent the Zeeman-splitting of the states when a magnetic field is applied along the 

quantization axis. Graphics courtesy of ASN. 

1.3.2 Hamiltonians for transition metals 

In transition metal ions, the unpaired electrons reside in the 3d-orbitals and 

are thus in very close contact with the crystal field, meaning that orbital 

angular momentum is often quenched [29]. This fact, combined with the lower 

atomic weight than for the lanthanides, means that the crystal field is the most 

important effect, whereas the SOC can be treated as a minor effect. In fact, 

Hamiltonians for transition metals are very much dependent on, whether 

orbital angular momentum is present or not. 
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An instructive example is the Co(II)-ion that has 7 electrons in the 3d-

orbitals. Considering this ion in an octahedral crystal field, the 3d-orbitals split 

into the well-known sets 𝑡2𝑔 and 𝑒𝑔, with the 𝑡2𝑔-set (consisting of the orbitals 

𝑑𝑥𝑦, 𝑑𝑥𝑧, and 𝑑𝑦𝑧) being lower in energy than the 𝑒𝑔-set (consisting of 𝑑𝑥2−𝑦2  

and 𝑑𝑧2) as shown in Figure 1.2. In the undistorted octahedral crystal field, 

there is a non-zero orbital angular momentum originating in the free 

movement of an electron between degenerate orbitals with the same 

symmetry. 

 

Figure 1.2. Energy splitting of d-orbitals in an octahedral coordination geometry. Both 

electron configurations are of the same energy, leading to orbital angular momentum in the 

ground state. Graphics courtesy of ASN. 

In that case, it is necessary to consider SOC explicitly [30], and a general 

Hamiltonian for describing such complexes can then be written in the form 

 
�̂� = ∑ 𝐵𝑘

𝑞
�̂�𝑘

𝑞

𝑘,𝑞

+ 𝜆�̂� ⋅ �̂� + 𝜇𝐵𝑩 ⋅ (�̂� + 𝑔𝑒�̂�) 
(1.13) 

where the operators �̂�𝑘
𝑞
 are expressed through the orbital angular momentum 

operators �̂�𝑥, �̂�𝑦, and �̂�𝑧. Only operators of rank 2 and 4 are then required for 

the description of the crystal field, and accordingly, very few CFPs are then 

actually used for such a description [31]. The case where there is only spin 

angular momentum for the ion will be discussed in the next section. Notice 

that eq. 1.13 contains the same terms as 1.2, that have been replaced by the 

expressions developed throughout the chapter. 
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1.4 Spin Hamiltonians: the D-tensor formalism 

Instead of having the Co(II)-ion in a perfectly octahedral crystal field, 

consider now an axially elongated octahedron. As shown in Figure 1.3, in that 

case, the orbitals 𝑑𝑥𝑧, 𝑑𝑦𝑧 and 𝑑𝑧2 are lower in energy that their counterparts 

𝑑𝑥𝑦 and 𝑑𝑥2−𝑦2  respectively, meaning that there is no orbital angular 

momentum in the ground state of the complex, but only spin angular 

momentum. In that case, the spin-states are not split by SOC directly, but 

rather because of orbital angular momentum in the excited states, called 

second-order orbital angular momentum. 

 

Figure 1.3. Schematically illustrated splitting of the d-orbitals in an elongated octahedral 

coordination environment. The configuration on the left is the ground state, and the 

configuration on the right is an excited state. These two states interact through the 𝐿𝑥/𝐿𝑦-

operators, leading to second-order orbital angular momentum. Graphics courtesy of ASN. 

A phenomenological Hamiltonian to account for the splitting of a spin 

multiplet through this effect is the spin Hamiltonian 

 �̂�𝑆 = �̂�𝑇𝐷�̂� (1.14) 

where the 𝐷-tensor accounts for splitting of otherwise degenerate spin-states 

in the lowest spin multiplet of an ion. As an example, the lowest spin multiplet 

of high-spin Co(II) with a spin of 𝑆 = 3/2 contains 2𝑆 + 1 = 4 states. The 𝐷-

tensor is called an effective crystal field parameter. It can be shown through 

perturbation theory that the elements of 𝐷-tensor are related to second-order 

orbital angular momentum between the ground state and excited states in the 
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molecule [32-34]. In the case when 𝐷 is diagonal and made traceless, the spin 

Hamiltonian is 

 �̂�𝑆 = 𝐷 [�̂�𝑧
2 −

1

3
𝑆(𝑆 + 1)] + 𝐸(�̂�𝑥

2 − �̂�𝑦
2) (1.15) 

where 𝐷 and 𝐸 are called the axial- and transverse zero-field splitting 

parameters respectively. They are given by the expressions 

 𝐷 =
1

2
(2𝐷𝑧𝑧 − 𝐷𝑥𝑥 − 𝐷𝑦𝑦) 𝐸 =

1

2
(𝐷𝑥𝑥 − 𝐷𝑦𝑦) (1.16) 

where 𝐷𝑥𝑥, 𝐷𝑦𝑦, and 𝐷𝑧𝑧 are the diagonal elements of 𝐷 [35]. It can be shown 

that the operators that arise from this description can be paired to resemble 

Stevens-operators that are written with spin operators. 𝐷 and 𝐸 thus play the 

same role for zero-field splitting as the CFPs 𝐵2
0 and 𝐵2

2, to which they are 

related by the expressions 

 𝐷 = 3𝐵2
0 𝐸 = 𝐵2

2 (1.17) 

1.4.1 Influence of the D-tensor formalism 

The 𝐷-tensor formalism has had a fundamental impact on the search for 

molecules with large zero-field splitting. An instructive model is when 𝐸 = 0, 

in which case the spin Hamiltonian can be written as 

 �̂�𝑆 = 𝐷�̂�𝑧
2 (1.18) 

For this model, the change in energy of a spin-state, |𝑆, 𝑀𝑆⟩, due to the 

effective crystal field is easily evaluated to be 

 𝐸𝑀𝑆
= 𝐷𝑀𝑠

2 (1.19) 

In the case of an ion with a half-integer spin (a so-called Kramers ion), the 

highest and lowest 𝑀𝑆-states are thus separated by an energy of 
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 𝑈 = |𝐷𝑆2 − 𝐷 (
1

2
)

2

| = |𝐷| (𝑆2 −
1

4
) (1.20) 

The energy 𝑈 is called the energy barrier of the system. For a spin quartet with 

𝑆 = 3/2, the spin-states split into two doublets with energies 

 𝐸±1/2 =
1

4
𝐷 𝐸±3/2 =

9

4
𝐷 (1.21) 

that are separated by an energy of 2𝐷. Figure 1.4 shows how the energy 

splitting of 𝑀𝑆-states depends on the sign of 𝐷. 

 

Figure 1.4. Energy splitting of the 𝑀𝑆-sublevels of a spin multiplet with 𝑆 = 3/2. A 

negative 𝐷-parameter (left) stabilizes the states with 𝑀𝑆 = ±3/2 relative to those with 𝑀𝑆 =
±1/2, while the reverse situation is true for a positive 𝐷-parameter (right). Graphics 

courtesy of ASN. 

As seen in equation 1.19 and shown in Figure 1.4, if 𝐷 is negative, the spin-

states with the largest value of 𝑀𝑆 are stabilized. Therefore, in a system with 

𝐷 < 0, 𝑈 can be interpreted as an energy barrier that the spin system must 

overcome for it to relax between the magnetic ground states and thus 

introducing magnetic bistability. Furthermore, within this model eq. 1.20 

shows that there should be two ways of increasing the height of the barrier: 

either by increasing the magnitude of 𝐷, or by increasing the total spin of a 

complex. Previously, by this logic, a large effort has been put into constructing 

molecules by coupling spin-centers to give very large values of the total spin 

[36]. In fact, the Mn12-cluster where hysteresis was first observed had a 
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molecular ground state with 𝑆 = 10 [1], and even larger molecules have also 

been synthesized in the quest for maximizing 𝑈 through maximizing 𝑆 [37]. 

However, detailed analysis of the theory shows that the value of 𝐷 for clusters 

is also inversely proportional to 𝑆2, such that increasing the spin does not 

increase the energy barrier [38, 39]. Instead, focus has moved towards 

constructing transition metal compounds, where the coordination geometry 

supports a large orbital angular momentum, or on using lanthanide compounds 

with a large intrinsic orbital and spin angular momentum. 

1.5 Observables in molecular magnetism 

The preceding sections have all dealt with describing the effects that can 

lead to zero-field splitting in molecular complexes. This next section will 

show how these effects are connected to quantities that can be measured. In 

this section, the focus will be on going from the description that has been made 

so far in terms of energy levels of molecular systems, to quantities that can be 

measured experimentally. 

1.5.1 The magnetic susceptibility 

The magnetic susceptibility is the most direct view into the magnetic 

properties of a paramagnetic compound. It is a fundamental quantity in 

describing how the magnetic properties depend on temperature and a magnetic 

field. The magnetic susceptibility (𝜒) is defined as the derivative of the 

magnetization (𝑀) of a compound with respect to the strength of the magnetic 

field (𝐻) and can in a scalar form be written as 

 𝜒 =
𝜕𝑀

𝜕𝐵
 (1.22) 

If the magnetic susceptibility depends linearly on the magnetic field, which 

is the case at low field strengths, it can also be written as 
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 𝜒 =
𝑀

𝐻
 (1.23) 

The connection between the magnetic susceptibility that will be measured 

in an experiment and the molecular energy levels obtained from the 

Hamiltonians outlined in the previous sections is through the Boltzmann 

distribution 

 𝑝𝑖 = 𝑍−1𝑒
−𝜖𝑖
𝑘𝐵𝑇 (1.24) 

Here, 𝑝𝑖 is the population of the 𝑖’th state with energy 𝜖𝑖, and 𝑍 =

∑ 𝑒−𝜖𝑖 (𝑘𝐵𝑇)−1

𝑖  is the molecular partition function. The macroscopic 

magnetization of a collection of molecules is obtained by [22] 

 𝑀 = 𝑍−1 ∑ 𝑚𝑖𝑒
−𝜖𝑖
𝑘𝐵𝑇

𝑖

 (1.25) 

where 𝑚𝑖 is the magnetic moment of the 𝑖’th state. Furthermore, since the 

relationship between the energy of a state and its magnetization is given by  

 𝑚𝑖 = −
𝜕𝜖𝑖

𝜕𝐵
 (1.26) 

the magnetization that can be measured in an experiment can be calculated 

directly from the energy levels obtained with the Hamiltonians presented 

earlier in this out. Provided that the magnetic field is small, eqs. 1.25 and 1.26 

can be used to derive the Van Vleck equation, which gives the magnetic 

susceptibility as a function of the zeroth- and first-order perturbative 

corrections (𝜖(0) and 𝜖(1)) to the magnetic energy 

 𝜒 =
∑ (𝜖𝑖

(1)
)

2
𝑒

−𝜖𝑖
(0)

𝑘𝐵𝑇
𝑖

𝑘𝐵𝑇 ∑ 𝑒
−𝜖𝑖

(0)

𝑘𝐵𝑇
𝑖

 (1.27) 
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The magnetic susceptibility provides key insights into the spin state of an 

ion. If a magnetic field is applied to a complex where there is no zero-field 

splitting only the Zeeman-effect changes the energy of spin states, and the Van 

Vleck equation can be used to derive the Curie law 

 𝜒𝑇 =
𝑁𝐴𝑔𝑒

2𝜇0𝜇𝐵
2

3𝑘𝐵

𝑆(𝑆 + 1) (1.28) 

which gives the molar susceptibility for an ion with spin 𝑆. In cgs-units, the 

Curie law simplifies to 

 𝜒𝑇 [𝑐𝑚3 𝐾 𝑚𝑜𝑙−1] ≈
𝑔𝑒

2

8
𝑆(𝑆 + 1) (1.29) 

with analogous equations using the Landé g-factor 𝑔𝐽 and total angular 

momentum 𝐽 for ions with strong SOC. The room temperature value of 𝜒𝑇, 

when the measured susceptibility has been corrected for diamagnetic 

contributions [40], for an ion with 𝑆 = 3/2 is then roughly 

1.875 𝑐𝑚3 𝐾 𝑚𝑜𝑙−1, and deviations from that signify that there is orbital 

angular momentum that also needs to be accounted for [30, 41, 42]. 

1.5.2 The magnetic susceptibility as a tensor 

Up to now, the magnetic susceptibility and the magnetic field have been 

considered purely as scalar quantities. It is clear, however, from eqs. 1.22 and 

1.26 that the magnetic susceptibility can also be written as 

 𝜒𝑖𝑗 = −
𝜕2𝜖

𝜕𝐵𝑖𝜕𝐵𝑗

 (1.30) 

where 𝐵𝑖 and 𝐵𝑗 might refer to two different components of the magnetic field 

vector. In general, therefore, the magnetic susceptibility is a tensor quantity, 

and the magnetic moment of a molecule is not necessarily collinear with the 

magnetic field. In should be clear, from the preceding discussion of crystal 

fields, why this is the case: the crystal field imposes a directionality on a metal 
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ion, leading to certain states being energetically favored over others. Because 

each state is associated with a direction of the magnetic moment, this creates 

magnetic anisotropy: some magnetic moment directions are energetically 

favored, and an induced magnetic moment will tend to align along these 

directions. 

Just as for the CFPs, symmetry restrictions may apply to the susceptibility 

tensor. In general, Neumann’s principle holds, that the property (the 

susceptibility tensor) must follow the point symmetry of the quantity that is 

being measured (the molecule). The susceptibility tensor can furthermore be 

shown to be symmetric across the diagonal, meaning that a molecular 

susceptibility is described by maximum 6 parameters [43]. The magnetic 

susceptibility tensor can thus be written as 

 𝜒 = [

𝜒1 𝜒4 𝜒5

𝜒4 𝜒2 𝜒6

𝜒5 𝜒6 𝜒3

] (1.31) 

and its scalar magnitude along a general direction 𝒖 can be evaluated by 

 𝜒𝑢 = 𝒖𝑇𝜒𝒖 (1.32) 

1.5.3 Magnetic anisotropy: easy-plane and easy-axis 

The magnetic anisotropy imposed by the crystal field and encoded in the 

magnetic susceptibility tensor is generally found in two flavors: easy-axis or 

easy-plane. Easy axis anisotropy is when the magnetic moment tends to align 

along one axis with respect to a molecule. In terms of tensorial quantities (such 

as 𝜒, 𝑔, or 𝐷) easy axis anisotropy usually describes the situation where one 

eigenvalue is significantly larger than the two others, whereas easy plane 

anisotropy is the name given to the situation where two eigenvalues of roughly 

the same magnitude dominate over the last. 

In the case of a molecular easy axis for the lanthanides, it is possible to 

describe quantitative relationships between eigenvalues of the 𝑔- and 𝜒-
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tensors. At low temperatures, if only the lowest two states of a molecule are 

populated, one can employ the model of an effective spin, 𝑆 = 1/2, and show 

that for a lanthanide, an effective 𝑔-value along the magnetic easy axis is given 

by (p. 290 of [44]) 

  𝑔∥ = 2𝑔𝐽𝐽 (1.33) 

which, for example for the Dy(III) ion gives a value of 𝑔∥ = 20. If 𝑆 = 1/2, 

there can be no zero-field splitting, and thus by utilizing the Curie law one 

obtains the equation 

 𝑔∥ = √
4𝜒∥𝑘𝐵𝑇

𝜇𝐵
2  (1.34) 

that relates the magnetic susceptibility along the magnetic easy axis, given in 

𝐽 𝑇−2, to its theoretical maximum value of 𝑔∥. It should be noted, however, 

that this value is rarely reached experimentally [45]. 

Once the magnitudes of these observables are established, what is then the 

direction of a magnetic easy axis if it exists in a compound? For lanthanides a 

successful model for determining the anisotropy flavor of a given compound, 

and the direction of the easy axis if it exists, was developed by Rinehart and 

Long [46] based on work by Sievers on the characteristic charge distributions 

of 𝑚𝐽-states of the lanthanides [47]. The Sievers-model shows that every 𝑚𝐽-

state of the trivalent lanthanide ions is associated with a characteristic charge 

distribution, of which some are shown in Figure 1.5. In the model by Rinehart 

and Long, the magnetic easy axis direction can then be controlled by which 

𝑚𝐽-state is energetically favored, and what the direction of the charge 

distribution must be to minimize electrostatic repulsion between the charge 

distribution and the ligand field. This model has been implemented for the 

Dy(III)-ion [48], which is known for its markedly oblate shape, as opposed an 

ion like Er(III) which has more of a prolate character. As will be shown in 

Chapter 3, this electrostatic model is remarkably successful at describing 

magnetic easy axis directions that closely resemble those obtained 
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experimentally. Other methods for determining a magnetic easy axis, based 

on more elaborate parametrization schemes, have also been proposed [49]. 

 

Figure 1.5. Characteristic charge distributions of the 𝑚𝐽-states with largest |𝑚𝐽| for Dy(III) 

(left), Ho(III) (middle), and Er(III) (right) according to the Sievers-model. The code used to 

make these figures can be used via the interactive page www.sievers-plot.herokuapp.com. 

1.6 Dynamic properties and magnetic relaxation 

Much of this thesis will consider what might be called the static properties 

of molecular magnets, i.e., how energy levels split under the influence of a 

crystal field or a magnetic field. That is also what has been discussed up to 

now in this chapter. Equilibrium properties of bulk samples such as those 

measured in a magnetization experiment or a magnetic susceptibility 

experiment depend on this energy level splitting, as well the Boltzmann 

statistics that determine the populations of those energy levels. 

However, the real world is not static, and when a molecular magnet is 

brought out of equilibrium, for example by changing the strength of a 

magnetic field or by changing temperature, there will be a corresponding 

change in the energy level populations, due to dynamic processes. Those 

dynamic processes give rise to magnetic relaxation. In general, the 

technological applications of molecular magnets require control over the state 

of the spin system. Relaxation is detrimental to that control and therefore 

undesired. It is described by a temperature and field dependent relaxation time 

and measuring this relaxation time can be done using alternating-current 
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susceptibility measurements - such measurements will be the focus of section 

2.5.2. Here, focus is on the description of the individual processes that 

contribute to the magnetic relaxation of a molecule. The processes that are 

most often considered are the Orbach process, the Raman process, and 

quantum tunnelling of magnetization (QTM). 

The Orbach process is a phonon-mediated process that promotes relaxation 

between the states |𝑀𝐽 = +𝐽⟩ and |𝑀𝐽 = −𝐽⟩ by transitions through all states 

in between [50]. Being subject to a selection rule of Δ𝑀𝐽 = ±1 [51], it is 

modelled by the expression 

  𝜏𝑂𝑟𝑏𝑎𝑐ℎ = 𝜏0𝑒
𝑈𝑒𝑓𝑓

𝑘𝐵𝑇  (1.35) 

where 𝑈𝑒𝑓𝑓 is the effective energy barrier of the system. It is tempting to think 

of 𝑈𝑒𝑓𝑓 as identical to the energy barrier 𝑈 presented earlier in this chapter, 

but there is no quantitative relationship between the two, and in systems where 

both 𝑈 and 𝑈𝑒𝑓𝑓 have been measured, they are clearly different [26]. If the 

Orbach process is evaluated as a climb over the energy barrier 𝑈, the 

parameter 𝜏0 in the expression can be shown to be related to the strength of 

the spin-phonon interaction at the top of the energy barrier [50]. It is, however, 

just used as an experimental fitting parameter. 

The Raman process is also a phonon-mediated process between 𝑀𝐽-states, 

but where the Orbach process requires phonons to match the exact energy 

between states, the Raman process can be viewed as phonon scattering, or as 

a two-phonon process with excitation to a virtual state (p. 63 of [44]). For this 

reason, the only requirement on the Raman process is that the transition energy 

between the magnetic states corresponds to the difference in energy between 

two phonon-modes, meaning that a wider range of the phonon spectrum can 

be responsible for initiating the Raman process. It has the characteristic 

temperature dependence 

  𝜏𝑅𝑎𝑚𝑎𝑛 = 𝐶𝑅
−1𝑇−𝑛 (1.36) 
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where 𝑛 is a parameter that theoretically has the value 7 (9), when the ion is 

of Kramers (non-Kramers) character, but much lower values are also 

frequently encountered [52]. As a link between magnetic bistability and these 

phonon-mediated processes, studies on Dy(III)-based molecules have shown 

that there is a correlation between the temperature at which the Raman and 

Orbach processes show identical relaxation times and the magnetic blocking 

temperature, which is the temperature at where the zero-field cooled 

susceptibility has its maximum [53]. 

QTM can be modelled experimentally by the simplest expression. It is a 

constant term that the magnetic relaxation times tend towards at low 

temperatures when phonon-modes become depopulated 

 𝜏𝑄𝑇𝑀 = 𝐶 (1.37) 

QTM is used to describe processes where relaxation occurs directly between 

states that are otherwise on “opposite sides” of the energy barrier, meaning 

that they have opposite directions of the projection of their spin. This mental 

picture resembles the spatial tunneling of a moving particle through a potential 

barrier, and hence the name. QTM occurs between mixed states. One way to 

avoid it is therefore to reduce mixing of states with opposite spin projections 

[54]. Therefore, an advantage of using ions such as Dy(III) and high-spin 

Co(II) is that they are Kramers ions, in which states that are related through 

time-inversion (such as |𝑀𝐽 = −15/2⟩ and |𝑀𝐽 = +15/2⟩) must be 

degenerate, and thus orthogonal and unable to mix. This is another reason that 

axial crystal fields are desirable: as mentioned in section 1.2.1, the axial crystal 

field operators do not mix states. Relaxation through the barrier can, however, 

also occur as a result of spin-phonon interactions with anharmonic phonons 

[55]. 

Finally, note that slow magnetic relaxation does not strictly require an 

energy barrier of the sort induced by a negative zero-field splitting parameter 

𝐷, where the states with largest projection of the angular momentum are 

stabilized. It is also observed in complexes with positive 𝐷 [56, 57]. 
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1.7 The hunt for good molecular magnets 

This chapter has up to now been about the theoretical considerations that 

go into describing molecular magnets. Therefore, it is fitting to end with a 

section to summarize what should be expected from a good molecular magnet, 

and where the challenges of molecular magnetism lie. 

It is a fact that the molecular magnetic compounds to date with the highest 

magnetic hysteresis temperatures show magnetic |𝑀𝐽⟩-states with a high 

degree of purity, owing to the coordination geometry only allowing axial 

crystal field operators. The best-performing examples are of the lanthanides 

[2, 3, 58], but some notable transition metal compounds with linear 

coordination have also been reported [41, 59, 60]. However, a remaining 

detrimental effect to magnetic bistability is the magnetic relaxation. The 

coercive field in hysteresis measurements has been linked to molecular 

rigidity [61], so it remains a synthetic challenge to construct rigid molecules 

that can be able to support better hysteresis properties. 

A central challenge is the deposition of molecular magnets on surfaces and 

the study of how this changes the properties from those in the crystalline state, 

where most compounds are currently measured. Importantly, discoveries in 

this line of research have shown that slow magnetic relaxation can be retained 

for the compound (COT)Dy(CP*) when deposited on a surface [62, 63], and 

that hysteresis can be observed in Fe4-cluster molecules deposited on a surface 

[64]. Similarly, the compound [Tb(Pc)2]-, which was the first lanthanide 

compound to show bistable molecular magnetic properties [65-67] shows 

magnetic hysteresis when deposited on a surface [68]. These discoveries pave 

the way for constructing functional devices based on single-molecule 

magnets. 

Finally, methods are becoming available for performing measurements 

under a large range of experimental conditions. As an example, magnetic and 

crystallographic studies under high pressure is an effective way to study 

molecular magnets. The increase of pressure allows for carefully manipulating 
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the local environment of metal ions [69, 70], giving close control over changes 

in the crystal field, rather than having to resort to changing individual ligands 

or atoms. That and other methods, some of which will be discussed in the next 

chapter, are paramount in providing the experimental insights needed to 

construct well-performing SMMs. 
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2 Methods 

This chapter will present two main methods: diffraction and magnetic 

measurements. The importance of diffraction in molecular magnetism lies in 

its ability to determine accurate molecular structures of the compounds that 

are being studied. Magnetic measurements, at the same time, are used to 

determine the magnetic properties of a compound. These two methods form 

the backbone in the search for the correlations between magnetism and 

structure that is at the center of molecular magnetism. Apart from using 

diffraction to determine molecular structures, diffraction with polarized 

neutrons also measures the directions of magnetic moments in a crystalline 

sample. Such measurements have been at the center of the work presented in 

this thesis, so special attention will be given to the description of the theory 

and measurements behind polarized neutron diffraction (PND). The chapter 

ends with a brief presentation of ab initio electronic structure calculations. 

2.1 Nuclear and magnetic neutron diffraction 

Diffraction relies on scattering, and scattering is a process that is in 

principle very simple: a beam of particles is sent towards a sample, and the 

structure and dynamics of the sample can be measured by observing the 

change in the beam of particles after the interaction with the sample. In 

mathematical terms, this can be formulated as 

 𝑁𝑓 = 𝑁𝑖 (
𝜕𝜎

𝜕Ω
) 𝑑Ω (2.1) 

where 𝑁𝑖 is the flux (neutrons pr. area pr. unit time) of neutrons that are 

illuminating the sample, (𝜕𝜎/𝜕Ω) is the differential scattering cross section, 

and 𝑑Ω is the solid angle into which the scattered signal is observed. From an 

experimental point of view, 𝑑Ω can be regarded as the angular size of a 

detector, and 𝑁𝑓 is then the number of neutrons reaching the detector pr. unit 
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time. The scattering cross section is a measure of the size that a sample has 

with respect to the incoming radiation and can therefore be thought of as the 

probability that a given incoming particle will be scattered towards the 

detector. The mathematical form of the differential scattering cross section can 

be derived by considering Fermi’s Golden Rule (eq. 2.2). 

 Γ𝑖→𝑗 =
2𝜋

ℏ
|⟨𝜓𝑓|�̂�′|𝜓𝑖⟩|

2
𝜌(𝐸𝑓) (2.2) 

This rule gives the probability (Γ𝑖→𝑓) of a quantum system transitioning from 

an initial state 𝜓𝑖 to a final state 𝜓𝑓, given a perturbation operator, �̂�′, which 

describes the interaction between the sample and the crystal. In the context of 

scattering, the initial state is an incoming particle with wave vector 𝒌𝑖 and the 

final state has wave vector 𝒌𝑓. In elastic scattering, where there is no energy 

transfer between the neutron and the sample, |𝒌𝑖| = |𝒌𝑓| = 2𝜋/𝜆. By the use 

of Fermi’s Golden Rule, it can then be derived [71] that 

 
𝜕𝜎

𝜕Ω
= (

𝑚

2𝜋ℏ2
)

2

|∫ 𝑒−𝑖𝒌𝑓⋅𝒓 �̂�′ 𝑒𝑖𝒌𝑖⋅𝒓𝑑𝒓|
2

 (2.3) 

where 𝑚𝑛 is the neutron mass. The differential scattering cross section is 

therefore just dependent on the perturbation operator. In fact, mathematically, 

the scattering is determined by the Fourier transform of the scattering 

perturbation. This treatment depends on three assumptions: the first is that 

there is only one interaction between the scatterer and the sample. This is 

called the kinematical approximation. The other is that the interaction between 

the sample and the scatterer can be treated within first order perturbation 

theory, which forms the basis for Fermi’s Golden Rule. Both rely on the 

interaction between the sample and the scatterer being relatively weak. The 

last assumption is that the Fraunhofer approximation is fulfilled, which is the 

assumption that the particles can be described as plane waves. 

Finally, it is worth mentioning that the evaluation of the expected scattering 

signal depends on a model of the structure. In that sense, eq. 2.3 can be used 



2.1 Nuclear and magnetic neutron diffraction  27 

 

 

to evaluate whether a specific model is a good match to measured data, but 

not to form a model by itself. That relies on the experimentalist. 

2.1.1 Scattering from atomic nuclei 

The neutron interacts with atoms in a sample through the strong force 

acting between the atomic nuclei and the neutron. Because of the small size of 

the nucleus, the perturbation operator is modelled as a Fermi pseudo-potential, 

which for a single nucleus at position 𝑹 is written as 

 �̂�′ =
2𝜋ℏ2

𝑚
𝑏𝛿(𝒓 − 𝑹) (2.4) 

where 𝑏 is an isotope-specific constant called the scattering length. The 

scattering from a collection of atoms is then simply the sum of the scattering 

from each center. 

 �̂�′ =
2𝜋ℏ2

𝑚
∑ 𝑏𝑖𝛿(𝒓 − 𝑹𝑖)

𝑖

 (2.5) 

Here, no assumptions have been made yet about the relative positions of the 

nuclei. 

The evaluation of the differential scattering cross section for the 

perturbation given in 2.5 is straightforward and gives 

 (
𝜕𝜎

𝜕Ω
)

𝑐𝑜ℎ.
= |∑ 𝑏𝑖𝑒𝑖𝑸𝑹𝑖

𝑖

|

2

 (2.6) 

where 𝑸 = 𝒌𝑖 − 𝒌𝑓 is the scattering vector. It is written here in the convention 

typically used in neutron scattering where 𝑸 gives the change in momentum 

of the sample. In fact, eq. 2.5 only represents the so-called coherent scattering. 

Another contribution, incoherent scattering is a result of the randomness of 

nuclear spins and isotope distributions among the different scatterers. 

Incoherent scattering contributes to the background in the experiment, while 
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the coherent scattering gives interference effects that are important and form 

the experimental basis of crystalline diffraction, as will be considered in the 

next section. As the Fourier transform of the Dirac delta-function is constant, 

the magnitude of nuclear scattering is constant with scattering angle. The 

values of the scattering lengths depend intimately on the atomic nucleus and 

are therefore both element- and isotope specific. The values of scattering 

lengths for different isotopes and elements have been tabulated in various 

sources [72, 73]. The average coherent scattering lengths for the elements in 

the periodic table are shown in Figure 2.1. 

 

Figure 2.1. Coherent scattering lengths for atoms in the periodic table. The value for each 

element is an average over the elemental isotopes with the contribution from each isotope 

weighted by its natural abundance. Values are from [72]. Scattering lengths of elements 

encountered in this thesis have been highlighted by their symbol. 

2.1.2 Diffraction from a crystal 

The defining property of a crystal is that the structure of the crystal is 

periodic in three dimensions. This three-dimensional periodicity means that 

the crystal can be constructed by repeated translation of one smallest entity 

called the unit cell. This forms the basis for defining the crystallographic 
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lattice, described by basis vectors 𝒂, 𝒃 and 𝒄, that correspond to the edges of 

the unit cell. The origin of any unit cell within a crystal structure can then be 

described by the vector 

 𝑹 = 𝑢𝒂 + 𝑣𝒃 + 𝑤𝒄 (2.7) 

where 𝑢, 𝑣, and 𝑤 are all integers. Similarly, any atom within the unit cell can 

be described by the vector 

 𝒓 = 𝑥𝒂 + 𝑦𝒃 + 𝑧𝒄 (2.8) 

where 𝑥, 𝑦, and 𝑧 are the fractional coordinates of the atom, meaning that 

𝑥, 𝑦, 𝑧 ∈ [0,1). The periodicity of the crystal has the obvious effect, that if an 

atom is found at the position [𝑥 𝑦 𝑧], then an identical atom is found at the 

position [𝑥 + 𝑢 𝑦 + 𝑣 𝑧 + 𝑤]. 

Diffraction from a crystal is only strong for certain values of the scattering 

vector and negligible elsewhere. To see how that is the case, the coherent 

differential scattering cross section can be rewritten into a double sum. To do 

that, note that the expression in eq. 2.6 contains all atoms in the sample that is 

being measured. Instead of writing 𝑹𝑖 for the 𝑖’th atom in the sample, the 

position can be written as 𝑹𝑡 + 𝒓𝑗 for the 𝑗’th atom in the 𝑡’th unit cell to 

obtain 

 

(
𝜕𝜎

𝜕Ω
)

𝑐𝑜ℎ.
= |∑ 𝑏𝑗𝑒𝑖𝑸(𝑹𝑡+𝒓𝑗)

𝑡,𝑗

|

2

= |∑ 𝑒𝑖𝑸⋅𝑹𝑡

𝑡,𝑗

𝑏𝑗𝑒𝑖𝑸⋅𝒓𝑗|

2

 

 

= |∑ 𝑒𝑖𝑸⋅𝑹𝑡

𝑡

|

2

|∑ 𝑏𝑗𝑒𝑖𝑸⋅𝒓𝑗

𝑗

|

2

= |∑ 𝑒𝑖𝑸⋅𝑹𝑡

𝑡

|

2

|𝐹𝑁(𝑸)|  

(2.9) 

and thus arrive at the definition of the nuclear structure factor 
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 𝐹𝑁(𝑸) = ∑ 𝑏𝑗𝑒𝑖𝑸⋅𝒓𝑗

𝑗

 (2.10) 

where the sum over 𝑗 runs over all atoms in the unit cell, and the sum over 𝑡 

runs over all unit cells in the crystal. If symmetry relations between atoms 

within the unit cell are considered, the unit cell structure factor can also be 

written as a double sum, where one summation is over the atoms in the 

asymmetric unit of the crystal structure, and another sum is over all symmetry 

operators of the space group of the crystal. 

To evaluate the sum over the unit cells, it is helpful to introduce the 

reciprocal lattice with basis vectors 𝒂⋆, 𝒃⋆ and 𝒄⋆, which are defined from the 

crystallographic lattice as 

 𝒂⋆ =
2𝜋

𝑉
𝒃 × 𝒄 𝒃⋆ =

2𝜋

𝑉
𝒄 × 𝒂 𝒄⋆ =

2𝜋

𝑉
𝒂 × 𝒃 (2.11) 

In some texts, the reciprocal lattice is defined without the factor of 2𝜋 [74, 

75], which is then instead written explicitly as a part of the phase in eq. 2.6. 

The scattering vector, 𝑸, is a vector in the reciprocal space, and can thus be 

described as 

 𝑸 = ℎ𝒂⋆ + 𝑘𝒃⋆ + 𝑙𝒄⋆ (2.12) 

With this notation, the exponential in the sum over unit cells becomes 

𝑒𝑖𝑸⋅𝑹𝑡 = 𝑒2𝜋𝑖𝑢ℎ ⋅ 𝑒2𝜋𝑖𝑣𝑘 ⋅ 𝑒2𝜋𝑖𝑤𝑙 

and it can be shown that the sum over 𝑡 in eq. 2.9 becomes vanishingly small, 

unless ℎ, 𝑘, and 𝑙 all take on integer values. The positions for which there is 

then measurable scattering are called Bragg-peaks. Remembering from the 

previous section that 𝒌𝑓 can be written as 𝒌𝑓 = 𝒌𝑖 − 𝑸, it is seen that there are 

only some directions of the outgoing beam, for which there will be a 

measurable diffraction signal. When the angle between 𝒌𝑖 and 𝒌𝑓 is defined 

as 2𝜃, it can be calculated that 
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 𝑄 =
4𝜋 sin 𝜃

𝜆
 (2.13) 

showing that there is only a measurable signal for certain diffraction angles. 

The angle 𝜃 can be considered the incident angle on a set of diffraction planes 

that are a distance 𝑑 apart, with 𝑑 = 2𝜋/𝑄. By equating this with 2.13, one 

obtains Bragg’s law 

 𝜆 = 2𝑑 sin 𝜃 (2.14) 

which expresses that diffraction is only observed at angles where the distance 

between scattering planes gives rise to constructive interference between 

scattered waves. With that in mind, the conclusion can be drawn that the 

periodicity of the crystal determines where a diffraction signal can be seen, 

and the nature and relative positions of atoms within the unit cell determines 

the intensity of the signal. 

2.1.3 Magnetic scattering of neutrons 

For magnetic neutron scattering, the scattering process is modelled by the 

interaction between the neutron spin and an electron with spin and linear 

velocity. The form of the scattering perturbation is obtained by considering 

the energy of a dipole in a magnetic field 

 �̂�′ = −�̂�𝑛 ⋅ 𝑩𝑒 (2.15) 

where �̂�𝑛 is the magnetic moment operator of the neutron, and 𝑩𝑒 is the 

magnetic field generated by an electron at position 𝑹. Explicit formulas for 

the field generated by a dipole [25] and a moving charge [76] are given 

elsewhere, and 𝑩𝑒 is the sum of the two. The magnetic moment operator for a 

neutron is given by �̂�𝑛 = 𝛾𝜇𝑁�̂�, where 𝛾 ≈ −1.913 is the ratio between the 

nuclear magneton and the magnetic moment of the neutron, and 𝜇𝑁 is the 

nuclear magneton. The field generated by the electron is, in SI-units 
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 𝑩𝑒(𝑹) =
𝜇0

4𝜋
[𝛁 × (

𝝁 × 𝑹

𝑅3
) −

𝑒𝒗𝑒 × 𝑹

𝑅3
] (2.16) 

These formulae combine to give the scattering perturbation for magnetic 

scattering as 

 

�̂�′ = −𝛾𝜇𝑁

𝜇0

4𝜋
[�̂� ⋅ 𝛁 × (

�̂� × 𝑹

𝑅3
)

−
𝑒

2𝑚𝑒

(�̂�𝒆 ⋅
�̂� × 𝑹

𝑅3
+

�̂� × 𝑹

𝑅3
⋅ �̂�𝒆)] 

(2.17) 

The evaluation of the magnetic scattering cross section based on eqs. 2.3 

and 2.17 is tedious, as the full perturbation is a sum over all electrons in the 

sample, and additional care must be taken to include the neutron spin in the 

description of the incoming and scattered waves in eq. 2.3. However, when 

the electrons are localized in atomic orbitals, the magnetic scattering can be 

described by a function analogous to eq. 2.10, called the magnetic structure 

factor, 𝑭𝑀(𝑸) [77]. 

 𝑭𝑀(𝑸) = ∑ 𝑓𝑖(𝑄)

𝑖

𝒎𝑖𝑒𝑖𝑸⋅𝒓𝑖 (2.18) 

This function includes the magnetic moment, 𝒎𝑖, on the 𝑖’th atom in the unit 

cell, its position 𝒓𝑖 within the unit cell and a magnetic form factor, 𝑓𝑖(𝑄) which 

is the Fourier transform of the magnetization density of the atom, normalized 

such that 𝑓𝑖(0) = 1. The product 𝑓𝑖(𝑄)𝒎𝑖 serves the same role as the coherent 

scattering length for nuclear scattering as being the amplitude of the wave 

scattered from the 𝑖’th atom. Whereas the nuclear scattering amplitude is 

constant with scattering angle, the magnetization density depends on the 

distribution of atomic electrons. For small scattering angles, the form factor 

can be approximated by the expression 

𝑓(𝑄) = 𝑗0̅(𝑄) + (1 −
2

𝑔
) 𝑗2̅(𝑄) 
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where 𝑗0 and 𝑗2 are spherical Bessel-functions that can be approximated from 

ion-specific constants [78], and 𝑔 is the 𝑔-factor encountered in section 1.2.2. 

When high-resolution diffraction data is available, the magnetic form factors 

can also be refined based on a multipolar expansion of the magnetization 

density [79]. 

Finally, it is instructive to consider the magnitude of magnetic scattering 

signal in relation to the magnitude of the nuclear scattering. This can be 

evaluated by collecting the constant terms in eqs. 2.3 and 2.17, which give 

𝑚𝑛

2𝜋ℏ2
(−𝛾𝜇𝑁)

𝜇0

4𝜋
= −𝛾

𝑚𝑛

2𝜋ℏ2

𝑒ℏ

2𝑚𝑝

1

4𝜋𝜖0𝑐2
=

−𝛾

4𝜋

1

2

2𝑚𝑒

𝑒ℏ

𝑒2

4𝜋𝜖0𝑚𝑒𝑐2
=

−𝛾𝑟𝑒

8𝜋𝜇𝐵

 

where use has been made of the approximation 𝑚𝑝 ≈ 𝑚𝑛, and 𝑟𝑒 is the 

classical electron radius. The evaluation of the integral in 2.3 provides an extra 

factor of 4𝜋, meaning that the constant terms amount to 

−𝛾𝑟𝑒

2𝜇𝐵

≈ 0.2695 ⋅ 10−12
 
𝑐𝑚

𝜇𝐵
 

This shows that the magnetic scattering has the same order of magnitude as 

the nuclear scattering lengths of the atomic nuclei (Figure 2.1), when the 

magnitude of the magnetic moments in a sample are on the order of the Bohr 

magneton. It highlights the important fact that the neutron diffraction signal 

contains both magnetic and nuclear contributions on an equal footing, and it 

is what makes neutrons an ideal probe for measuring magnetism in solids. 

2.2 Polarized neutron diffraction 

In the preceding section, the discussion was on the fundamentals of the 

scattering process, and expressions were developed for the nuclear and 

magnetic structure factors, the norm squared of which give the amplitudes of 

the nuclear and magnetic diffraction signal. These are of the same order of 

magnitude when all atoms in the unit cell carry a magnetic moment. However, 

when studying crystals of single-molecule magnets, or more generally crystals 

where the magnetic atoms make up a smaller fraction of all atoms in the unit 
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cell, the magnetic structure factor can still be significantly smaller than the 

nuclear structure factor. In those cases, polarized neutron diffraction can be 

employed to increase the visibility of the magnetic diffraction signal. 

Polarized neutron diffraction (PND) makes use of a polarized beam of 

neutrons, meaning that the neutron beam is richer in one spin state of the 

neutrons than in the other. The beam polarization vector is given as the 

average of the expectation values for the spin of all neutrons in the beam [77] 

 𝑷 =
1

𝑁
∑〈�̂�〉

𝑖

 (2.19) 

and the polarization factor is the fraction 

 𝑃 =
𝑁+ − 𝑁−

𝑁+ + 𝑁−

 (2.20) 

where 𝑁+ (𝑁−) is the number of neutrons with their expectation value along 

the spin quantization axis of +1/2 (−1/2). It is easily seen that for a fully 

polarized beam, |𝑃| = 1, and that 𝑃 = 0 for an equal distribution of spins. 

Neutron polarization introduces a cross-term between the nuclear and 

magnetic structure factors [80], such that the intensity of the diffraction signal 

is proportional to 

 𝐼± ∝ |𝐹𝑁|2 + |𝐹𝑀,⊥|
2

± 𝑷 ⋅ (𝐹𝑁
⋆𝑭𝑀,⊥ + 𝐹𝑁

⋆𝑭𝑀,⊥) (2.21) 

where 𝐹𝑁
⋆ and 𝑭𝑀,⊥

⋆  denote the complex conjugates of the structure factors. The 

±-sign depends on whether the neutrons are polarized either parallel or 

antiparallel to a magnetic guide field. One caveat of magnetic scattering that 

was not touched upon in the previous section, is the fact that due to the dipolar 

nature of the interaction between the neutron spin and the magnetization 

density in the unit cell, the neutrons are only sensitive to the component of the 

magnetic structure factor that is perpendicular to the scattering vector, 𝑭𝑀,⊥ =
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𝑸 × 𝑭𝑀 × 𝑸. From properties of complex numbers1, the last term of eq. 2.21 

is also sometimes written as ±𝑷 ⋅ 2𝑅𝑒(𝐹𝑁
⋆𝑭𝑀,⊥), where 𝑅𝑒(𝑧) is the real part 

of the complex number 𝑧 [81] or just as ±2𝑷 ⋅ 𝐹𝑁
⋆𝑭𝑀,⊥ when the crystal 

structure is centrosymmetric [82]. A particular advantage of polarized 

neutrons is the ability to measure flipping ratios (FR), which are the defined 

as the ratio between intensities measured for a Bragg-peak when the 

polarization is flipped between measurements. 

𝐹𝑅 =
𝐼+

𝐼−

=
|𝐹𝑁|2 + |𝐹𝑀,⊥|

2
+ 𝑷 ⋅ (𝐹𝑁

⋆𝑭𝑀,⊥ + 𝐹𝑁
⋆𝑭𝑀,⊥)

|𝐹𝑁|2 + |𝐹𝑀,⊥|
2

− 𝑷 ⋅ (𝐹𝑁
⋆𝑭𝑀,⊥ + 𝐹𝑁

⋆𝑭𝑀,⊥)
 

The flipping ratio technique is of huge importance in research on magnetic 

materials, as the technique provides increased resolution to magnetic 

scattering and thus the ability to reconstruct accurate magnetization densities 

within crystals when the magnetization of the ions in a crystal is isotropic and 

thus aligns with an external magnetic field [83]. The site susceptibility 

method, which will be discussed in the next section, parametrizes the magnetic 

structure factor in terms of a magnetic susceptibility for each magnetic ion in 

the unit cell and can be used even when the magnetization is anisotropic, as in 

crystals of molecular magnets. 

2.2.1 Site susceptibilities from single-crystal diffraction 

Having now seen how the fundamental scattering processes contribute to 

the total intensity measured in a polarized neutron experiment, and after 

having also, in Chapter 1, established that a fundamental quantity of interest 

in molecular magnetism is the molecular magnetic susceptibility, this chapter 

now turns towards combining these two realizations in the view of neutron 

diffraction. Most of the work that has gone into this thesis has revolved around 

applying a method called the site susceptibility method to molecular magnetic 

 
1Given complex numbers 𝑧𝑛 = 𝑎𝑛 + 𝑖𝑏𝑛, we calculate 𝑧1

⋆𝑧2 + 𝑧1𝑧2
⋆ = (𝑎1 − 𝑖𝑏1)(𝑎2 + 𝑖𝑏2) +

(𝑎1 + 𝑖𝑏1)(𝑎2 − 𝑖𝑏2) = 𝑎1𝑎2 + 𝑏1𝑏2 − 𝑖𝑏1𝑎2 + 𝑖𝑏2𝑎1 + 𝑎1𝑎2 + 𝑏1𝑏2 + 𝑖𝑏1𝑎2 − 𝑖𝑏2𝑎1 =

2(𝑎1𝑎2 + 𝑏1𝑏2) and 2𝑅𝑒(𝑧1
⋆𝑧2) = 2𝑅𝑒(𝑎1𝑎2 + 𝑏1𝑏2 + 𝑖(𝑏2𝑎1 − 𝑏1𝑎2)) = 2(𝑎1𝑎2 + 𝑏1𝑏2). 
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compounds to measure the anisotropy of their magnetic susceptibility and 

connect the results of such measurements to other observables in molecular 

magnetism. 

In the site susceptibility method, which was derived by Gukasov and 

Brown [84], the magnetic moments of ions on individual crystallographic sites 

are parametrized by a magnetic site susceptibility, such that the individual 

magnetic moments are written as 

 𝒎𝑖 = 𝜒
𝑖
𝑩 (2.22) 

where 𝝌
𝑖
 is then the ionic magnetic susceptibility tensor. In Chapter 1, it was 

shown how the magnetic susceptibility of an ion is in general a consequence 

of interplay between multiple factors, including crystal field parameters and a 

magnetic field dependence. Compared to that point of view, the site 

susceptibility model is a completely phenomenological approach to 

determining the ionic magnetic susceptibilities, where the susceptibility is the 

fundamental parameter. 

Inserting the magnetic susceptibility tensor into the equation for the 

magnetic structure factor, the expression 

 𝑭𝑀(𝑸) = ∑ 𝑓𝑖(𝑸)𝜒
𝑖
𝑒𝑖𝑸⋅𝒓𝑖𝑩

𝑖

 (2.23) 

is obtained. This is simply a rewrite of eq. 2.18, using eq. 2.22 for the magnetic 

moment. When expressed without the multiplication by the magnetic field, eq. 

2.23 can be called the structure factor tensor 

 Χ(𝑸) = ∑ 𝑓𝑖(𝑸)𝜒
𝑖
𝑒𝑖𝑸⋅𝒓𝑖

𝑖

 (2.24) 

such that 𝑭𝑀(𝑸) = Χ(𝑸)𝑩. A different rewriting of eq. 2.23 serves to 

illustrate another characteristic of the site susceptibility model: by taking 

advantage of the space group symmetry operators of the crystal, the sum over 

all atoms in eq. 2.23 can be split into a double sum over atoms in the 
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asymmetric unit of the crystal and over the symmetry operators of the space 

group 

 𝑭𝑀(𝑸) = ∑ 𝑓𝑖(𝑸) ∑
1

𝑁𝑖𝑝

𝑹𝑝𝝌𝑖𝑹𝑝
−1𝑒−𝑖𝑸⋅(𝑹𝑝𝑟𝑖+𝒕𝑝)

𝑝

𝑩

𝑖

 (2.25) 

and the sum over 𝑖 then goes over all atoms in the asymmetric unit, while the 

sum over 𝑝 goes over all symmetry operators of the space group. 𝑹𝑝 and 𝒕𝑝 

are the rotational and translational components of the 𝑝’th symmetry operator. 

The factor 𝑁𝑖𝑝 then counts the number of times that 𝒓𝑖 = 𝑹𝑝𝒓𝑖 + 𝒕𝑝 to account 

for the possibility of symmetry operators that move an atom onto itself. 

The application of a magnetic field to measure the magnetic moment is not 

surprising: as was shown in Chapter 1, the magnetic moment of molecular 

magnets quickly vanishes due to dynamic processes when an external field is 

removed. The magnetic field 𝑩 that enters eq. 2.25 is the external magnetic 

field, as according to the discussion by Nye [43], the modification of the 

external field by the magnetization of the sample is negligible for 

paramagnetic crystals. The use of the site susceptibility method for refining 

magnetic diffraction data requires that the orientation of the external field with 

respect to the crystal remains constant during the measurement. 

Invoking the site susceptibility method also means that there are more 

parameters to fit in an experiment. Instead of fitting three parameters for a 

magnetic moment, the site susceptibility method requires up to six parameters 

for the magnetic susceptibility tensor (remember that it is symmetrical across 

the diagonal [43], therefore only six parameters not nine). The number of 

magnetic field orientations with respect to the crystal that are needed to obtain 

a reliable determination of the susceptibility tensor will then in general depend 

on the site symmetry of the ion that is being measured, as higher site 

symmetries means less free parameters [84]. For an ion on a general position 

in the crystal structure, however, at least three magnetic field orientations are 

required to convincingly refine the full magnetic susceptibility tensor. 
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The restriction to assume linearity between the magnetic moment and the 

inducing field means that in some cases, the susceptibility parameters should 

only be treated as intermediate parameters. This was the case, for example in 

[82], where a field of strength 7 T was applied to determine the anisotropic 

magnetization. The field strength at which linearity can no longer be assumed 

is determined by considering curves of magnetization vs. field and depends on 

the compound as discussed in Chapter 1. 

2.2.2 Site susceptibilities from powder diffraction 

The site susceptibility model and its application to single crystal studies of 

molecular compounds has been reported several times by now [82, 85-90]. A 

central challenge in research on molecular magnets is, however, that it is 

typically difficult to grow the large single crystals that are required for single 

crystal neutron diffraction, when dealing with the organic compounds that are 

molecular magnets. Using polarized neutron powder diffraction (pPND) to 

determine anisotropic magnetic susceptibilities is therefore an important step, 

because its application is “only” limited by the amount of sample that can be 

synthesized, and because the site susceptibility method can then be applied for 

compounds where single crystal growth is infeasible. Examples of the use of 

powder diffraction to determine the site susceptibility can be seen in Chapter 

6 and Chapter 7. The theoretical foundation for the method was outlined in 

two papers, first by Gukasov and Brown [81], where they presented the 

determination of magnetic anisotropy from data measured in the horizontal 

plane of a diffractometer. Recently, Kibalin and Gukasov also extended the 

method to work with data measured on a 2-dimensional detector, where 

preferred orientation of crystallites can be taken into account [91]. 

To rationalize the measurement of site susceptibilities from powder 

diffraction, it is necessary to consider, how the magnetic field can be known 

with respect to the crystal. In the single-crystal experiment, the magnetic field 

vector is an explicit part of the expression for the magnetic structure factor. 

With a powder on the other hand, scattering is observed in the so-called 
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Debye-Scherrer cones, and in that case the orientation of a single crystal is 

typically lost in favor of an orientational average as a function of the scattering 

angle 2𝜃. Importantly, this does not invalidate the site susceptibility method. 

Pragmatically, because it is known from experience with powder diffraction 

that anisotropic vibrational parameters can be extracted from powder 

diffraction data - so obtaining directional-dependent information from powder 

diffraction is indeed possible. 

 

Figure 2.2. The geometry of the powder diffraction experiment and an illustration of the 

rotations mentioned in the main text. Rotation (i) around the scattering vector does not 

change the scattering vector, so all crystallites with the same 𝑸 scatter in the same direction 

and thus with the same orientation with respect to the magnetic field. Rotations (ii) and (iii) 

give rise to scattering around the Debye-Scherrer cones with same magnitude of 𝑸, and 

scattering at different 2𝜃-angles, respectively. Scattering in a point in the detector can 

therefore be modelled by considering the average over a full rotation around 𝑸. Graphics 

courtesy of ASN. 
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A more detailed analysis in the paper by Kibalin and Gukasov, however, 

can be boiled down to the following argument, which is shown schematically 

in Figure 2.2: the different crystallites in a powder are oriented with respect to 

each other by one or more of the rotations around three distinct axes. The three 

axes are i) the scattering vector 𝑸, ii) the incident beam direction, iii) the 

vector perpendicular to both other directions. At each specific point on a 2D-

detector, a different subset of the crystallites in a powder sample fulfills the 

diffraction condition, i.e., it is in an orientation where Bragg’s law is fulfilled. 

Rotations of kind (i) do not change which crystallites diffract, kind (ii) gives 

rise to scattering around the Debye-Scherrer cones, and (iii) is what gives rise 

to multiple Debye-Scherrer cones because it changes the incident angle 𝜃 in 

Bragg’s law. This means, that once the orientation of crystallites that give rise 

to diffraction with a particular scattering vector 𝑸 is established, the 

orientation of crystallites rotated by rotations of kind (ii) and kind (iii) is also 

established, and diffraction from these can be calculated. Rotations of kind (i) 

do not change 𝑸, and the scattering in the corresponding point on the detector 

is therefore the average over all crystallite orientations for which 𝑸 fulfills the 

scattering condition. This can be reformulated as an average over all 

orientations of an external magnetic field with respect to a given 𝑸 [91]. 

Mathematically, the evaluation of the intensities according to eq. 2.21 

occurs for each point on the detector, which each correspond to scattering with 

a distinct 𝑸. The only rotation to consider in the evaluation is then rotation (i). 

The following derivation is from [81] and [91] and is elaborated here together 

with Figure 2.2. Consider an orthonormal coordinate system with its 𝑧-axis 

along 𝑸 and the 𝑥- and 𝑦-axes in the plane orthogonal to 𝑸. When the angle 

between 𝑩 and 𝑸 is 𝛼, 𝑩 can in this coordinate system be described as 𝑩𝑜 

 𝑩𝑜 = 𝐵 [
sin 𝛼 cos 𝜔
sin 𝛼 sin 𝜔

cos 𝛼
] (2.26) 

where 𝜔 corresponds to the angle of rotation in rotation (i). The evaluation of 

the intensity for a specific 𝑸 (a specific point in the detector) then entails 
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taking the average over 𝜔 for the parts |𝑭𝑀,⊥|
2
 and 𝑷𝑜 ⋅ 𝑭𝑀,⊥ of eq. 2.21, 

where 𝑷𝑜 is the beam polarization vector in given in the orthogonal coordinate 

system. As 𝑷 is collinear with 𝑩, it is given by an equation that is analogous 

to 2.26. Denoting the average over 𝜔 by 〈… 〉, in can be shown that 

 
〈|𝑭𝑀,⊥|

2
〉 =

1

2
𝐵2[(Σ11

2 + Σ12
2 + Σ22

2 ) sin2 𝛼

+ 2(Σ13
2 + Σ23

2 ) cos2 𝛼] 
(2.27) 

and 

 〈𝑷 ⋅ 𝑭𝑀,⊥〉 =
1

2
𝑃𝐵(Σ11

2 + Σ22
2 ) sin2 𝛼 (2.28) 

where Σ is the structure factor tensor (eq. 2.24) expressed in the orthonormal 

system with 𝑧 along 𝑸. Using these expressions, the scattering signal for any 

𝑸 can be evaluated from a model and can then be compared in a refinement to 

the measured signal. 

2.2.3 Symmetry requirements on the susceptibility tensor 

The magnetic susceptibility tensor must fulfill the site symmetry 

requirements of the site that it occupies. This is in the same way that some 

CFPs can be required by symmetry to be zero, as mentioned previously. The 

symmetry requirement on the susceptibility tensor is summarized in the 

relationship 

 𝜒 = 𝑹𝜒𝑹−1 (2.29) 

where 𝜒 is a site susceptibility tensor, and 𝑹 is a rotation operator for the 

crystallographic site of the molecule. If the molecule sits on a special site, the 

rotation operator is the rotational part of a symmetry operator of the 

crystallographic space group. On the other hand, the symmetry of the molecule 

might be higher than the crystallographic symmetry, if the molecule sits on a 

general position in the unit cell, and in general there is no correlation between 

the symmetry of a molecule and the crystal structures that it can form [74]. 
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As an example of the usage of eq. 2.29, consider a compound with a four-

fold rotational symmetry axis along the z-axis of the coordinate system being 

used. The rotation operator representing the four-fold rotation is 

𝟒𝑧 = [
0 −1 0
1 0 0
0 0 1

] 

and the identity 2.29 can be expanded on a general symmetric susceptibility 

tensor of the form of 1.31 to obtain the tensor relation 

[

𝜒1 𝜒4 𝜒5

𝜒4 𝜒2 𝜒6

𝜒5 𝜒6 𝜒3

] = 𝟒𝑧 [

𝜒1 𝜒4 𝜒5

𝜒4 𝜒2 𝜒6

𝜒5 𝜒6 𝜒3

] 𝟒𝑧
−1 = [

𝜒2 −𝜒4 −𝜒6

−𝜒4 𝜒1 𝜒5

−𝜒6 𝜒5 𝜒3

] 

from which the following scalar equalities can be extracted 

 

𝜒1 = 𝜒2 

𝜒4 = −𝜒4 ⇒ 𝜒4 = 0 

𝜒5 = −𝜒6 = −𝜒5 ⇒ 𝜒5 = 𝜒6 = 0 

(2.30) 

 

The site symmetry therefore enforces that the susceptibility tensor has the 

form 

𝜒 = [
𝜒1 0 0
0 𝜒1 0
0 0 𝜒3

] 

In the case of a four-fold rotation in the symmetry of the molecule, the 

susceptibility tensor, and indeed any tensor property describing the site, thus 

only has two unique elements, with a unique axis along the four-fold 

symmetry axis. Further equations for relations among the susceptibility 

parameters can be obtained if more symmetry elements are operational. 
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2.2.4 Practical aspects of polarized neutron diffraction 

Having discussed the site susceptibility method, and its theoretical 

formulation for both single crystals and powder samples, some attention will 

now be devoted to discussing the experimental setup used for such 

measurements. The only difference from “normal” diffraction is the 

introduction of a neutron beam polarization, which can be flipped to measure 

the flipping ratio. For this reason, the diffractometer setup must include 

devices to perform both the polarization and the flipping. 

A schematic view of the polarized neutron diffractometer 6T2 from the 

Laboratorie Léon Brillouin (LLB) is shown in Figure 2.3. 

 

Figure 2.3. Layout of the 6T2 diffractometer of the Laboratorie Leon Brillouin. The parts 

that are unique to a half-polarized neutron diffractometer are the polarizer and the flipper. 

Reprinted from [92] with permission from Elsevier. 
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The unpolarized beam (from “Primary collimation” to “SM polarizer”) is 

obtained from the neutron source and monochromatized with a graphite 

monochromator exploiting the Bragg-condition. 

A supermirror-polarizer on 6T2 selects one spin state of neutrons over the 

other, making a polarized beam with the polarization factor as given by eq. 

2.20. This polarization mechanism exploits that the neutron reflectivity from 

suitably engineered multilayer-materials depends on the spin state of the 

incoming neutron [93, 94]. Other polarization mechanisms employ the fact 

that the absorption cross section for a 3He-gas can be made to depend on the 

neutron spin [95] (this method is in use at the Institut Laue-Langevin (ILL) 

[96, 97]), or that individual Bragg-reflections from a magnetized crystal, e.g. 

from the so-called Heusler-alloy Cu2MnAl, can consist of a spin-polarized 

beam [98]. 

Finally, on 6T2 a radiofrequency-flipper (RF-flipper) can be used to switch 

the polarization direction of the beam. The name comes from the fact that 

radiation of approximate frequency 𝜔0 = 𝛾𝑛𝐵0 ≈ 183 𝑀𝐻𝑧 can induce 

transitions between the spin states of a neutron, when they are split by a 

magnetic field on the order of 1 𝑇, thus switching the beam polarization vector 

from +𝑷 to −𝑷. 

2.2.5 Software aspects of polarized neutron diffraction 

The refinement of site susceptibilities from polarized neutron diffraction 

data has been made possible by two different software implementations that 

have both been used for the work in this thesis. The first is based on the 

Cambridge Crystallographic Subroutine Library (CCSL) [99] and is 

implemented in the program CHILSQ. A documentation for the full library is 

maintained by the ILL [100]. The construction of the library predates the CIF-

standard for crystallographic information [101], so the input file for CHILSQ 

is formatted as a CRY-file, the specification of which can be found in the 

documentation for the CCSL. 
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While CHILSQ was in this work used for single-crystal diffraction data 

only, an implementation of the site susceptibility method for refinement 

against both single-crystal and powder diffraction data has been made in the 

Python-package cryspy. This program uses the CIF-standard for structural 

information and extends it with its own keywords for program input in a 

combined file called the RCIF [102]. 

2.3 Data reduction and treatment 

2.3.1 Determining the orientation matrix 

Establishing the orientation of the unit cell axes 𝒂, 𝒃, and 𝒄 is an important 

part of any single crystal diffraction experiment. To describe their orientation, 

an orientation matrix is determined, which allows for calculating the 

diffractometer angles, 𝜒, 𝜔, and 𝜙 that will bring the scattering vector 𝑸 into 

an orientation where the scattered beam can be measured with a detector 

placed at the scattering angle 𝜃. For a diffractometer with an area detector, the 

importance is less immediate, because the area detector allows for collecting 

a large set of reflexes simultaneously. 

The orientation matrix, 𝑼𝑩, is formally a coordinate transformation matrix 

(see Appendix A2 for a further discussion of basis and coordinate 

transformation matrices) from the reciprocal lattice of a crystal to an 

orthonormal coordinate system that is attached to the head of the goniometer 

on the diffractometer [103]. If 𝒖𝐺 is a coordinate vector in the goniometer 

system, and 𝒖∗ is a coordinate vector in the reciprocal space of the crystal 

being measured, the matrix 𝑼𝑩 performs the transformation 

 𝒖𝐺 = 𝑼𝑩 𝒖∗ (2.31) 

The matrix 𝑼𝑩 in principle consists of two different matrices, 𝑼 and 𝑩, 

which perform coordinate transformations from a crystal orthonormal system 

to the goniometer orthonormal system and from the crystal reciprocal lattice 

to the crystal orthonormal system respectively. There is freedom in the choice 
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of definitions for the crystal orthonormal system, and both 𝑼 and 𝑩 depend on 

that choice. The orthonormal CCSL system, discussed further in Appendix 

A2, is an example of one such choice, and is one that will be used in much of 

this thesis. 

On all the single crystal diffractometers that have been used for measuring 

PND data for the work in this thesis, the magnetic field was oriented such that 

the field was along the vertical axis of the goniometer with a direction 

corresponding to 𝒖𝐺 = [0 0 1]𝑇. For the site susceptibility measurement, 

the crystal orientation matrix therefore allows for calculating the direction of 

the magnetic field with respect to the molecules in the crystal structure, as will 

be seen in the coming chapters. 

2.3.2 Refinement quality 

To judge whether the data obtained from a diffraction experiment has been 

described well, use is made of refinement quality markers. The quality marker 

used by both CHILSQ and cryspy is the quantity of the reduced chi-squared, 

𝜒2, which is given by 

 𝜒2 =
1

𝑁 − 𝑃
∑

(𝑄𝑜𝑏𝑠,𝑖 − 𝑄𝑐𝑎𝑙𝑐,𝑖)
2

𝜎𝑜𝑏𝑠,𝑖
2

𝑖

 (2.32) 

where 𝑁 is the number of observations, 𝑃 is the number of parameters in the 

refinement and 𝑄 is the quantity that is being refined. The sum goes over all 𝑖 

observations. For the single-crystal experiments with both CHILSQ and 

cryspy, 𝑄 is the flipping ratio. For the powder diffraction experiments, 𝑄 was 

based on the intensity measured in individual detector pixels. 

In working with flipping ratios, it is often necessary to make do with few 

measurements, because the measurement times are long. Compared to single 

crystal unpolarized neutron diffraction data or X-ray diffraction data, where 

the number of measured Bragg-peaks can be on the order of 103 or up to 105, 

the number of flipping ratios is on the order of 101 or 102. For those situations, 
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a plot of 𝑄𝑜𝑏𝑠 vs. 𝑄𝑐𝑎𝑙𝑐 can be instructive in inspecting whether the 

measurements form a straight line with a slope of 1. 

2.4 X-ray diffraction and multipole modelling 

In this thesis, X-ray diffraction has mainly been used to obtain structural 

models of the compounds that have been studied. The X-ray structure factor 

is defined analogously to the nuclear and magnetic structure factors as 

 𝐹(𝑸) = ∑ 𝑓𝑖(𝑄)

𝑖

𝑒𝑖𝑸⋅𝒓𝑖 (2.33) 

and is the Fourier transform of the unit cell electron density. 𝑓𝑖(𝑄) is the 

atomic form factor, which scales with the atomic number 𝑍, and is the Fourier 

transform of the atomic electron density 𝜌𝑎𝑡𝑜𝑚(𝒓). In a crystallographic 

structure determination, it is often enough to reconstruct the electron density 

only partially through the independent atom model (IAM), which treats atoms 

as spherical balls of electron density, so that 𝜌𝑎𝑡𝑜𝑚 only depends on the 

distance from the atomic position. This, however, neglects the effects of 

chemical bonding on the electron density, namely that electron density can be 

displaced to be between atoms. To capture the full effect of chemical bonding, 

a more detailed treatment, called the Hansen-Coppens multipole model is 

necessary [104, 105]. The model uses a more elaborate model for the atomic 

densities, thus providing the possibility for a more detailed treatment of the 

atomic form factors in the structure factor. 

 

𝜌𝑎𝑡𝑜𝑚(𝒓) = 𝑃𝑐𝜌𝑐𝑜𝑟𝑒 + 𝑃𝑣𝜅3𝜌𝑣𝑎𝑙𝑒𝑛𝑐𝑒(𝜅𝑟)

+ ∑ 𝜅𝑙
′3𝑅𝑙(𝜅𝑙

′𝑟)

𝑙𝑚𝑎𝑥

𝑙=0

∑ 𝑃𝑙𝑚𝑦𝑙𝑚(𝜃, 𝜑)

𝑙

𝑚=−𝑙

 
(2.34) 

This model uses the set of real spherical harmonics, 𝑦𝑙𝑚, and expansion 

parameters, 𝜅′ and 𝜅′′, to model the aspherical displacement of electron 

density around atoms. The real spherical harmonics, importantly, are not 

atomic orbitals, but the populations of the real spherical harmonics can be 
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projected onto an orbital basis to obtain the populations of atomic orbitals 

directly from the experimental electron density. For molecular magnetism, the 

importance of this approach is that the relative populations of a set of orbitals 

directly show the energy ordering of these orbitals, and therefore the effect of 

zero-field splitting. Recently, the multipole model has been used to determine 

the d-orbital populations and thus the d-orbital orderings in transition metal 

SIMs [41, 60, 106, 107]. They can even be quantitatively related to the energy 

splitting between the Kramers doublets in the lowest spin multiplet in 

tetrahedral Co(II)-complexes [108]. For lanthanides, the multipole 

populations can be used to derive the lanthanide 4f-orbital populations, which 

were used to directly observe the oblateness of the Dy-4f charge density in the 

compound Dy(bpy)(dbm)3, that is investigated in Chapter 3 of this thesis 

[109]. The model is introduced here, because Chapter 6 will include a 

discussion of the results obtained with the multipole model compared to the 

site susceptibility model. 

2.5 Magnetic measurements 

2.5.1 Complementary techniques for magnetic anisotropy 

The magnetic susceptibility tensor of a molecule embedded in a crystal can 

be determined with polarized neutron diffraction. Other methods based on 

measuring magnetization in a direct-current (DC) magnetization experiment 

can also in some cases be used to determine the molecular magnetic 

susceptibility. 

The anisotropy of the magnetic susceptibility of a single crystal can be 

determined by comparing the susceptibility along different directions with 

respect to the molecule. When a crystal is magnetized in a magnetic field, an 

analogous equation to eq. 2.22 can be used to determine the induced 

magnetization in the crystal 

 𝑴 = 𝜒
𝑈.𝐶.

𝑩 (2.35) 
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where 𝜒
𝑈.𝐶.

 is the unit cell magnetic susceptibility tensor. By rotating the 

crystal with respect to a stationary magnetic field, the magnetization can be 

measured in a pickup-coil and the susceptibility tensor of the crystal can be 

reconstructed. This is the foundation of the technique known as angular 

resolved magnetometry (ARM). An example of a magnetization curve 

measured with ARM is shown in Figure 3.9. A related technique is that of 

torque magnetometry (TM), where the magnetization is not measured directly, 

but through the magnetic torque (𝝉) on a crystal 

 𝝉 = 𝑴 × 𝑩 = (𝜒
𝑈.𝐶.

𝑩) × 𝑩 (2.36) 

Both ARM-curves and TM-curves are periodic with a period of 𝜋 with 

respect to the rotation of the crystal, but where the ARM-curves are sine 

functions, the TM-curves are skewed owing to the anisotropy of the 

susceptibility. A magnetic easy axis will contribute a strong torque over a large 

angular range, whereas when the observable is the magnetization, the signal 

is only large when the rotation moves the magnetic easy axis close to the axis 

of the pickup coil. 

ARM and TM both detect the vector sum of magnetic moments in the 

crystal, and, as written in eq. 3.3, the obtained susceptibility tensor, which has 

here been called the unit cell susceptibility, 𝜒
𝑈.𝐶.

, is therefore also the sum of 

individual molecular susceptibility tensors. It can be shown that if the 

molecule sits on a general position in the unit cell, for a crystal with 

monoclinic symmetry or higher, some elements of the molecular susceptibility 

tensor vanish from the unit cell susceptibility tensor [43] (see Appendix A3 

for an example in the monoclinic crystal system). Therefore, while TM and 

ARM have both been used frequently to determine molecular anisotropies 

[110-113], in general it is necessary to use ab initio calculations to resolve 

ambiguities related to the orientation of magnetic anisotropy between 

symmetry-related molecules [114, 115]. This is not a problem for the PND 

approach, where the scattering amplitude includes a phase factor that 
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unambiguously maps the anisotropy tensor to a position within the unit cell 

(eq. 2.25). 

The strength of ARM and TM lies in their accessibility: both can be 

performed on in-house equipment without the need for neutron beam time. 

This has allowed TM to be used in field- and temperature dependent 

measurements, for example for the series [Ln[Pt(SAc)4]2], (Ln=Tb, Ho, and 

Er), where it was seen easy axis and easy plane are not universal descriptors 

for a molecule, but that the magnetic anisotropy depends on the conditions at 

which experiments are being undertaken [28], or to make studies of magnetic 

anisotropy changes along the series of trivalent lanthanides [116]. In some 

cases, TM has also been used in combination with other technique to extract 

experimental crystal field parameters [117]. Due to the limited access to 

neutrons, PND on molecular compounds has, as a technique, not reached that 

level of maturity. 

2.5.2 Alternating current (AC) susceptometry 

Chapter 1 included a discussion of the various relaxation mechanisms that 

can exist between the magnetic states of a single-molecule magnet, where the 

relaxation is not instantaneous. Magnetic relaxation times can be computed 

from first principles [118, 119], but the simplest way to determine whether 

such relaxation exists is to magnetize a sample of a molecular magnetic 

compound in a magnetic field, reduce the magnetic field instantly, and then 

measure the decay of the sample magnetization. The magnetic relaxation time 

is then determined by fitting the expression 

 𝑀(𝑡) = 𝑀0𝑒−𝜏−1𝑡 (2.37) 

where 𝜏 is the magnetic relaxation time of the system. This method, however, 

can only be used if the relaxation rate is slow enough that the exponential 

decay can be measured with the sampling rate of the magnetometer. When that 

is (generally) not the case, the technique called alternating-current (AC) 

susceptibility measurements can be used. This technique works by cycling a 
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magnetic field with a magnitude 𝐻0 and an angular frequency 𝜔, such that the 

time-dependence of the magnetic field can be described by the equation 

 𝐻(𝑡) = 𝐻0𝑒−𝑖𝜔𝑡 (2.38) 

By measuring the magnetic response, which in general must be described by 

the expression  

 𝑀(𝑡) = 𝜒 ⋅ 𝐻(𝑡) = 𝜒′𝐻 cos(𝜔𝑡) + 𝜒′′𝐻 sin(𝜔𝑡) (2.39) 

𝜒′ and 𝜒′′ can be obtained and are called the in-phase and out-of-phase 

susceptibility respectively [35]. The magnitude of 𝜒′′, the out-of-phase 

susceptibility, corresponds to a phase-lag of the magnetization of the system, 

and shows to which extent the magnetization of the sample is unable to follow 

the external magnetic field. The magnetic relaxation time can be obtained by 

measuring 𝜒′ and 𝜒′′ at different cycling frequencies and fitting their 

frequency dependence to the generalized Debye-model [120], where the 

frequency dependence is given by 

 

𝜒′(𝜔) = 𝜒𝑆 +
(𝜒𝑇 − 𝜒𝑆) (1 + (𝜔𝜏)1−𝛼 sin (

𝜋𝛼
2

))

1 + 2(𝜔𝜏)1−𝛼 sin (
𝜋𝛼
2

) + (𝜔𝜏)2−2𝛼
 

 

𝜒′′(𝜔) =
(𝜒𝑇 − 𝜒𝑆)(𝜔𝜏)1−𝛼 cos (

𝜋𝛼
2

)

1 + 2(𝜔𝜏)1−𝛼 sin (
𝜋𝛼
2

) + (𝜔𝜏)2−2𝛼
 

(2.40) 

In the generalized Debye-model, 𝜒𝑇 and 𝜒𝑆, called the isothermal and 

adiabatic susceptibilities, are the low- and high-frequency limits of the in-

phase susceptibility 𝜒′. 𝜏 is the magnetic relaxation time, and 𝛼 can be 

interpreted as the spread of the relaxation time and thus gives a measure of the 

uncertainty on 𝜏 [121]. Figure 3.10 shows a typical plot of 𝜒′′ for a molecular 

magnet. The peak frequency is given by 𝜔 = 𝜏−1, and generally shifts to 

higher frequencies, when the temperature is increased, corresponding to 

relaxation times becoming shorter with increasing temperatures. Some 
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compounds only show these peaks in the presence of a static magnetic field, 

and these compounds are called field-induced single-molecule magnets [122, 

123]. Measurements can then be made at a so-called optimal field, which is 

the field strength where the out-of-phase signal of the largest magnitude is 

measured. 

As a part of fitting magnetic relaxation data for this thesis work, I created 

an interactive program in Python. It reads a data file from an AC-

measurement, can correct the measurement for diamagnetic contributions [40] 

and extracts relaxation times via the generalized Debye-model. Finally, it fits 

magnetic relaxation times using user-defined combinations of the canonical 

relaxation functions described in Chapter 1. The program is available on 

Github [124] and can be installed as a Python package from the Python 

Package Index (PyPI). The program also reads magnetic relaxation times from 

other sources, providing an easy way to investigate fits reported in the 

literature. 

2.6 Ab-initio calculations on molecular magnets 

To determine the properties of molecular magnets, it is also possible to 

perform ab initio calculations, which treat the molecule fully by quantum 

mechanics to give the electronic structure of a compound. In the general case 

[125], where a molecule has 𝑁 electrons that should be described, a first 

principles approach writes a molecular one-electron wave function as a linear 

combination of all one-electron wave functions for the atoms in the molecule 

 𝜙𝑖 = ∑ 𝑐𝛼𝑖𝜒𝛼

𝛼

 (2.41) 

The set of 𝜒𝛼’s is called the basis set, and the size of the basis set is one of the 

important factors that contribute to the accuracy of a given theoretical model. 

A molecular 𝑁-electron wave function is then constructed by the combination 

of molecular one-electron functions known as a Slater determinant, Φ𝑗, which 

is a normalized, antisymmetric 𝑁-electron wave function built from the 
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molecular one-electron wave functions 𝜙𝑖. In the simplest case, known as the 

Hartree-Fock method, the molecular wave function is a single Slater 

determinant. 

 Ψ = 𝑎0Φ𝐻𝐹  (2.42) 

However, the Hartree-Fock model is a mean field model and therefore 

inaccurate because it fails to properly account for electron correlation: the fact 

that two electrons can’t occupy the same space at the same time. To provide a 

more accurate description of electron correlation, several Slater determinants, 

where excited molecular states are included, can be used to form a molecular 

wave function 

 Ψ = 𝑎0Φ𝐻𝐹 + ∑ 𝑎𝑖Φ𝑖

𝑖=1

 (2.43) 

in what is known as configuration interaction. The sum over 𝑖 goes over all 

the states built by exciting individual electrons between molecular states. The 

question then becomes which excited Slater determinants to use in the 

description. For the purposes of molecular magnetism, where the magnetism 

can be understood as arising from unpaired electrons in a fixed set of orbitals, 

the concept of an active space becomes natural as a way of selecting the 

excited states. Within the active space all possible electron excitations are then 

constructed. As an example, for lanthanide compounds the molecular orbitals 

to use for the active space are those that closely resemble the metal f-orbitals. 

Having constructed the set of excited Slater determinants, the question 

remains of how to determine the parameters, 𝑐𝛼𝑖 and 𝑎𝑖 that best describe the 

wave function of the molecule. This is done through the variational principle, 

which states that for any trial wave function, 𝜓, built from a complete basis, 

the energy of the trial wave function, 𝑊, is always larger than or equal to the 

energy of the true wave function, 𝐸0 
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 𝑊 − 𝐸0 =
⟨𝜓|�̂�|𝜓⟩

⟨𝜓|𝜓⟩
− 𝐸0 ≥ 0 (2.44) 

The correct wave function, within the limits of the expansion in terms of the 

active space and the chosen basis set, can therefore be found by varying the 

coefficients 𝑐𝛼𝑖 and 𝑎𝑖 to minimize the energy of the trial wave function in the 

iterative procedure known as self-consistent field theory. 
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3 Comparing macroscopic and 

microscopic magnetization 

This study was the first study where I was involved with using PND to 

measure the magnetic anisotropy of a SIM. This chapter details the study that 

was published in [87]. At the time of publishing this project, it was the only 

study that had used PND to measure the anisotropic magnetic susceptibility of 

a lanthanide SIM, so it served as a proof of concept for this type of experiments 

on similar complexes, which were later performed and will be presented in 

subsequent chapters. This study considered two compounds of the formula 

Dy(bpy)(dbm)3 (1) and Dy(bpy)(tBu)3 (2), where bpy=bipyridine, 

tBu=2,2,6,6-tetramethylheptane-3,5-dionate, and dbm= 1,3-diphenylpropane-

1,3-dionate. The compounds were measured with PND, and the magnetic 

relaxation properties of 1 were determined and compared to a previous 

experiment from literature [126]. Furthermore, a comparison was made 

between the PND measurement on 2 and ARM curves measured for 2 in a 

previous study [127], and between the electrostatic model for Dy(III) easy 

axes and the PND result. My contributions were treatment of the PND data, 

refinement of the site susceptibility models, and interpretations of the models. 

I also treated the AC susceptibility data and simulated the ARM curves. 

3.1 Molecular structures 

The molecular structures were initially determined using X-ray diffraction 

for both 1 and 2. The structure that was used for 2 had been previously 

published together with a determination of its magnetic anisotropy [127] with 

the use of the technique of ARM. The molecular structure of 2 is shown in 

Figure 3.2. For 1, this study included a determination of the X-ray structure 

and the use of that structure for determining the nuclear structure at low 

temperature. 
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3.1.1 Structure determination of Dy(bpy)(dbm)3 

The nuclear structure of 1 was determined using single crystal neutron 

diffraction data from the KOALA diffractometer of the Australian Center for 

Neutron Scattering (ACNS). The data collection on this diffractometer is 

based on the Laue-technique. Instead of using a monochromatized neutron 

beam, Laue-diffraction uses a white neutron beam to probe a large volume of 

reciprocal space simultaneously. Details of the structure refinements using 

both X-rays and neutrons are given in Table 3.1, and the nuclear structure of 

1 is shown in Figure 3.1. 

Table 3.1. Crystallographic information for 1, based on both X-ray diffraction and neutron 

diffraction. “White beam” means that a range of wavelengths was used as per usual in Laue-

diffraction. 

 1 

Formula C55H41DyN2O6 

Weight, g mol-1 988.40 

Crystal system Monoclinic 

Space group P21/c 

Z 4 

Radiation X-ray Neutron 

a, Å 13.27209(19) 13.2248(5) 

b, Å 22.1958(3) 22.1323(6) 

c, Å 16.0777(2) 16.0555(6) 

𝛽, degrees 109.8763(17) 109.646(8) 

Wavelength, Å 0.71073 white beam 

µ, mm-1 1.733 0.042 

T, K 293 15 

Completeness, % 91.7 99.4 

R1, % 2.54 5.54 

wR2, % 5.30 14.83 

GoF 1.057 1.144 

 

The X-ray structure obtained for 1 was used as the initial structure for the 

nuclear refinement, and SHELXL [128, 129] was used for the refinement. 
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Neutron structure refinement with SHELXL can be achieved by including the 

lines ‘NEUT’ and ‘SFAC <element1> <element2> …’ in the SHELXL .ins-

file, where <element#> are all elements in the compound [130]. 

Comparison of the X-ray and neutron structures reveals that the unit cell axes 

have contracted in the neutron data, which is to be expected due to the 

temperature difference between the measurement of the two data sets. 

3.1.2 Structure description 

Both compounds show eight-fold coordination to the Dy(III)-ion with three 

ligands of an acetylacetonate (acac) type and one bpy-ligand, mutually 

arranged such that they form a paddlewheel-like shape around the central ion. 

This has the effect that the first coordination sphere of the Dy(III)-ion in both 

compounds most closely resembles a square antiprism. The molecular 

structures of 1 and 2 are shown in Figure 3.1 and Figure 3.2 respectively. 

 

 

 

Figure 3.1. Left: Nuclear molecular structure of 1, based on neutron diffraction at 15 K. 

Right: Coordination polyhedron for 1 shown along the pseudo-S4-axis (top) and along a 

direction roughly perpendicular to that axis (bottom). Atoms are C (gray), N (light blue), O 

(red) and Dy (cyan). Hydrogen atoms have been omitted. 
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Figure 3.2. Left: Molecular structure of 2 obtained from X-ray diffraction at 20 K. Right: 

Coordination polyhedron for 2 shown along the pseudo-S4-axis (top) and along a direction 

roughly perpendicular to that axis (bottom). Atoms are C (gray), N (light blue), O (red) and 

Dy (cyan). Hydrogen atoms have been omitted. 

Continuous shape measurements (CShM) conducted with the SHAPE tool 

[131] reveal the agreement between the coordination polyhedron and the 

closest matching square antiprism. The value of the CShM for 1 is 1.383 and 

0.657 for 2, revealing that 2 is closest to an ideal square antiprism of the two 

compounds. Bond distances between the vertex atoms in the coordination 

polyhedron and the central Dy(III)-ion are shown in Table 3.2 and reveal that 

the coordination polyhedrons are of very similar size. The close resemblance 

of the coordination polyhedron to an ideal polyhedron is intriguing, as it 

allows for an experimental investigation of, whether pseudo-symmetry plays 

a role for the magnetic anisotropy in these complexes. As for any differences 

in the magnetic behavior of the two structures, 1 and 2 show a very identical 

first coordination sphere, and a difference in their magnetic anisotropies must 

therefore be a consequence of the difference in the auxiliary groups on the 

acac-ligand. The difference in the auxiliary ligands is visible in the fact that 1 
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crystallizes in the 𝑃21/𝑐 space group, while 2 crystallizes in the triclinic space 

group 𝑃1̅. 

Table 3.2. Bond distances in 1 and 2 measured in ångström (Å). Atoms are pairwise a part 

of the same ligand molecule. 

 1 2 

N 2.562 2.587 

N 2.580 2.589 

O 2.324 2.328 

O 2.297 2.342 

O 2.348 2.354 

O 2.321 2.282 

O 2.325 2.303 

O 2.330 2.308 

Avg. Dy-O 2.32(1) 2.32(2) 

3.2 The electrostatic model for the easy axis 

The electrostatic model was applied for 1 and 2 through the use of 

MAGELLAN [48]. The program input is the geometry of the molecule and a 

list of charges on the atomic positions. Formally, there is one negative charge 

on the acac-ligand, and since it has three resonance structures, as shown in 

Figure 3.3, a natural way of partitioning the negative charge is between the 

two O-atoms and one C-atom of the acac-moiety. Using this partitioning, the 

magnetic easy axes were calculated, and they are shown together with the 

magnetic ellipsoids in Figure 3.7. 

 

Figure 3.3. Resonance structures of the acac-ligand, showing the possible placements of the 

negative charge and the reason for assuming a charge of ⅓ on all three atoms. 
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3.3 PND measurements 

The data collection for the PND was performed at two different 

diffractometers of the Laboratorie Léon Brillouin, the 5C1 and the 6T2. Both 

diffractometers make use of a cryomagnet with a vertical magnetic field to 

magnetize the sample. The crystalline samples were measured at a temperature 

of 5 K and a field strength of 0.5 T for both compounds. The difference 

between the diffractometers is that 5C1 measures at a wavelength of 0.84 Å, 

and that the neutrons are monochromatized by a Heusler-alloy 

monochromator, which also acts as a polarizer for the instrument to give a 

beam polarization factor for this experiment of 𝑃 = 0.829 [132]. In contrast, 

on 6T2 [92], the beam is monochromatized to a wavelength of 1.40 Å. The 

beam is polarized by a supermirror bender, which for this experiment provided 

a beam polarization factor of 𝑃 = 0.78. 

3.3.1 Data collection: crystal mounting 

For this study, the mounting of crystals on the diffractometer worked by 

taking single crystals of compounds 1 and 2 that were laid into an aluminium 

container. The crystal orientation was fixed by laying the crystal on a bed of 

quartz wool and then packing quartz wool on top of the crystal as well before 

closing the container. This technique has the advantage that the crystal does 

not need to be fixed to a mount with an adhesive, thus reducing the risk of 

crystal degradation due to reactions with the adhesive and allowing for 

potential reuse of the crystal. On the other hand, for an experiment like this, 

where different crystal orientations are paramount, it is challenging to control 

the crystal orientation between experiments. The crystal easily loses its 

orientation when the container is opened again and controlling the crystal 

orientation on a soft bed of wool requires very delicate handling. 

3.3.2 Data reduction for data measured at the LLB 

The data reduction pipeline for the diffractometer data from LLB 

diffractometers is based on a set of small programs that each handle a part of  
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Figure 3.4. Flowchart for the reduction of data measured on the instruments 5C1 and 6T2 

of the LLB. 
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the data reduction. The pipeline used for the experimental work that went into 

this study, and indeed all the single crystal experiments that have been 

performed at the LLB for this thesis work, is presented in Figure 3.4. The 

pipeline ends in a set of data files, one for each crystal orientation, that are in 

a format which can be read by the programs in the CCSL. 

3.3.3 Crystal and magnetic field orientations 

Using the crystal orientation matrix, 𝑼𝑩, it is possible to investigate what 

the magnetic field orientations are that have been obtained during the 

experiment. The magnetic field orientation is essential because it enters the 

mathematical expression for the flipping ratio (eq. 2.23). Combining eq. 2.31 

and eq. A.9 (Appendix A), a vector in the goniometer basis is transformed to 

the crystallographic direct space basis using the relation 

 𝒖𝒜 = 𝑮⋆(𝑼𝑩)−1𝒖𝐺 (3.1) 

A vertical field in the goniometer space means that the goniometer space 

direction of the magnetic field is described by the vector 𝒖 = [0 0 1]𝑇. 

Tables of magnetic field directions calculated for 1 and 2 can be found in 

Appendix B, and in Figure 3.5 and Figure 3.6 they are shown with respect to 

the molecule in the asymmetric unit of the unit cell. This shows, that for 2, the 

orientations 1 and 5 are very similar. 
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Figure 3.5. Directions of the magnetic field with respect to the crystal during the six 

orientations that were measured for 1. The magnetic field direction for orientations 1, 2, 3, 

4, 5, and 6 are represented as the red, green, blue, orange, pink, and purple vectors 

respectively. 

 

Figure 3.6. Directions of the magnetic field with respect to the crystal during the six 

orientations that were measured for 2. The magnetic field directions for orientations 1, 2, 3, 

4, 5 and 6 are represented as the red, green, blue, orange, pink and purple vectors 

respectively. Orientation 1 and 5 were close in the measurement. 
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3.3.4 Site susceptibility results 

The magnetic susceptibility tensors that were refined for 1 and 2 have the 

following parameters in the orthonormal CCSL coordinate system, ℰ =

(𝒊, 𝒋, 𝒌) 

 

𝜒
𝟏

/𝜇𝐵  𝑇−1 = [

0.55(7) −1.74(9) 1.10(22)
−1.74(9) 7.82(10) −4.72(10)

1.10(22) −4.72(10) 3.16(6)
] 

 

𝜒
𝟐

/𝜇𝐵  𝑇−1 = [

2.64(39) −3.41(95) 1.34(39)

−3.41(95) 7.07(49) −3.36(73)
1.34(39) −3.36(73) 2.44(57)

] 

(3.2) 

The visualization of the tensors for 1 and 2 is shown in Figure 3.7, where 

the magnetic easy axis can be seen directly as the longest axis of the ellipsoid. 

 

Figure 3.7. Site susceptibility tensors for 1 (right) and 2 (right) shown as ellipsoids. The 

ellipsoids show the magnitude of the magnetic moment that can be induced for a given 

direction, and the magnetic easy axis is therefore the direction in which the ellipsoid has its 

longest axis. The red vectors show the magnetic easy axis as calculated with MAGELLAN. 
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The susceptibility tensors have the eigenvalues 11.14(13) 𝜇𝐵  𝑇−1, 

0.23(13) 𝜇𝐵  𝑇−1, and 0.15(13) 𝜇𝐵  𝑇−1 for 1 and 10.5(9) 𝜇𝐵  𝑇−1, 

1.2(5) 𝜇𝐵  𝑇−1, and 0.4(8) 𝜇𝐵  𝑇−1 for 2. The uncertainties on the eigenvalues 

have been calculated numerically with a method that was developed in this 

study and is described in the supporting information of [87]. The larger 

uncertainties on the eigenvalues for 2 than for 1 reflect the larger uncertainties 

on the individual tensor elements. The susceptibility tensors can be visualized 

with an ellipsoid in the same way that anisotropic atomic displacement 

parameters are visualized. The agreement factors for the six magnetic field 

orientations measured for 1 and 2 are shown in Table 3.3, and plots of the 

agreement between the model and experiment are shown in Appendix B. 

Table 3.3. Number of flipping ratios used in the refinement (# FR’s) and agreement factors 

(𝜒2) between the model and data sets for each orientation shown for 1 and 2. 

  O1 O2 O3 O4 O5 O6 Total 

1 # FR’s 120 50 14 187 193 229 789 

 𝜒2 2.49 2.47 9.77 2.78 3.79 3.38 3.3 

2 # FR’s 36 33 65 14 9 96 253 

 𝜒2 20.4 102 12.2 79.9 18.4 7.10 27.1 

3.4 Comparison between ARM and PND 

To test the validity of the model obtained from PND, it is important to be 

able to compare PND with other measurements that have been undertaken. 

For 2, the anisotropy of the magnetic susceptibility had earlier been measured 

using angular resolved magnetometry. Both ARM and PND are measuring the 

magnetic susceptibility, but from different perspectives. ARM measures the 

magnetic signal from a crystal that is being rotated, and the variation of the 

magnetic signal with angle is then a measure of the crystalline anisotropy.  

To compare the measured data from PND with the measured data from the 

ARM experiment was a four step process of i) transforming the magnetic 

susceptibility tensor given in the ℰ-basis (eq. A.10) to the crystallographic 

basis, ii) applying symmetry operations to calculate the unit cell susceptibility, 
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iii) transforming the unit cell susceptibility to the orthonormal basis that 

defines the rotation axes in [127], and iv) simulating rotations around the basis 

axes. 

The first step was a matter of applying the transformation eq. A.13 

(Appendix A) using the basis transformation matrix from the CCSL to the 

crystallographic basis. In this basis, rotation matrices take their simplest form, 

and in the second step, the unit cell susceptibility, 𝜒
𝑈.𝐶.

, is then calculated as 

a sum over all symmetry transformed susceptibility tensors 

 𝜒
𝑈.𝐶.

= ∑ 𝑹𝑝𝜒
𝒜

𝑝

𝑹𝑝
−1 (3.3) 

The basis transformation matrix from the crystallographic basis to the 

ARM basis was given in [127] to apply the third step, and in the fourth step, 

the magnetic susceptibility is probed for a field direction, 𝒖, in the ARM basis 

and calculated in the cgs-emu units by the relation 

 𝜒𝑚 =
𝜇0𝑁𝐴

𝑍𝐶
𝒖𝑇𝜒

𝑈.𝐶.
𝒖 (3.4) 

where 𝜇0 is the vacuum permeability, 𝑁𝐴 is Avogadro’s constant, 𝑍 is the 

number of formula units in the unit cell, and 𝐶 is the constant that transforms 

a cgs-emu molar magnetic susceptibility to a molar magnetic susceptibility 

given in SI units, as can be found in [25]. A similar procedure for simulating 

ARM curves was applied for a tetra-nuclear cluster in [86]. The result of 

performing this simulation for 2 is shown in Figure 3.9. ARM is a macroscopic 

technique that measures the total magnetic susceptibility of a crystal and 

calculates “backwards” from that to obtain the molecular susceptibility. PND 

measures the diffraction signal from an entire crystal and fits the susceptibility 

tensors in the asymmetric unit. Given such different approaches between the 

two methods, the similarity between the curves is a remarkable result. It was 

shown in [87] that the lower absolute values of the susceptibility simulated 

from PND is most likely attributable to the larger field strength at which PND 

was measured. 
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Figure 3.8. Coordinate system used for the angular resolved magnetometry experiment in 

[127]. The red, green, and blue vectors show the x-, y-, and z-axis respectively. 

 

Figure 3.9. Curves of angular resolved magnetometry simulated from the PND result at 0.5 

T plotted together with the curves measured at 0.1 T from ref. [127]. Reproduced with 

permission from [87]. 
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Why was the PND result for 2 then not measured at 0.1 T as well, so that 

the magnetic susceptibility could be obtained at the same magnitude of the 

magnetic field and compared directly? The answer is that the magnetic 

diffraction signal scales directly with the magnetic field strength, as seen in 

eq. 2.22, meaning that it is uncertain whether any discernable magnetic 

diffraction signal would have been present at 0.1 T. 

3.5 Relaxation properties 

If relaxation properties are correlated with the magnetic anisotropy, the 

energy barriers of the two compounds should follow the difference in degree 

of anisotropy between the two compounds, and one would expect to see a 

correlation between the larger magnetic anisotropy of 1 compared to 2 and 

their relaxation properties. The relaxation properties of 1 have been reported 

in [126], measured at temperatures between 2 K and 12 K. Data between 2 K 

and 10 K were fitted to an Orbach process to give an anisotropy barrier of 16.5 

K. This is in stark contrast to 2, where the magnetic anisotropy was determined 

with an Orbach-fit between roughly 13 K and 18 K. This Orbach-fit 

corresponded to an anisotropy barrier of 189 K. For the study here, it was 

therefore decided to reinvestigate the anisotropy barrier of 2. That analysis of 

the relaxation data at the time indicated a very different relaxation barrier of 

319(22) K [87]. 

Reviewing the program used for fitting the relaxation times, it was realized 

that the Raman parameter in the original fit was defined reciprocally of the 

canonical definition, such that the reported value of 6.39(51) 𝑠−1 𝐾−𝑛 was in 

fact the reciprocal value of the true Raman parameter, which is now being 

fitted to 0.14(6) 𝑠−1 𝐾−𝑛 (see Table 3.4), where 𝑛 in both cases is the value 

of the Raman exponent. Changing the expression for the Raman exponent also 

influences the other parameter values, such that the newly fitted value for the 

anisotropy barrier is 345(30) 𝐾, which, within the error bars, is still the same 

as the originally reported value. Importantly, it is still much higher than the 

value reported in [126]. The reason can be identified as a need to measure data 
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closer to a temperature where the Orbach-barrier is active. The Orbach-barrier 

can be thought of as the asymptote of the relaxation times, when the 

temperature is going towards high temperatures, and from the data that was 

measured on 2, it is seen that the Raman mechanism is perfectly capable of 

reproducing the magnetic relaxation times between 6 and 10 K, where the data 

was fitted to a Orbach mechanism in [126]. 

 

Figure 3.10. Plot of the out-of-phase magnetic susceptibility as a function of the AC 

frequency. The color bar shows the temperature corresponding to the frequency series. 

Even in the data measured for this study, however, it is questionable 

whether the experiment is probing the Orbach relaxation mechanism. The data 

can also be fitted well within the entire temperature range using only the 

Raman and quantum tunneling processes. Both fits are shown in Figure 3.11, 

and the fitting parameters are shown in Table 3.4. The difference that is seen 

here in the magnetic relaxation barriers between 1 and 2 shows that if there is 

to be a correlation between barrier height and the degree of magnetic 

anisotropy, the anisotropy of 1 should be more pronounced than that of 2, 

which is also found to be the case in the site susceptibility measurements. 
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Figure 3.11. Relaxation times for 1 extracted from a simultaneous fit of the out-of-phase 

and in-phase susceptibility measurements. The red line is a fit to the data using the Orbach, 

Raman and quantum tunneling processes between 2 K and 22 K. The green line is a fit using 

just the Raman and quantum tunnelling processes. Error bars are 1𝜎 errors following the 

method presented in [121]. 

Table 3.4. Fitted magnetic relaxation parameters for 1 with and without the Orbach process 

 Fit 1 Fit 2 

𝜏𝑄𝑇 [𝑠]  3.85(1) ⋅ 10−4  3.80(3) ⋅ 10−4  

𝐶𝑅 [𝑠−1 𝐾−𝑛]  0.14(6)  0.08(1)  

𝑛  4.42(2)  4.63(5)  

𝜏0 [𝑠]  2.93(3.98) ⋅ 10−12   - 

𝑈𝑒𝑓𝑓 [𝐾]  345(30)   - 
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3.6 Discussion 

Having seen in this chapter, how different models are all able to provide a 

direction of the magnetic easy axis for Dy(III)-compounds, the question 

remains of how well the models agree. For the comparison between PND and 

ARM, Figure 3.9 shows a calculation of the ARM-curves. Another way is to 

calculate the angular discrepancy between the models. Such a comparison is 

shown in Table 3.5. 

Table 3.5. Comparison between ARM, MAGELLAN and PND for 1 and 2 given by the 

angle between the PND-result and the two other methods. 

 1 2 

ARM 19.5  -  

MAGELLAN 10.3 8.0 

 

Regardless of the good agreement between the ARM-curves and the curves 

simulated from PND, it is seen that there is some discrepancy between the 

easy axis as calculated from PND and ARM. However, given the 

fundamentally different approaches to measuring the molecular anisotropy 

that the two methods present, it is not surprising that there should be some 

difference, and in that light, it is still a remarkable agreement. 

In the effective spin ½ model, the value of 𝑔∥ should be 20. With the PND 

result, it is therefore possible to determine the degree to which the effective 

spin model is a good approximation by calculating the value of 𝑔𝑒𝑓𝑓 from eq. 

1.34. Based on the easy axis susceptibility values, that gives 𝑔𝑒𝑓𝑓 = 18.2(1) 

and 𝑔𝑒𝑓𝑓 = 17.7(7) for 1 and 2 respectively. These two values are identical 

within the uncertainties given by the experiment, and is well in line with ARM, 

which also shows a lower 𝑔𝑒𝑓𝑓 experimentally that the theoretical maximum 

[127]. 
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3.7 Conclusion 

With this project, it was shown that the PND technique, which measures 

the molecular magnetic anisotropy through the magnetic site susceptibility 

tensor, was able to obtain results that were comparable with the those obtained 

from the more conventional technique of ARM. This was shown both by 

comparing the ARM curves with curves simulated from PND, and by 

comparing the angles between the ARM and PND easy axes. At the same time, 

the results showed that the magnetic easy axis of 1 and 2 could be well 

approximated by the electrostatic approach to determining the magnetic easy 

axis, and that the pseudo-symmetry in the first coordination sphere was not 

significant in predicting the direction of the magnetic easy axis. This result 

therefore strengthens confidence in the electrostatic approach. Finally, this 

study was a landmark study which showed that the PND approach was 

experimentally feasible for SIMs with lanthanide ions as the magnetic center, 

and the successful completion of this study paved the way for the studies that 

will be the focus of the next four chapters. 
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4 Magnetic anisotropy in pentagonal 

bipyramidal lanthanide compounds 

With a method such as the site susceptibility technique, a question that 

arises with regards to lanthanides is the following: is it possible to directly see 

the difference in anisotropy, which would signify the difference in crystal field 

interaction, when one lanthanide is swapped for another in the same molecular 

environment? Such a question was the motivation for the study presented in 

this chapter, which has been accepted for publication as publication C in the 

list at the start of the thesis. Here, the compounds 

Ln(HMPA)2(H2O)5I3·2HMPA, where Ln=Dy (3) and Ho (4), and 

HMPA=hexamethylphosphoamide, were studied using a combination of 

PND, direct- and alternating-current susceptibility measurements and ab initio 

calculations. 3 had earlier been studied with DC magnetization and 

susceptibility studies, AC susceptibility and theoretical calculations [133]. In 

this study, the magnetic characterization was extended to 4 by using those 

same techniques, and both 3 and 4 were subject to a study with PND. The goal 

of the study was to test if the difference in magnetic properties between 3 and 

4 could be measured in a difference between the magnetic susceptibility 

tensors of the compounds. The magnetic data was collected and analyzed by 

Angelos B. Canaj who also synthesized the samples, and the structure of 4 was 

refined by Claire Wilson. I collected the neutron diffraction data and reduced 

it, refined and validated the site susceptibility models, and performed the ab 

initio calculations. 

4.1 Pseudo-linear lanthanide compounds 

The actual geometry of the compounds 3 and 4 are not that the lanthanide 

ion is linearly coordinated (see Figure 4.5), but it is sometimes described as 

pseudo-linear coordination. The pseudo-linear environment plays a large role 

in lanthanide chemistry. True linear coordination is hard to achieve because 
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of the size of the trivalent lanthanide ions, which makes it sterically favorable 

to have larger coordination numbers. Motivations for attempting to obtain 

linear coordination include the theoretical DyO+-moiety that shows a large 

zero-field splitting [58], and the theoretical reason for favoring axial crystal 

field operators which is to avoid state mixing. Even the partial realization of 

the DyO+-moiety in an apatite matrix, however, showed a coordination that 

could best be described as a pentagonal bipyramid [134]. Therefore, in the 

absence of purely linearly coordinated lanthanide compounds, much effort has 

been devoted to the pentagonal bipyramidal coordination scheme, which has 

been used to study the effects of pseudo-linearity. In this scheme, strongly 

interacting ligands are applied along an axis with respect to the metal ion, 

while weak ligands form the crystal field in the orthogonal plane. The 

designation “pentagonal bipyramidal” is, however, still an approximation, 

because no complexes fulfill the exact symmetry of the pentagonal bipyramid. 

The pentagonal bipyramidal geometry thus shows a large range of different 

compounds due to the freedom of choice in both axial and transverse ligands. 

Among those compounds can be found the compound with the largest reported 

value of Ueff [135] and the pentagonal bipyramidal Dy-compound that for 

some time held the record for highest measured hysteresis temperature of 20 

K [136]. It has been seen that when the strength of the axial crystal field 

increases (operationalized by a decreasing distance between Dy(III) and the 

axial ligand atoms), the effective relaxation barrier Ueff increases [137, 138]. 

Although having generally been less explored than its Dy(III) counterparts, 

pentagonal bipyramidal complexes of Ho(III) also exist in the literature [139-

143]. From electrostatic considerations, Ho(III) is not as markedly oblate as 

Dy(III), however, the correlation between the axial field strength and the 

height of the effective relaxation barrier has been suggested to also exist for 

Ho(III)-compounds [144]. In terms of relaxational properties, Ho(III) is not a 

Kramers ion based on its electronic angular momentum with 𝐽 = 8, so 

compounds of the ion should be expected to suffer more from quantum 

tunnelling effects due to state mixing. However, since there is a 100% natural 
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abundance of the Ho-isotope with nuclear spin 𝐼 = 7/2, Ho(III) can obtain 

some Kramers character by coupling to the nuclear spin, which has been 

shown to reduce quantum tunnelling [141] 

4.2 Molecular structures 

The crystal structure of 3 was solved from X-ray diffraction data collected 

at 100 K on a single crystal of 3 for the publication [133]. The structure of 4 

was solved for this study with X-ray diffraction data measured at 150 K. The 

structures of 3 and 4 both consist of the central lanthanide ion, surrounded by 

2 ligands of HMPA that coordinate axially to the lanthanide through the 

oxygen atom and 5 molecules of H2O that coordinate to the lanthanide in the 

transverse plane, and as shown in Figure 4.3 and Figure 4.5. The interatomic 

distances between the Ln and the oxygens in the first coordination sphere 

show both that there is axial compression in both compounds, and that the 

lanthanide-oxygen bond distances are very similar between the two 

compounds. 

Table 4.1. Interatomic distances between the central metal atom and the ligand oxygen 

atoms in the two compounds, both axial and equatorial. 

 3 4 

Axial O 2.202(4) 2.203(6) 

Axial O 2.208(4) 2.204(8) 

Equat. O 2.375(4) 2.349(8) 

Equat. O 2.357(4) 2.321(7) 

Equat. O 2.343(4) 2.329(7) 

Equat. O 2.364(4) 2.323(7) 

Equat. O 2.359(4) 2.343(7) 

 

The angles between water molecules in the transverse plane are 70.90°, 

71.29°, 71.72°, 72.98°, and 73.18° for 3 and 70.52°, 71.64°, 72.40°, 72.55°, 

and 72.95° for 4, and the axial PO-Ln-OP-angles are 177.97° and 179.54° 

for the two compounds respectively. Overall, this shows that there are only 

minor deviations from the ideal pentagonal bipyramidal geometry of 72° 
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between vertices in the transverse plane and 180° between the axial ligands. 

Calculations with the SHAPE tool [131] confirm that the pentagonal 

bipyramidal geometry is the closest match to the molecular geometry. Both 

structures show some disorder in the co-crystallized HMPA-molecules, and in 

4 there is furthermore disorder in one of the HMPA-ligands. Figure 4.3 and 

Figure 4.5 therefore show idealized versions of the structures, where only the 

parts of the structure with the largest occupancy are shown. 

4.3 Magnetic properties 

4.3.1 DC- and AC-susceptibility 

The compounds 3 and 4 incorporate the Dy(III) and Ho(III) ions which 

have the ground state terms 𝐻6
15/2 and 𝐼5

8 respectively. The values of the 

Landé g-factor, 𝑔𝐽, of 4/3 for Dy(III) and 5/4 for Ho(III), combined with 

their total angular momentum of 15/2 and 8 respectively, means that both 

compounds have the same value of 𝑔𝐽𝐽 = 4/3 ⋅ 15/2 = 5/4 ⋅ 8 = 10 and the 

same theoretical value of 𝑔∥ = 20 in the 𝑆 = 1/2 pseudo-spin model. 

  

Figure 4.1. Left: Magnetic susceptibility data for 3. Reproduced from ref. [133] with 

permission from the Royal Society of Chemistry. Right: Magnetic susceptibility data for 4. 

The red line on the plot of the susceptibility data is the ab initio calculated susceptibility. 

Reproduced from publication C. 
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Based on the Curie law, the theoretical room temperature 𝜒𝑇-value for 3 

and 4 is roughly 14.06 𝑐𝑚3 𝐾 𝑚𝑜𝑙−1 and 14.16 𝑐𝑚3 𝐾 𝑚𝑜𝑙−1, which is also 

what is measured experimentally for 4 as shown in Figure 4.1. For 4, the 

magnetization vs field curves, shown in Figure 4.2, remain close to linear up 

to a field strength of 1 T, meaning that the site susceptibility technique can 

retrieve quantitative magnetic susceptibility values according to eq. 2.22. 

 

Figure 4.2. Data of magnetization vs. field for 4 measured at 2 K, 4 K, and 6 K. Reproduced 

from publication C. 

Slow magnetic relaxation was observed for both 3 and 4 as a signal in the 

out-of-phase magnetic susceptibility without the application of a static 

magnetic field. For 3, the high temperature data was fitted with just the Orbach 

process to give a magnetic relaxation barrier Ueff = 600 K. For 4, the relaxation 

data was fitted across the entire temperature range (data measured from 6 K 

to 23 K) with the Raman and Orbach processes to give Ueff = 270 cm. 

4.3.2 Ab initio calculations 

Theoretical calculations on 4 were performed with OpenMolcas [145] 

through pymolcas and using the CASSCF/RASSI-SO/SINGLE_ANISO-

approach. The basis sets used for the atoms were from the ANO-RCC library 

[146], which has previously been used in similar calculations [2, 122, 144]. 

The basis sets were of pVTZ-quality for Ho, I, and O and of VDZ-quality for 
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P, N, C, and H. The active space was constructed with 10 electrons in the 7 f-

orbitals of Ho(III), using the 35 spin quintets (𝑆 = 2) of the Ho(III)-ion. As 

Ho(III) is not a Kramers ion, there is no expectation of degeneracy among 

time-reversed states. 

The calculations on 4 show a ground pseudo-doublet consisting almost 

exclusively of the |𝑚𝐽 = ±8⟩-states with a tunnelling gap of 1.61 ⋅

10−3 𝑐𝑚−1. The ab initio value of 𝑔∥ is computed to be 19.96, with a magnetic 

easy axis along the PO-Ho-OP-axis as shown in Figure 4.3. The energy 

difference between the ground pseudo-doublet, and the first excited pseudo-

doublet with a tunnelling gap of 0.8 𝑐𝑚−1 is ~260 𝐾. For the excited doublet, 

the direction of the calculated 𝑔∥ was close to perpendicular to that of the 

ground doublet with an angle of 86.72°. Similar calculations performed on 3 

in [133], show that for the ground doublet (which is a true doublet due to 

Dy(III) being a Kramers ion), 𝑔∥ = 19.97. The ground state easy axis is of 3 

calculated to lie along the PO-Dy-OP-axis for both the ground and first excited 

doublets. This changes at the second excited doublet with an energy of 640 𝐾, 

which has larger transverse components of the magnetic anisotropy. 

  

Figure 4.3. Right: Magnetic easy axis of 4 computed using the 21 spin sextets of Dy(III). 

Reproduced from ref. [133] with permission from the Royal Society of Chemistry. Left: 
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Magnetic easy axis of 4 from ab initio calculations in MOLCAS using the 35 lowest quintets 

of the Ho(III)-ion. Reproduced from publication C. 

4.4 Polarized neutron diffraction 

4.4.1 Data measurements and reduction 

The data on 3 and 4 were collected differently from the data on 1 and 2 in 

that the mounting of the crystal changed between the two experiments. For the 

experiments on 3 and 4, the crystal was glued onto an aluminium pin, which 

was inserted into a small goniometer attachment to the cold stick for the 

cryomagnet on 6T2. The attachment is shown in Figure 4.4. Such an 

attachment comes with the advantage over the packed-wool method of having 

very precise control over the crystal orientation. On the other hand, the 

aluminium ring can contribute to an uneven background when rotating the 

cold stick in the cryomagnet, which is something that ideally should be taken 

care of in the data reduction process. The measurements on both compounds 

were performed at a temperature of 5 K and a magnetic field strength of 1 T, 

and 3 magnetic field orientations were measured for 3, while 4 magnetic field 

orientations were measured for 4. 

 

Figure 4.4. The crystal of 3 mounted on the goniometer-attachment end of the cold stick to 

insert into the cryomagnet. The goniometer has two degrees of freedom: the rotation of the 

aluminium ring, and the rotation of the pin to which the crystal is glued. 
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The magnetic field orientations with respect to the molecule in the 

asymmetric unit are shown in Figure 4.5. For 3, a good spread in the 

orientations was obtained, whereas for 4, there are two magnetic field 

orientations that are both roughly along the axial direction (orientation 1 and 

2) and two that are both roughly along the transverse direction (orientation 3 

and 4). 

 

Figure 4.5. Magnetic field orientations for 3 (left) and 4 (right) plotted on top of the 

molecular structure. Atoms are C (gray), N (light blue), P (orange), O (red) and Dy/Ho (light 

green). Hydrogen atoms, I-counterions and co-crystallized HMPA-ligands have been 

omitted. The colors red, green, blue, and orange specify magnetic field orientations 1, 2, 3, 

and 4 respectively. Reproduced from publication C. 

4.4.2 Site susceptibility refinements 

In the refinement of the PND data on 3 and 4, the bond distances to 

hydrogen atoms were artificially elongated in the X-ray structure to have the 

same length as what has been reported to be the mean length of C-H-bonds in 

CH3-groups when determined with neutron diffraction [147]. This was done 

to mimic one of the keys aspects of obtaining a nuclear structure with neutrons, 
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namely the accurate positions of hydrogen atoms, in the absence of an 

experimental nuclear structure. 

The site susceptibility tensor that was refined for 3, and the best model 

obtained for 4 are shown on top of the molecular structures in Figure 4.6, and 

the parameters of those susceptibility tensors are given below 

 

𝜒
𝟑

/𝜇𝐵𝑇−1 = [

0.19(6) 0.40(7) −0.27(6)

0.40(7) 3.94(6) −5.13(7)

−0.27(6) −5.13(7) 5.72(5)
] 

 

𝜒
𝟒

/𝜇𝐵𝑇−1 = [

0.07(17) −0.74(11) 4.57(22)

−0.74(11) 4.55(12) −3.21(7)
4.57(22) −3.21(7) 6.70(23)

] 

(4.1) 

The eigenvalues of these susceptibility tensors are 10.1(1) 𝜇𝐵  𝑇−1, 

0.2(1) 𝜇𝐵  𝑇−1, and −0.4(1) 𝜇𝐵  𝑇−1 for 3 and 10.7(2) 𝜇𝐵  𝑇−1, 2.9(1) 𝜇𝐵  𝑇−1 

and −2.5(2) 𝜇𝐵  𝑇−1 for 4. A remarkable feature of this model is the direction 

of the susceptibility tensors. For 3, the experimental magnetic easy axis is 

perfectly along the PO-Dy-OP-axis. For 4, however, the magnetic easy axis 

does not point along this pseudo-symmetry axis, and it is instead tilted at an 

angle of 25(1)° from the PO-Ho-OP-direction. The susceptibility eigenvalues 

correspond to values of 𝑔∥ within the effective spin ½ model of 𝑔∥,𝟑 = 17.3(1) 

and 𝑔∥,𝟒 = 17.8(2). In line with the findings in Chapter 3, this is lower than 

the ab initio calculated values of 𝑔∥. The agreement between these models and 

the measured data are shown in Table 4.2 and plotted in Appendix B. 

Table 4.2. Number of flipping ratios (# FR’s) and agreement (𝜒2) between the site 

susceptibility models for each of the orientations for 3 and 4. 

  O1 O2 O3 O4 Overall 

3 # FR’s 71 127 53  - 251 

 𝜒2 3.64 6.11 2.03  - 2.5 

4 # FR’s 31 33 6 7 77 

 𝜒2 9.72 11.14 5.13 11.86 15.7 
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Figure 4.6. Experimental magnetic susceptibility tensors for 3 (left) and 4 (right). 

Reproduced from publication C. 

4.4.3 Evaluating the model for the Ho(III)-compound 

The tilting of the experimental easy axis of three away from the PO-Ho-

OP-direction combined with the poorer agreement between the data and the 

model, as seen in Table 4.2, prompted an investigation into the validity of the 

model obtained for 4. To test other plausible results, and to see whether the 

result presented in Figure 4.6 was in fact the best fit to the data and not just a 

local minimum of the refinement, a set of different models were compared to 

the data. The visualization of the susceptibility tensors corresponding to the 

different models is shown in Figure 4.7 and Figure 4.8. 

The first attempt was based on the observation that orientation 3 and 4 for 

4 contain very few flipping ratios to be used in the refinement. One model 

(“model 1”) was therefore an attempt to fit the magnetic susceptibility tensor 

with just orientation 1 and 2. That model, however, gave an unrealistically 
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large susceptibility parameter of 47 𝜇𝐵  𝑇−1 along the easy axis, and the 

susceptibility tensor was even more rotated with respect to the axial direction 

in the molecule, as seen in Figure 4.7. Orientation 3 and 4 are both close to the 

transverse plane (Figure 4.6). A likely explanation for the tilt in model 1 is 

therefore that the removal of flipping ratios close to unity from orientation 3 

and 4, combined with the fact that orientation 1 and 2 are both roughly along 

the same axis, results in the loss of orientational information needed to refine 

a valid model. Flipping ratios close to unity indicate the near absence of a 

magnetic moment and are therefore used to restrict the magnitude of the 

susceptibility tensor along certain directions. 

 

Figure 4.7. The susceptibility tensor for model 1 mentioned in the text. The model is tilted 

far away from the axial direction in the molecule. This was interpreted as the need for 

magnetic field orientations along the transverse plane of the molecule. Reproduced from 

publication C. 

A second model (“model 2”) was based on a filter of the measured flipping 

ratios. In some cases, removing the flipping ratios where |𝐹𝑅 − 1| < 𝑛𝜎, 

where 𝑛 is an integer, and 𝜎 is experimental uncertainty on the flipping ratio 

𝐹𝑅 can be useful, since it is an attempt to only keep the flipping ratios that 

measured a significant magnetic signal. This, however, only removed 4 
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flipping ratios from orientation 2, and the refinement did not change much 

from model 3 after this operation. Model 3 is the model presented in the 

previous section, where all available flipping ratios for all 4 orientations were 

used for a refinement. Finally, model 4 and model 5 were simulations rather 

than refinements. These models used the diagonalization relation  

 𝜒 = 𝑽𝑬𝑽𝑇  (4.2) 

where 𝑽 is a matrix whose columns are the normalized eigenvectors of the 𝜒-

tensor and 𝑬 is a matrix with the eigenvalues on its diagonal. Using this 

relation, a set of eigenvectors and eigenvalues can be used to calculate a 

susceptibility tensor, used to simulate flipping ratios, and thus compared to 

measured data. Model 4 was created by taking the eigenvalues obtained from 

model 3 and rotating the susceptibility tensor such that the largest eigenvalue 

was along the axial direction in the molecule. Model 5 was based on the same 

rotation but using the eigenvalues from the refinement on 3. The agreement 

between the different models and the data is shown in Table 4.3. Refinement 

starting from model 4 and model 5 reproduced model 3 in both cases. 

 

Figure 4.8. View of the different models attempted in the refinement of the PND data on 5 

as they are represented by the susceptibility tensors that were simulated. Reproduced from 

publication C. 
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Table 4.3. 𝜒2-values for all orientations and overall, for the models applied in the attempt 

to improve the modelling for the PND data measured on 4. 

 O1 O2 O3 O4 Overall 

Model 1 10.64 25.33  -  - 18.21 

Model 2 11.31 21.86 2.18 1.91 13.85 

Model 3 10.71 25.62 2.84 2.44 15.74 

Model 4 26.24 85.74 155.04 12.31 60.51 

Model 5 19.69 78.02 0.34 0.76 41.46 

4.5 Discussion 

The magnetization data and the theoretical calculations paint a clear picture 

for these compounds: the magnetic easy axis is along the axial direction in the 

molecule, and none of the two compounds have transverse anisotropy, as the 

computed values of 𝑔∥ were both close to the theoretical maximum of 20. 

Furthermore, the fitted relaxation parameters and the theoretical calculations 

showed a remarkable agreement: for 3, the AC susceptibility fitting gave 

𝑈𝑒𝑓𝑓 = 640 𝐾, and this is in good agreement with the fact that the 𝑔-tensor 

easy-axis for the second excited state at 600 𝐾 changes direction, indicating 

heavy mixing and thus relaxation through that state. For 4, a similar situation 

was encountered for the first excited state at 260 𝐾, where the fitting of the 

AC susceptibility measurements gave an effective barrier of 270 𝐾. 

This leaves the question of how to reconcile the PND refinements with the 

other results. For 3, this is no challenge, as the result for 3 was in perfect 

agreement with the ab initio calculations: strong axiality in the magnetic 

susceptibility tensor along the molecular axis, as well as small transverse 

elements. In fact, the transverse elements for 3 only correspond to 2% and 4% 

of the easy axis value. For 4, however, the agreement with the ab initio 

calculations is worse, even with model 3 (shown in Figure 4.6) that represents 

the best fit. The tilting that is shown by model 3 is one aspect of the model 

that requires further investigation. Although it is the best model of the ones 

that were considered, the absolute agreement with the data is poor. 
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Furthermore, the near overlap between orientation 1 and 2 and orientation 3 

and 4 means that there is inherently less directional information in the 

experiment on 4 than what is ideal. Furthermore, no ab initio calculations, 

neither those performed here, nor on similar compounds, support a tilting of 

the magnetic easy axis [140, 141]. Where the PND model for 4 is in better 

agreement with the other observations is in the fact that the refinement gives 

large transverse eigenvalues that make up 23% and 27% of the easy axis value. 

To understand that result, consider that the PND method measures an 

experimental ground state under an applied field. The applied field introduces 

transverse magnetic field components, and therefore the Hamiltonian contains 

terms with 𝐽𝑥 and 𝐽𝑦 that mix the first excited state from the ab initio 

calculations performed under zero field into the ground state that is being 

measured at 5 K, as shown by eq. 1.12. The first excited state of 4, as shown 

by the ab initio calculations, has its easy axis pointing perpendicular to that of 

the ground state, and mixing with that state thus introduces transverse 

anisotropy into the experimental susceptibility tensor. When this is not seen 

for 3, although there are also transverse magnetic field components in those 

measurements, it is because both the ground and first excited states of the ab 

initio calculations have axial anisotropy along the molecular axis. With these 

considerations in mind, the PND result strengthens the finding that magnetic 

bistability is better supported in 3 than in 4. 

4.6 Conclusions 

This study aimed to use PND to measure an expected difference in 

magnetic anisotropy, when Dy(III) and Ho(III) are placed in identical crystal 

fields, due to the different shapes of their 4f electron densities. The magnetic 

measurements and ab initio calculations performed on 3 and 4 show that the 

relaxation properties of the Dy(III)-analogue are better than that of the Ho(III)-

analogue. Relating this to the electrostatic model, this finding is in line with 

the notion that an axial crystal field is better at supporting the oblate electron 

density of the Dy(III) electron density than the less oblate electron density of 
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the Ho(III)-ion. The lesser degree of magnetic anisotropy in 4 compared to 3 

that is seen in both the AC susceptibility measurements through the lower 

energy barrier, and in the PND refinement is, however, not seen in the ground 

states of the ab initio calculations. That finding underlines the fact that PND 

can measure aspects of molecular magnetism that are not seen in idealized ab 

initio calculations and can therefore be used to provide important experimental 

insight into the static properties of molecular magnets. 
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5 Magnetic anisotropy in a pseudo-

octahedral Co(II) compound 

This study was performed on the compound CoCl2(tu)4 (5), where 

tu=thiourea. From the point of view of PND, this study was remarkable 

because it for the first time used the site susceptibility technique at a facility 

other than the LLB, where the method was first invented. Some of the data 

collection for this study was performed on the HB3A-beamline of the High 

Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL). 

The experimental setup on HFIR is different from the LLB setup on several 

parameters, including the procedure of mounting of the crystal on the 

instrument and the detector, in ways that will be described here. 

My contribution to this project, which was published as the paper 

“Structure-property correlation in stabilizing axial magnetic anisotropy in 

octahedral Co(II) complexes” [90], was in the measurement of PND-data at 

HFIR and at the LLB. I developed the routine to reduce data from HB3A and 

refined the site susceptibility of 5, and I measured the field-dependent AC 

susceptibility data. 

5.1 Molecular structure 

The compound presented here was first synthesized by Murugan et al., who 

showed that it was possible to grow crystals of this compound with side 

lengths in excess of 1 cm [148]. Crystals of such size makes the compound 

ideal for single-crystal neutron diffraction studies. The structure of 5 that was 

used for refinement against the polarized neutron diffraction data was 

therefore obtained from single-crystal diffraction data measured with 

unpolarized neutrons at the KOALA-instrument of the ACNS. A total of 5373 

Bragg-reflections were collected on the Laue-diffractometer, and the nuclear 

structure was refined by starting from a structural model based on X-ray 
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diffraction data collected at the Indian Institute of Technology Bombay 

(IITB). Details of the crystal structure and refinement are gathered in Table 

5.1. 

Table 5.1. Crystallographic details for the nuclear structure of 5 based on unpolarized 

neutron diffraction. 

 5 

Formula C4H16Cl2CoN8S4
 

Weight, g mol-1 434.32 

Crystal system Tetragonal 

Space group P42/n 

Z 4 

Radiation Neutron 

a, Å 13.4276(1) 

b, Å 13.4276(1) 

c, Å 8.9885(1) 

Wavelength, Å White beam 

µ, mm-1 3.123 

T, K 4 

Completeness, % 80.6 

R1, % 6.81 

wR2, % 26.4 

GoF 0.773 

 

The compound crystallizes in the tetragonal space group 𝑃42/𝑛 with the 

central Co-atom sitting on an inversion site in the structure. The point group 

of the compound is therefore 𝐶𝑖. The bond distances between Co and the 

nearest neighbors are 2.461 Å (Co-Cl1), 2.501 Å (Co-S1), and 2.548 Å (Co-

S2). The approximate symmetry of the compound can thus be described as an 

axially compressed octahedron with the Cl-atoms occupying the axial 

positions and the tu-ligands coordinating to Co through the sulfur-atom in the 

transverse plane. 
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Figure 5.1. Molecular structure of 5 measured with unpolarized neutron diffraction. The 

atoms are displayed as 90% ellipsoids. Atoms are Co (purple), S (yellow), C (grey), N (light 

blue) and Cl (green). Hydrogen atoms have been omitted. 

5.2 Ab initio calculations 

Theoretical ab initio calculations performed on the nuclear structure of 5 

using ORCA [149] were used here to obtain the ordering of d-orbitals and to 

extract theoretical spin Hamiltonian parameters through the ab initio ligand 

field theory (AILFT) approach. The calculations showed an orbital splitting in 

line with that expected from crystal field theory, namely with 𝑑𝑥𝑦 being lowest 

in energy, followed by the nearly degenerate 𝑑𝑥𝑧,𝑑𝑦𝑧-pair, the 𝑑𝑥2−𝑦2 and 

finally 𝑑𝑧2 highest in energy. The calculations gave the 𝐷 and 𝐸 CFPs and the 

eigenvalues of an anisotropic 𝑔-tensor with values of 𝐷 = −84.1 𝑐𝑚−1, 

𝐷/𝐸 = 0.22, 𝑔𝑥 = 2.00, 𝑔𝑦 = 2.26, and 𝑔𝑧 = 3.06. 
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5.3 Magnetic measurements 

5.3.1 DC magnetization data 

DC magnetization data was measured for 5 as both temperature-dependent 

susceptibility data and as magnetization as a function of field strength. The 

susceptibility data was obtained at 10 kOe and shows that the room 

temperature value of 𝜒𝑇 reaches 2.98 𝑐𝑚3 𝐾 𝑚𝑜𝑙−1, which is much larger 

than the spin-only value for 𝑆 = 3/2 of 1.875 𝑐𝑚3 𝐾 𝑚𝑜𝑙−1. This large value 

signifies that there must be a contribution to the magnetic properties from 

orbital angular momentum. The expectation based on the 𝐷-tensor formalism 

is furthermore that Co(II) in an axially compressed octahedral environment, 

shows a large negative axial zero-field splitting parameter 𝐷. The reduced 

magnetization plots shown in Figure 5.3 also indicate zero-field splitting, as 

the curves are non-superimposable. 

 

Figure 5.2. Magnetization data measured for 5. A) Magnetic susceptibility vs. temperature 

up to 300 K (inset shows magnetization as a function of field measured up to 55.5 T). B) 

Magnetization vs. field up to 14 T. Reprinted with permission from [90]. Copyright 2021 

American Chemical Society. 
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Figure 5.3. Left: Reduced magnetization vs. field for 5. Reprinted with permission from 

[90]. Copyright 2021 American Chemical Society. Right: Magnetization curves measured at 

2 K, 4 K, 6 K and 8 K at the IITB. A general fit to these magnetization data was unsuccessful. 

With theoretical reasons for expecting a large 𝐷-parameter due to second 

order orbital angular momentum between the nearly degenerate orbitals 𝑑𝑥𝑧 

and 𝑑𝑦𝑧 [33, 34], the magnetic data was attempted fitted with a spin 

Hamiltonian as a combination of eqs. 1.15 and 1.7 with an isotropic 𝑔-tensor 

 �̂� = 𝐷 [�̂�𝑧
2 −

𝑆(𝑆 + 1)

3
] + 𝐸(�̂�𝑥

2 − �̂�𝑦
2) + 𝑔𝜇𝐵𝑩 ⋅ �̂� (5.1) 

As shown in Figure 5.2, this model was able to reproduce some of the 

measured data at field strengths above ~5 T for the magnetization data and 

above ~35 K for the susceptibility data. In the fits, 𝐷/𝐸 was fixed to the value 

obtained from the ab initio calculations, and separate fits were conducted of 

the 𝜒𝑇-data and of the magnetization data. The best fit parameters to the 

magnetization data were then 𝐷 = −63(10) 𝑐𝑚−1, 𝑔𝜒𝑇 = 2.53(5) and 𝑔𝑀 =

2.7(1). At low fields and temperatures, the data could instead be reproduced 

with the exchange coupling Hamiltonian 

 
�̂� = −𝐽 ∑ 𝑆𝑧,𝑖 ⋅ 𝑆𝑧,𝑗

𝑖,𝑗

 
(5.2) 

where an Ising-model with spins of magnitude 𝑆𝑧 = ±3/2 was employed, 

which showed weak ferromagnetic coupling with a strength of 𝐽 =
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0.31(3) 𝑐𝑚−1. Even though it was not possible to construct a model that could 

satisfactorily fit the magnetization and susceptibility data over the entire field 

and temperature ranges, the magnetization data thus corroborated the ab initio 

result of a negative axial zero-field splitting parameter. 

5.3.2 AC susceptibility data 

With a large negative zero-field splitting parameter, it is easy to suspect 

slow magnetic relaxation in 5. However, measurements of the out-of-phase 

susceptibility showed an absence of slow relaxation in the absence of a static 

field. To test whether slow relaxation could be induced by a static field, as has 

been the case for other compounds [150], AC susceptibility measurements 

were conducted under 21 different field strengths spaced between 0 Oe and 20 

kOe on a logarithmic scale. As Figure 5.4 shows, no slow relaxation could be 

observed in 5 regardless of field strength. 

 

Figure 5.4. Alternating-current susceptibility measurements on 5 under applied static fields 

spaced logarithmically between 0 Oe and 20 kOe. Measurements were performed at 2 K 

with a dynamic field strength of 3 Oe. 
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5.4 Polarized neutron diffraction 

The data for the site susceptibility studies were combined from data 

measured both at the LLB and the HFIR. Two orientations of the crystal with 

respect to the external magnetic field were measured at HFIR, and another two 

orientations were measured at the LLB. The same crystal was used at HFIR 

and at the LLB, and the measurements were performed at a temperature of 6 

K and a magnetic field of 0.78 T on HB3A and 1 T on 6T2. The measurements 

at the LLB were conducted on the 6T2-diffractometer using the setup with a 

small goniometer on the end of a cold stick that is described in Chapter 4. As 

shown in Figure 5.3, the magnetization is linear with respect to the applied 

field up to at least 1 T at 6 K. 

5.4.1 Data measurement at the Oak Ridge National Laboratory 

The data for this compound were measured on the HB3A-diffractometer, 

also known as DEMAND [151], on the High Flux Isotope Reactor (HFIR) at 

the Oak Ridge National Laboratory (ORNL). The HB3A-diffractometer 

operates somewhat differently from the 5C1- and 6T2-diffractometers because 

there is no cryomagnet. Instead, a magnetic field is supplied by two permanent 

magnets above and below the sample as shown in Figure 5.5, and the full setup 

with cooling, a cooling shield and the permanents magnets is moved on a 

conventional four-circle goniometer. On HB3A, the detector is a small area 

detector in the horizontal scattering plane, able to detect one peak at a time, 

making it possible to resolve the peak shape of the one peak that is moved into 

diffraction condition at a time. An orientation matrix was then determined 

with unpolarized neutrons prior to the polarized experiment to predict the 

settings that would set a Bragg-peak into diffracting conditions. 
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Figure 5.5. Top: The crystal of 5 mounted on the HB3A-diffractometer. The crystal is glued 

onto the aluminium pin that is coming in from the left. The metallic components at the top 

and bottom are the permanent magnets that give rise to an external magnetic field. Bottom: 

The crystal of 5 on the diffractometer. The 𝜒-circle of the goniometer is seen in the 

background. The collimator is coming in from the right, and the detector is seen coming in 

from the left. 

5.4.2 Data reduction from ORNL 

The data collection on HB3A consisted of one frame per Bragg peak. 

Conventionally, HB3A measures a rocking curve for each Bragg-peak, and 

the peak intensity is then determined from a 1-dimensional fitting of the 
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intensity measured in the detector vs. the rocking curve angle. With the drop 

in intensity caused by using polarized neutrons, however, measuring one 

frame required 300 seconds of counting time, and it was decided to measure 

only one frame and then to extract the flipping ratio as the ratio between slices 

of Bragg-peak intensities. This meant a need to implement a routine for 

determining Bragg peak intensities from single frames. Several strategies 

based on the statistical properties of a collection of pixels in an integration box 

have been developed for such a task [152, 153]. In the case of data measured 

on HB3A, however, the frames were sparse, and the pixel size was very small 

compared to the peak, so applying the strategy from [152] to the pictures did 

not give a well-connected peak area. Instead, the following peak integration 

strategy (shown for an example peak in Figure 5.6) was developed and 

implemented to extract flipping ratios from the data in close contact with the 

software team and instrument responsible at HB3A: 

1. Locate candidate regions for a peak by performing a Gaussian 

smoothing of the image. Because the data in the frames was sparse, 

most parts of the frame were smoothed to zero, expect (typically) a 

region with a higher concentration of intensity due to a peak being 

present in the frame. Potential peak pixels are then all pixels with a 

non-zero intensity in the smoothed image. 

2. The peak region is determined in both the frame with polarization 

up and with polarization down. The total peak region is found by 

joining the two peak areas from the up- and down-polarized images. 

3. A padding is added to the peak area to include the tails of the peak 

distribution. This step was inspired by the procedure in [152]. 

4. The background is found by padding the border of the peak with a 

consecutively wider border, until the number of pixels in the border 

is at least the same as in the peak. The background signal is in this 

way calculated from the intensity in the immediate surroundings of 

the peak. 
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Figure 5.6. Measurements of the Bragg-peak (-1,-3, 1) with flipping ratio 1.06(2) based on 

Iup = 16544(183) and Idown = 15584(180). Top: The extracted peak region is marked (yellow 

line) on the measured frames with polarization up on the left and polarization down on the 

right. Bottom, left: the padded peak region determined by adding a border of 10 pixels 

around the peak. Bottom, right: The area used to estimate the background of the 

measurement. 
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5. Peak (background) intensity is calculated as the sum of all intensity 

in the frame within the peak (background) area, and the 

experimental uncertainty is estimated as the sum of squared 

uncertainties in individual pixels. Pixels for which the intensity 

count was zero were given an experimental uncertainty of √3. 

 

Finally, Bragg peaks were rejected based on three factors: if the peak area 

was zero (no peak measured in the frame), if the integrated intensity in either 

one of the frames (polarization up or polarization down) less than 2𝜎, or if the 

background-corrected intensity was negative. 

5.4.3 Flipping ratios and magnetic field orientations 

The magnetic field directions determined for all 4 orientations of the 

crystal with respect to the magnetic field are shown in Figure 5.7, and the 

experimental parameters are given in Table 5.2. 

 

Figure 5.7. Magnetic field directions obtained for 5. The red, green, blue, and orange vectors 

correspond to orientation 1, 2, 3, and 4 respectively as given in Table 5.2. Reprinted with 

permission from [90]. Copyright 2021 American Chemical Society. 
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Table 5.2. Summary of the data collection on 5 in terms of number of collected flipping 

ratios and number of flipping ratios kept for the refinement. 

 HB3A 6T2 

Field [T] 0.78 1.00 

Polarization 0.94 0.905 

Temp. [K] 6 6 

Orientation 1 2 3 4 

Reflections 

measured 

207 356 126 141 

Flipping ratios 26 26 27 10 

5.4.4 Site susceptibility results 

The flipping ratios extracted from the HB3A-frames with the procedure 

described in section 5.4.2 were combined with those measured at the LLB and 

a site susceptibility model was refined against all data using CHILSQ. The 

magnetic site susceptibility of 5 is shown in Figure 5.8. The model shown here 

was obtained by setting the elements 𝜒1 and 𝜒2 identical (see the general 

susceptibility tensor, eq. 1.31 for nomenclature). 

 

Figure 5.8. Magnetic site susceptibility of the Co-atom in 5. Atoms are Co (purple), Cl 

(green), S (yellow), C (grey), N (blue). Hydrogen atoms have been omitted. Reprinted with 

permission from [90]. Copyright 2021 American Chemical Society. 
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The agreement between the model and data based on 𝜒2-values for the four 

magnetic field orientations 1, 2, 3, and 4 was 1.94, 1.93, 15.0, 26.4, and the 

overall 𝜒2-value was 6.5. Plots of the agreement between the model and 

measured data are shown in Appendix B. In the ℰ-system of the CCSL, the 

site susceptibility tensor has the parameters 

 𝜒
𝟓

/𝜇𝐵𝑇−1 = [

0.313(23) 0.09(23) −0.03(0.22)

0.09(23) 0.313(23) 0.29(17)

−0.03(22) 0.29(17) 0.551(96)
] (5.3) 

with eigenvalues 0.75(21) 𝜇𝐵  𝑇−1, 0.35(8) 𝜇𝐵  𝑇−1, and 0.08(20) 𝜇𝐵  𝑇−1. 

Based on these eigenvalues, the powder susceptibility of 5, which can be 

calculated from PND as 1

3
(𝜒𝑥 + 𝜒𝑦 + 𝜒𝑧) is 0.39(9) 𝜇𝐵  𝑇−1. A calculation as 

𝑀/𝐻 from the linear part of the data at 6 K in Figure 5.3 gives a comparable 

value of ~0.45 𝜇𝐵  𝑇−1, indicating that the PND powder susceptibility and the 

susceptibility based on magnetization data agree within the experimental 

uncertainty. 

5.5 Discussion 

The determination of the site susceptibility tensor from PND showed 

unambiguously from an experimental standpoint that the magnetic anisotropy 

of 5 is of the easy axis type. As the anisotropy type (equivalent to the sign of 

the 𝐷-parameter) is not always straightforward to determine from DC 

magnetization data, other experimental techniques are required to establish the 

sign of 𝐷. 

In addition to the sign, PND also here gave the direction of the magnetic 

easy axis, which other methods are unable to do unambiguously for the 

tetragonal crystal system, as discussed in section 2.5.1. As was shown in 

section 2.2.3, if there were a four-fold symmetry axis on the position of the 

Co(II)-ion, the four-fold axis would also have to be a primary axis of the 

magnetic susceptibility tensor. In that case, the data from the ORNL would 

have been enough to refine the two parameters of the susceptibility tensor. 
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However, the combined four orientations clearly showed a tilted magnetic 

easy axis, as we see in the final model for 5. Furthermore, the agreement with 

the ab initio calculated direction of the magnetic easy axis, shown in Figure 

5.9, is remarkable. This precise agreement between theory and experiment 

serves as a strong corroboration of the ab initio results. 

 

Figure 5.9. Ab initio calculated direction of the magnetic easy axis of 5. Reprinted with 

permission from [90]. Copyright 2021 American Chemical Society. 

An important aspect of the PND approach is that the measurement 

disentangles the magnetic susceptibilities along the primary axes of the 

magnetic environment. In that way, the measurement gives 𝜒𝑥, 𝜒𝑦 and 𝜒𝑧 

directly from the experiment and not just the powder average. With such 

detailed knowledge, it might be possible to use the susceptibility eigenvalues 

quantitatively to extract spin Hamiltonian parameters as well. However, the 

fact that orbital angular momentum is present in this compound, combined 

with the fact that the conventional spin Hamiltonian fitting was only partly 

successful for this compound, and not at low temperatures, makes such a 

quantitative comparison infeasible. As for the direction of the magnetic easy 

axis, the tilting away from the pseudo-fourfold rotation axis shows clearly 

again that magnetic properties can behave very differently from what is 

suggested by idealized symmetry considerations. It should be noted that a 

tilting of the magnetic easy axis towards a pseudo-threefold rotation axis 
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between two faces of a pseudo-octahedron has also been observed 

experimentally with PND for other compounds [88, 89]. 

5.6 Conclusion 

In this study, the magnetic properties of an octahedral Co(II) compound 

were determined using a range of techniques from DC magnetization data, AC 

magnetization data, and ab initio calculations, to polarized neutron diffraction. 

The magnetization studies and ab initio calculations both supported a 𝐷-value 

of a formidable size with a reasonable agreement between theory (𝐷 =

−84.1 𝑐𝑚−1) and experiment (𝐷 = −63(10) 𝑐𝑚−1). However, a full model 

that could explain the magnetic measurements for all magnetic field strengths 

and temperatures was not obtained. PND was able to confirm the sign of 𝐷 

with a complementary method and show that the tilting of the magnetic easy 

axis is not just a theoretical artefact but can be seen experimentally as well. 

Finally, the complete absence of slow relaxation in this compound shows 

the clear distinction that must be made between zero-field splitting being 

present, which is a static property, and has been shown unambiguously in this 

study to be present in 5, and slow magnetic relaxation, which is a dynamic 

property and thus influenced by more factors than zero-field splitting alone. 

 

  



104  5 Magnetic anisotropy in a pseudo-octahedral Co(II) compound 

 

 

 

 

  



6.1 Tetrahedral Co(II)-compounds  105 

 

 

6 Site susceptibilities from polarized 

neutron powder diffraction 

For the study presented in this chapter, the two analogous pseudo-

tetrahedral complexes with the formula CoX2(tmtu)2 with X=Cl (6) and Br (7) 

were studied. The methods applied were polarized neutron diffraction, 

multipole refinements of the experimental charge density, and ab initio 

calculations to derive theoretical crystal field parameters. 6 was measured with 

powder neutron diffraction, while a single crystal of 7 was used for the study. 

The combination of scattering techniques allowed for a reconstruction of both 

the distribution of electrons within the compound, and a study of the 

anisotropic magnetism originating from that distribution. My contribution was 

the refinement of site susceptibilities from the powder data and single-crystal 

data and the interpretation of the site susceptibilities in relation to the ab initio 

results and magnetic measurements. The electron density measurements and 

refinement of the multipole model as well as ab initio calculations were 

performed by Emil Damgaard-Møller. Iurii Kibalin collected the polarized 

neutron powder diffraction data. Some of the work that is presented in this 

chapter has been accepted for publication in paper D in the publications list. 

This includes the polarized neutron diffraction data on 6 and 7, the multipole 

refinements and the ab initio calculations. For 6, the data analyzed in 

publication D was the set measured at 2 K and 2 T. In the present chapter, 

those data will be supplemented by an analysis of data measured at several 

other magnetic field strengths. 6 and 7 have also earlier been studied using DC 

magnetization, AC susceptibility, and ab initio methods [154]. 

6.1 Tetrahedral Co(II)-compounds 

The first tetrahedral complex based on a transition metal to show slow 

relaxation of its magnetic moment was a Co(II)-complex with 4 identical 

ligands [155]. On tetrahedral molecules of the type studied here, previous 
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studies have shown that the magnetic anisotropy, quantified by the 𝐷-

parameter decreases, when ligand atoms in the first coordination sphere 

become heavier [156, 157]. The DC-susceptibility measurements showed that 

6 and 7 have room temperature 𝜒𝑚𝑇-values of 2.58 cm3 K mol-1 and 2.72 cm3 

K mol-1 respectively [154], which is significantly larger than the theoretical 

value of 1.875 cm3 K mol-1 for 𝑆 = 3/2 such as that expected for Co(II) (d7), 

showing that there must be a magnetic contribution from orbital angular 

momentum. The magnetic data for this compound could be fitted well with 

the Hamiltonian in eq. 1.15 and gave negative 𝐷-values for both 6 and 7 with 

values of 𝐷 = −18.1 𝑐𝑚−1 and 𝐷 = −16.4 𝑐𝑚−1 respectively, in good 

agreement with theoretical calculations of 𝐷 = −18.9 𝑐𝑚−1 (𝐸/𝐷 = 0.09) 

and 𝐷 = −16.64 𝑐𝑚−1 (𝐸/𝐷 = 0.088). AC susceptibility measurements 

showed that 6 and 7 are field induced SMMs, and a fit to the magnetic 

relaxation times between 2 K and 8 K under optimal fields of 1.2 kOe (6) and 

2.75 kOe (7) gave values of Ueff of 26.2 cm-1 for 6 and 22.9 cm-1 for 7. 

 

Figure 6.1. Left: Electron configuration for Co(II) in an elongated tetrahedral environment 

in the ground state. Right: First excited state of Co(II) in an elongated tetrahedral 

environment. These two states interact through the �̂�𝑧-operator, and this coordination 

environment is therefore expected to give 𝐷 < 0. Graphics courtesy of ASN. 
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6.2 Molecular structures 

X-ray structures of 6 and 7 were obtained from high-resolution single 

crystal X-ray diffraction obtained at the BL02B1 beamline at the Spring-8 

synchrotron in Japan. These were used for multipole refinements on both 

compounds. For 7, that structure was furthermore used as a starting point for 

a refinement of a nuclear structure based on single crystal unpolarized neutron 

diffraction data from the KOALA-beamline. The nuclear structure was used 

as the structural model for refining the single-crystal PND data. A summary 

of the refinement for 7 is shown in Table 6.1. 

Table 6.1. Crystallographic and refinement details for the nuclear structure of 7 based on 

unpolarized neutron diffraction. 

 7 

Formula C10H24Br2CoN4S2 

Weight, g mol-1 483.20 

Crystal system Monoclinic 

Space group P21/n 

Z 4 

Radiation Neutron 

a, Å 9.8432(19) 

b, Å 12.942(3) 

c, Å 14.629(3) 

Β, degrees 92.540(3) 

Wavelength, Å White beam 

T, K 10 

Completeness, % 64.6 

R1, % 7.36 

wR2, % 12.21 

GoF 1.164 

6.2.1 Structure comparison 

Both compounds crystallize on a general position in the 𝑃21/𝑛 space 

group. The first coordination sphere of the Co-atom conforms to a pseudo-

tetrahedral symmetry, and the bond angles and lengths are shown for both 



108  6 Site susceptibilities from polarized neutron powder diffraction 

 

 

 

compounds in Table 6.2. The Co-S bond lengths are similar in the two 

compounds, and the C-X bonds are longer in 7 (Br) than in 6 (Cl). The angles 

in the coordination sphere deviate noticeably from the ideal value of 109.47˚, 

but are remarkably similar between the two complexes, such that the primary 

difference between 6 and 7 is the Co-X bond lengths. 

Table 6.2. Selected structural parameters for the tetrahedral compounds considered in this 

study. Distances (d) and differences () are given in Å, and angles () are in degrees. The 

table has been partly reproduced from publication D in the publications list given at the 

beginning of the thesis. 

 6 7 (X-ray) 7 (nuclear) 

d(Co-X1) 2.26935(5) 2.41603(6) 2.412(3) 

d(Co-X2) 2.25542(5) 2.40284(6) 2.408(3) 

(Co-X) 0.01393 0.01319 0.004 

d(Co-S1) 2.33625(5) 2.32758(7) 2.334(4) 

d(Co-S2) 2.36393(5) 2.34945(8) 2.349(5) 

(Co-S) 0.02768 0.02187 0.015 

S1-Co-S2 106.304(2) 106.744(3) 106.35(15) 

X1-Co-X2 114.186(2) 113.804(2) 113.60(11) 

X1-Co-S1 106.089(2) 103.895(2) 104.16(14) 

X1-Co-S2 105.728(2) 105.132(2) 105.26(14) 

X2-Co-S1 114.208(2) 117.482(2) 117.79(14) 

X2-Co-S2 109.700(2) 108.884(2) 108.78(15) 

 

In both compounds a molecular axis was defined as going from the Co-

atom and bisecting the line between S1 and X1. In an ideal tetrahedron this 

axis would correspond to a two-fold rotation axis. In this setting the two angles 

that are cut by the molecular axis are either compressed (S1-Co-X1) or left 

almost unchanged (S2-Co-X2). The four remaining angles are pairwise 

smaller (the two angles involving S2) and larger (the two involving X2) than 

the ideal tetrahedral angle. This decision for the molecular axis corresponds 

roughly to the easy axis calculated by the earlier ab initio calculations on 

similar compounds [157]. 
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Figure 6.2. X-ray molecular structures of 6 (top) and 7 (bottom). Atoms are Co (purple), Cl 

(green), Br (brown), S (yellow), N (blue), and C (grey). Hydrogens have been omitted. 

Atoms are shown as 90% ellipsoids. Reproduced from publication D. 

 

Figure 6.3. The coordination environments of 6 (left) and 7 (right) shown with an emphasis 

on the angles in the coordination sphere. In both compounds X2 forms a larger angle with 

X1 and S1 than S2 does. 
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6.3 Electron densities and orbital orderings 

6.3.1 Experimental and theoretical electron density 

The experimental electron densities of 6 and 7 were refined from the X-ray 

diffraction data collected at Spring-8 by using the multipole model (eq. 2.34). 

The populations of the harmonic functions from the refinement were then 

projected onto the 3d-functions of the Co-atom. In the same manner, the 

populations were obtained from a refinement based on structure factors that 

have been derived from a theoretical calculation [158]. Populations for 6 and 

7 from both the theoretical model and the experimental model are shown in 

Table 6.3. The deviations from populations expected from the Aufbau 

principle (2, 2, 1, 1, 1 for 𝑑𝑧2, 𝑑𝑥2−𝑦2, 𝑑𝑥𝑦, 𝑑𝑥𝑧, 𝑑𝑦𝑧) can partly be explained 

as being a result of SOC. SOC mixes the two states shown in Figure 6.1 to 

form the ground state that is measured experimentally. Effectively, this means 

that electrons are removed from the 𝑑𝑥2−𝑦2 orbital and inserted into the 𝑑𝑥𝑧 

orbital as observed in the population parameters in Table 6.3. 

Table 6.3. Co(II) 3d orbital populations for 6 and 7 refined using the multipole model with 

experimental and theoretical structure factors. Table reproduced from publication D. 

Symmetry d-orbital 6 (exp) 6 (theory) 7 (exp) 7 (theory) 

t2 d(yz) 1.12 

(16.0) 

1.06 

(15.0) 

1.26 

(16.9) 

1.08 

(15.2) 

d(xz) 1.08 

(15.4) 

1.07 

(15.1) 

1.27 

(17.1) 

1.10 

(15.5) 

d(xy) 1.11 

(15.9) 

1.07 

(15.1) 

1.13 

(15.2) 

1.06 

(15.0) 

e d(x2-y2) 1.86 

(26.6) 

1.95 

(27.7) 

1.98 

(26.6) 

1.95 

(27.4) 

d(z2) 1.82 

(26.1) 

1.91 

(27.1) 

1.79 

(24.1) 

1.91 

(26.9) 

 SUM 6.99 7.06 7.43 7.10 
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6.3.2 Ab initio calculations of crystal field parameters 

For a complete description of the magnetic anisotropy from a first 

principles approach, ab initio calculations were performed using ORCA [149]. 

The calculations were performed in an orthonormal basis with the 𝑧-axis along 

the molecular axis defined in section 6.2.1. With ab initio ligand field theory, 

these calculations were used to obtain the theoretical d-orbital ordering. Notice 

that the 𝑑𝑥𝑦-orbital is stabilized compared to the other orbitals in the t2g set. 

The coupling of 𝑑𝑥𝑦 and 𝑑𝑥2−𝑦2  through the �̂�𝑍-operator is then what 

contributes with second-order orbital angular momentum, results in a negative 

𝐷-value, and increases the magnetic signal beyond the spin-only value. Notice 

also that the calculation confirms the orbital ordering shown in Figure 6.1, that 

could be expected based on purely qualitative arguments. 

 

Figure 6.4. Orbital orderings obtained from ab initio ligand field analysis (AILFT) on the 

ab initio result on 6 (left) and 7 (right). Reproduced from publication D. 

These calculations gave the CFPs 𝐷 = −18.57 𝑐𝑚−1 (𝐸/𝐷 = 0.067) for 

6 and 𝐷 = −17.75 𝑐𝑚−1 (𝐸/𝐷 = 0.086) for 7, resembling those of the 

previous publication [154]. The magnetic easy axis, quantified by the ab initio 
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calculated 𝐷-tensor, was also obtained from these calculations and will be 

considered in section 6.6. 

6.4 Single crystal PND on CoBr2(tmtu)2 

The single crystal diffraction data collected on 7 was collected on 6T2 with 

the same method as used in Chapter 3, by using the quartz wool packing 

method of mounting the crystal. A total of 5 crystal orientations were 

measured, all at a temperature of 3 K and a magnetic field strength of 1 T, with 

a beam polarization of 0.78 and a neutron wavelength of 1.4 Å. The 

measurements were made with the magnetic field orientations that are shown 

in Figure 6.5, and the data was reduced according to the procedure laid out in 

Figure 3.4. The flipping ratios obtained after the data reduction were used for 

an unconstrained refinement of the six elements of the magnetic susceptibility 

tensor. 

 

Figure 6.5. Magnetic field orientations with respect to the molecule in the asymmetric unit 

of 6. Orientations 1, 2, 3, 4, and 5 are represented by the red, green, blue, yellow, and orange 

vectors respectively. Reproduced from publication D. 

6.4.1 Susceptibility tensor of CoBr2(tmtu)2 

The magnetic susceptibility tensor for 7 was refined using CHILSQ of the 

CCSL. This gave the tensor, given in the CCSL basis ℰ = (𝒊, 𝒋, 𝒌), 
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 𝜒
𝟕

/𝜇𝐵𝑇−1 = [

0.197(21) 0.392(30) −0.436(13)

0.392(30) 0.962(10) −1.042(16)

−0.436(13) −1.042(16) 1.371(12)
] (6.1) 

The magnetic susceptibility of 7 has the eigenvalues 2.38 𝜇𝐵𝑇−1, 

0.11 𝜇𝐵𝑇−1 and 0.03 𝜇𝐵𝑇−1, and is extremely axial. This susceptibility tensor 

is visualized as an ellipsoid in Figure 6.6. 

 

Figure 6.6. Magnetic susceptibility tensor of 7 at a magnetic field strength of 1 T and a 

temperature of 3 K. Reproduced from publication D. 

The agreement parameters between the experimental and calculated 

flipping ratios are shown in Table 6.4, giving the overall agreement between 

the model and the data as a 𝜒2-value of 1.93. Plots of the agreement between 

refinement and experiment are shown in Appendix B. 

 

Table 6.4. Summary of the reduced data and the agreement between the model and the 

refinement for 7 for the 5 orientations (O1, O2, O3, O4, and O5) and overall. The orientations 

correspond to the magnetic field orientations shown in Figure 6.5. ‘# FRs’ is the number of 

flipping ratios measured in the orientation. 

 O1 O2 O3 O4 O5 Total 

# FR’s 75 34 21 102 32 264 

𝜒2 1.48 1.22 1.35 1.42 5.73 1.93 
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6.5 Powder PND on CoCl2(tmtu)2 

6.5.1 Diffractometer layout and powder data collection 

The polarized neutron powder diffraction data were measured on the 6T2 

diffractometer. A description of the data collection and the result of the 

refinement on the 5 T data was published in 2019 [91]. The refinement of data 

and discussion of the results obtained at all four field strengths will be 

presented here. A central advantage of the powder site susceptibility method 

is the ability to collect data quickly, thus creating the possibility of measuring 

at several field strengths or temperatures. 

The data was collected by performing a scan of the detector with a 

stationary sample. The detector moves along the horizontal plane of the 

diffractometer, along which the angle 2𝜃 = 𝛾 is measured (consider Figure 

2.2 for the definition of 𝛾), where 2𝜃 is the Bragg diffraction angle. The data 

consisted of 241 detector images for each polarization state of the neutron 

beam, collected with the detector in positions between 17° and 65° in 𝛾 

(giving a measurement for every 0.2°), thus providing a good overlap between 

the frames at consecutive angles. The two frames at each detector position 

were measured with positive polarization of the neutron beam (to give the 

diffraction intensity 𝐼+) and negative beam polarization (to give 𝐼−). The raw 

frames for each polarization were merged and corrected for the instrumental 

background using in-house software developed at the LLB. This gave the 

intensity data across the entire angular range for the two antiparallel beam 

polarizations, 𝐼+ and 𝐼−, that is presented as the flipping sum, 𝐼+ + 𝐼−, and the 

flipping difference, 𝐼+ − 𝐼−, in Figure 6.7. The data in the plot are of 6 and was 

collected at a field strength of 1 T. The other powder data sets that have been 

used for this study are shown in Appendix B. The data clearly show preferred 

orientation of the crystallites, as seen by the diffraction intensity gathering in 

spots, rather than dispersing into isotropic Debye-rings. The model employed 

by cryspy for modelling of the preferred orientation is a modified version of 
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the March-function [159], in which both the shape of the crystallites and 

degree of reorientation can be modelled. 

 

Figure 6.7. Plot of the diffraction sum (𝐼+ + 𝐼−) and diffraction difference (𝐼+ − 𝐼−) as a 

function of horizontal (𝛾) and vertical (𝜈) diffraction angle. These data were collected at 2 

K and 1 T. Dark colors are absence of intensity, and lighter colors go towards more intensity 

on an arbitrary scale. Reproduced from publication D. 

In addition to the collection of diffraction data around individual peaks that 

originate from the sample, a strong powder ring is seen at a diffraction angle 

of 2𝜃 ≈ 35°. The ring is the diffraction signal of the aluminium container, 

which shows a clear peak at that diffraction angle. The areas of low or no 

signal in the bottom of the flipping sum pattern and at high diffraction angle 

are shadows from the cryomagnet of the instrument. 

The diffraction data measured on this instrument does not allow for a 

crystal structure refinement within the resolution offered by the 6T2. For 

comparison, a simulated diffraction pattern of 6 is shown in Figure 6.8, where 
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it is clear that the number of powder diffraction peaks is far greater than what 

can be resolved in the diffraction data of Figure 6.7. 

 

Figure 6.8. Simulated diffraction pattern for 6 at a neutron wavelength of 1.4 Å and shown 

for diffraction angles between 10˚ and 40˚ using FullProf [160]. 

The resolution of the 6T2 instrument for powder diffraction can be seen 

clearer by collapsing the 2-dimensional diffraction pattern to the 2𝜃-axis as in 

Figure 6.9. In the figure the summed data shown in Figure 6.7 has been 

collapsed onto the vertical plane of the diffractometer and is shown as a 

function of diffraction angle. This way of plotting the data, which is the 

familiar way of plotting one-dimensional powder diffraction data, reveals that 

the angular resolution is below what would be expected of a data set for crystal 

structure refinement. The difference signal, however, still shows discernable 

peaks, and since the crystallographic structure is known, the last missing link 

in describing the diffraction data is the magnetic susceptibility tensor. 
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Figure 6.9. Powder diffraction pattern measured on 6 at 2 K and 1 T. The diffraction sum 

as shown in Figure 6.7 has been collapsed onto the vertical plane and is plotted as a function 

of the diffraction angle 2𝜃. The wavy character of the diffraction pattern above a diffraction 

angle of 32° is a result of the incomplete correction for the aluminium sample container. 

6.5.2 Comparison of data between field strengths 

The data for 6 was measured at 2 K and at four different strengths of the 

applied magnetic field: 0.5 T, 1 T, 2 T and 5 T. By plotting the difference data 

on the 2𝜃-axis for all fields (Figure 6.10), a visual comparison can be made of 

the data measured at different field strengths. The difference data is 

proportional to the magnetic signal, 𝐼+ − 𝐼− ∝ 𝑃 ⋅ 𝑅𝑒[𝐹𝑁𝐹𝑀,⊥], which contains 

the magnetic moment of the sample. Therefore, the fact that the signal stays 

the same between the fields of 2 T and 5 T signifies that magnetic saturation 

has been reached at 2 T. This, on one hand, appears to stand in some contrast 

to the magnetization curves measured for a powder in [154]. On the other 

hand, the collection of intensity into separate peaks in the diffraction patterns 

already shows that there is some degree of preferred orientation in the samples. 

A likely origin of this reorientation is a magnetic torque on the crystallites 

under a magnetic field. In that case, the crystallites reorient so that the 
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crystalline magnetic easy axis moves towards the magnetic field direction, and 

the system might then already be fully magnetized at 2 T. 

 

Figure 6.10. Diffraction pattern difference (𝐼+ − 𝐼−) for 6 at 2 K and under the range of 

magnetic fields investigated. The magnetic signal is lowest at 0.5 T, increased at 1 T and is 

constant between 2 T and 5 T within the uncertainty range of the experiment. The dotted 

lines are a guide for the eyes. 

In the data measured at 0.5 T, notice also that even though there is a 

magnetic signal, the uncertainties mean that for large intervals along the 2𝜃-

axis, the 0.5 T signal is indistinguishable from zero. 

6.5.3 Modelling of the pPND data 

The fit of the powder diffraction data was performed using cryspy. As in 

the single crystal data, the only parameter used to describe the magnetic 

structure of the compound was the magnetic susceptibility tensor. The other 

parameters used in the refinement of the diffraction data were related to the 

experimental setup and the preferred orientation. The parameters used for this 

refinement can be subcategorized into five groups: 
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a. Magnetic susceptibility. Six susceptibility parameters to represent 

the full magnetic susceptibility tensor: 𝜒11, 𝜒22, 𝜒33, 𝜒12, 𝜒13, 𝜒23 

b. Texture. The texture that is seen in the data was modelled with a 

modified March function, using five parameters: 𝐺1, 𝐺2, ℎ𝑎𝑥, 𝑘𝑎𝑥, 

𝑙𝑎𝑥. The texture axis, 𝑞𝑎𝑥 = [ℎ𝑎𝑥 𝑘𝑎𝑥 𝑙𝑎𝑥]𝑇 is the axis along 

which the crystallites tend to align. 

c. Scale factor: 𝐾. 

d. Background. The background in the diffraction signal is introduced 

in the calculation by any number of points defined by the user by 

their values in the (2𝜃, 𝜑)-space. Between these points, the 

background is calculated by linear interpolation. 

e. Offset values. The beam offset (𝑂) from the center of the 

diffractometer is refined to match calculated and experimental peak 

positions: 𝑂2𝜃, 𝑂𝜑 

In practice, these parameters were refined by using the scale factor, 

background points, offset values, and the texture parameters to refine the 

flipping sum, and then the flipping difference signal was refined using just the 

magnetic susceptibility parameters. The result of performing this refinement 

is shown in Figure 6.11. 

A combined fit of the data was attempted but the idea abandoned, because 

the fit failed in reproducing both the sum and the difference pattern at the same 

time. The sum pattern is more than an order of magnitude more intense than 

the difference pattern, so that a combined fit in practice means that the 

refinement uses the susceptibility parameters as fudge factors that try to 

minimize the differences between the model and the data in the sum pattern 

(Figure 6.11, top). It should be possible to refine the two together, given an 

appropriate weighting parameter that weights the flipping difference on an 

equal footing with the flipping sum, but no attempt has been made here to find 

an optimal value for such a parameter. To avoid fitting non-sample related 

diffraction, data above 2𝜃 = 32° were excluded from the refinement due to 

the contamination from the aluminium peak as described earlier in this section. 
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Because such effects are eliminated in the difference pattern, a similar 

exclusion is not necessary from this data. 

 

Figure 6.11. Refinement of the result of the data measured at 2 K and 1 T. Top: Diffraction 

sum signal. The data within the red area in the sum pattern was excluded from the 

refinement. Bottom: Diffraction difference signal. 

The fitted data thus included data measured for 2𝜃 between 10° and 40° 

and for 𝜑 between 0° and 40°. Figures for all magnetic field strengths are 

shown in Appendix B. Goodness-of-fit-parameters for all magnetic field 
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strengths are shown in Table 6.5. From the 𝜒2-values it is evident that the fit 

quality stays similar over the full range of magnetic field strengths. 

Table 6.5. Goodness-of-fit (𝜒2) for the fit of the pPND diffraction data for 6 for all magnetic 

field strengths. 𝜒2 is reported for the sum and difference separately, because the two data 

sets were refined separately and with different parameters. 

 0.5 T 1 T 2 T 5 T 

𝐼+ + 𝐼− 53.62 52.69 54.68 46.07 

𝐼+ − 𝐼− 0.2715 0.2870 0.3478 0.3562 

6.5.4 Internal consistency of powder results 

The result of the magnetic site susceptibility refinement, visualized as 

ellipsoids, and a plot of the susceptibility tensors for the different magnetic 

field strengths is shown in Figure 6.12. Regarding the interpretation of the site 

susceptibilities there are two central questions about the effect of the magnetic 

field increase: first, do the eigenvectors change direction, and second, what 

happens to the magnitude of the susceptibility tensor along the eigenvectors? 

Figure 6.12 shows the site susceptibility decreasing overall with the increase 

in the applied magnetic field. The eigenvectors have all been plotted together 

on top of the molecular entity of 6 in Figure 6.13, to show what happens to 

their directions. The figure shows that the easy axes for the three largest fields 

(1 T, 2 T and 5 T) are practically indistinguishable, especially along the 

magnetic easy axis. The tensor obtained at 0.5 T, however, is noticeably tilted 

with respect to the other three. 
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Figure 6.12. Site susceptibility tensors for 6 as ellipsoids on top of the molecular structure. 

The ellipsoids are scaled arbitrarily with respect to the molecular structure with the same 

scale factor for all 4 field strengths. The magnetic field increases as 0.5 T (top left), 1 T (top 

right), 2 T (bottom left), and 5 T (bottom right). 

 

 

Figure 6.13. Eigenvectors of the site susceptibility tensors at 0.5 T, 1 T, 2 T, and 5 T plotted 

on top of the molecular structure. Red, green, and blue correspond to hard axis, intermediate 

axis, and easy axis respectively. The legend shows which groups of colors matches which 

field strength, with lighter colors signifying higher magnetic field strengths. 
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6.5.5 Validating the powder PND model 

To justify that the powder method does indeed give a unique result for the 

molecular magnetic anisotropy, simulated susceptibility tensors were 

compared against the measured data using the same procedure as used in 

section 4.4.3 to simulate the susceptibility tensors of Ho(III). In this case, two 

simulations were made: one where the susceptibility tensor was rotated by 90° 

around the refined magnetic easy axis (model A) and one where the magnetic 

easy axis was rotated to 90° away from the refined easy axis (model B). The 

models and the agreement with the measured data are shown in Figure 6.14.  

 

  

Figure 6.14. Simulated models for the magnetic susceptibility tensor. Left: Model A, where 

the susceptibility tensor is rotated 90° around the refined easy axis. Right: Model B, where 

the magnetic easy axis is rotated 90° away from the refined easy axis. 
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Importantly, model B does not agree with the measured data, showing that 

the magnetic easy axis is unambiguously determined from this experiment. 

The agreement between the data and model A resembles the agreement 

between the data and the refined model, meaning that the two smaller 

eigenvalues of the susceptibility tensor should be considered 

indistinguishable. 

6.6 Discussion 

6.6.1 Spin Hamiltonian parameters from the site susceptibility? 

The fact that the site susceptibility measurements on powders has allowed 

to follow the size and orientation of the susceptibility tensor over several field 

strengths prompts the question of whether quantitative information can be 

extracted from their field dependence. 

To do that, it is instructive first to consider the energy scales that the 

experiment was performed at. At 2 K, the thermal energy 𝑘𝐵𝑇 is only 

~1.4 𝑐𝑚−1, and already at 0.5 T, following eq. 1.8, the Zeeman splitting of 

two states with 𝑀𝑆 = ±3/2 is therefore 

 Δ𝐸 = 𝐸+ − 𝐸− =
3

2
𝑔𝑒𝜇𝐵𝐵 − (

−3

2
𝑔𝑒𝜇𝐵𝐵) = 3𝑔𝑒𝜇𝐵𝐵 (6.2) 

For 𝑔𝑒 ≈ 2 and 𝜇𝐵 being equivalent to ~0.5 𝑐𝑚−1 𝑇−1, the energy difference 

is thus 

 Δ𝐸[𝑐𝑚−1] ≈ 3 𝐵[𝑇] (6.3) 

This means that already at a field strength of 0.5 T, the energy splitting 

between the two 𝑀𝑆-states is equivalent to the thermal energy. With 𝐷 for 6 

being on the order of 20 𝑐𝑚−1, the population of the states with 𝑀𝑆 = ±1/2 

is negligible. 

The susceptibility eigenvalues along the magnetic axis have been plotted 

in Figure 6.15 against the field strength at which they were measured. The plot 
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is warranted based on the observation (section 6.5.4) that the eigenvector 

directions are effectively constant with magnetic field strength. 

 

Figure 6.15. Susceptibility tensor eigenvalues along the hard (red), intermediate (green) and 

easy (blue) axis and shown as the average of the hard and intermediate axis. 

Apart from the susceptibility tensor measured at 0.5 T, the easy axis 

magnetic susceptibility is decreasing with the magnetic field. This is also the 

case for the average of the hard and intermediate axes. In electron 

paramagnetic resonance measurements (EPR), 6 was found to be EPR-silent, 

but interpreting the easy axis susceptibility in terms of the effective spin ½ 

model (eq. 1.34) gives 𝑔∥ = 6.9(1), 𝑔∥ = 6.1(1), and 𝑔∥ = 4.0(1) for 1, 2, 

and 5 T respectively, which at low fields is close to the value of 𝑔𝑧,𝑒𝑓𝑓 = 6.7 

that was measured for 7 [154]. 

The effective spin model may also be considered more closely in relation 

to the measured susceptibility. The combination of eqs. 1.25 and 1.26 leads to 

the general formula for the magnetic moment of a spin system 

 𝑚 =
∑

−𝜕𝜖𝑖

𝜕𝐵𝑖 𝑒
−

𝜖𝑖
𝑘𝐵𝑇

∑ 𝑒
−𝜖𝑖
𝑘𝐵𝑇

𝑖

 (6.4) 
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which for a field along the 𝑧-axis of a system with an effective spin of 𝑆 =

1/2 reduces to 

 𝑚 =
1

2
𝑔𝑒𝑓𝑓𝜇𝐵

(𝑒
−𝑔𝑒𝑓𝑓 𝜇𝐵 𝐵

2𝑘𝐵𝑇 − 𝑒
𝑔𝑒𝑓𝑓 𝜇𝐵 𝐵

2𝑘𝐵𝑇 )

(𝑒
−𝑔𝑒𝑓𝑓 𝜇𝐵 𝐵

2𝑘𝐵𝑇 + 𝑒
𝑔𝑒𝑓𝑓 𝜇𝐵 𝐵

2𝑘𝐵𝑇 )

 (6.5) 

which is identical to the Brillouin-function for 𝑆 = 1/2 [25]. Assuming the 

linear relationship 𝜒 = 𝑀/𝐵 for the susceptibility thus gives a way to fit 𝑔𝑒𝑓𝑓 

from the susceptibility tensor data. The fit results in a value of 𝑔𝑒𝑓𝑓 = 9.6(9) 

and is shown in Figure 6.16 along with a simulated curve based on the value 

𝑔𝑒𝑓𝑓 = 6.96 from eq. 1.34. However, both the best fit and the simulation are 

unsuccessful in providing a good description of the measured data. 

 

Figure 6.16. Susceptibility values along the magnetic easy axis along with a fit to the 

magnetic susceptibility as given by the Brillouin-function (orange) and the susceptibility 

curve simulated from the Brillouin function using the value of 𝑔∥ calculated from eq. 1.34 

at 𝐵 = 1 𝑇. 
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6.6.2 Preferred orientation and magnetic field 

This section will briefly return to the question of whether magnetic torque 

is the mechanism that induces preferred orientation in the sample. The March-

model used by the powder susceptibility refinements includes a parameter, 𝐺2, 

that is attributed to the shape of the crystallites. In a simple treatment, when 

𝐺2 < 1 it means that crystallites are plate-like, and plate-like crystallites have 

a bistability resembling that of a crystallite with an axially anisotropic 

magnetic susceptibility within a magnetic field. To investigate whether the 

role of the magnetic field in inducing preferred orientation correlates with the 

shape parameter, consider its dependence on the magnetic field given in Table 

6.6. The angle between the axis of preferred orientation and the unit cell 

magnetic easy axis has also been calculated by diagonalizing the unit cell 

susceptibility tensor as given by eq. 3.3. 

Table 6.6. Powder texture parameter and angle between the texture axis refined by using the 

diffraction sum and the unit cell magnetic easy axis refined from the diffraction difference. 

 0.5 T 1 T 2 T  5 T 

Texture parameter 0.82220 0.86430 0.85040 0.84740 

∠(tex., EA), ° 41.8°  22.5°  20.9°  20.4°  

 

The result does not show a clear correlation between the texture parameter 

and the strength of the magnetic field. In fact, from 0.5 T to 1 T, the texture 

parameter increases slightly towards 1, which would indicate a less “plate-

like” shape, or less bistability. On the other hand, the angle between the texture 

axis, which is the axis that the crystallites tend to align along, and the magnetic 

easy axis decreases. For perfectly round crystallites, the magnetic easy axis 

would be expected to be identical to the texture axis under an applied field. 

Considering just these data, it therefore remains inconclusive how the shape 

parameters and the preferred orientation are affected by the increase in the 

strength of the magnetic field. 
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6.6.3 Comparison of magnetic easy axes 

The directions of the magnetic easy axis obtained from the ab initio 

calculations and the site susceptibility experiments on 6 and 7 were compared 

to assess the agreement between these methods. For 6, only the susceptibility 

tensor measured at 1 T was used in the comparison. The Kabsch algorithm 

[161] was used to calculate transformation matrices between the different 

structures to compare the results quantitatively. This was necessary, both to 

overlay the structures of 6 and 7, but also to transform the theoretical results 

to the crystallographic basis from the orthonormal system defined in section 

6.3.2. The overlay was made with the Co-atom and the four atoms in its first 

coordination sphere, which gave a near-perfect overlay. The root-mean-square 

deviation between the two structures was 0.0942 Å. Figure 6.17 shows the two 

experimental magnetic susceptibility tensors together (left), and the structure 

of 7 with the easy axes obtained from the different methods as the colored 

arrows (right). Table 6.7 shows angular discrepancies between the methods 

and compounds. 

 
 

Figure 6.17. Magnetic susceptibility tensors of 6 and 7. Left: The susceptibility tensors 

plotted as ellipsoids on top of the molecules with an arbitrary scaling of the ellipsoids to 

match the molecular structure. Molecules have been overlaid using Mercury [162]. 

Ellipsoids colors for 6 and 7 are brown (6) and green (7). Right: Comparison of magnetic 

easy axes for 6 (red: experimental, green: ab initio) and 7 (green: experimental, orange: ab 

initio). The easy axes are visualized on top of the Br-structure using the transformation 

procedure described in the text, and the molecule is shown roughly along the pseudo-D2h 

symmetry axis. Reproduced from publication D. 
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Table 6.7. Angles calculated between the theoretical and experimental easy axes and the 

centroids in 6 and 7. “exp.”: experimental easy axis, “theo.”: theoretical easy axis, “centr.”: 

the axis of the centroid between X1 and S1 in the two structures, here also called the 

molecular axis. All angles are given in degrees. 

 6 7 

∠(exp., theo.) 12.1 2.2 

∠(exp., centr.) 24.6 10.9 

∠(theo., centr.) 14.7 10.8 

 Cross-comparison 

∠(6theo., 7theo.) 12.4 

∠(6exp., 7exp.) 22.9 

 

The result of comparing the angular deviations between the methods 

shows, for example, that the deviation of the magnetic easy axis from the 

molecular axis is larger for 6 than for 7. It also shows that for 7, the theoretical 

and experimental directions of the magnetic easy axes are very similar. 

Ideally, of course, this would be the case for both compounds. 

Finally, the experimental result shows that the degree of anisotropy of the 

susceptibility tensor does not correlate with the spin Hamiltonian parameters 

as quantified by the theoretical 𝐸/𝐷-ratio. In this study it was suggested to use 

the relations 

 𝐷𝑒𝑓𝑓 = 𝜒𝑧𝑧 −
1

2
(𝜒𝑥𝑥 + 𝜒𝑦𝑦) 𝐸𝑒𝑓𝑓 =

1

2
(𝜒𝑥𝑥 − 𝜒𝑦𝑦) (6.6) 

where 𝜒𝑥𝑥 < 𝜒𝑦𝑦 < 𝜒𝑧𝑧. This metric gives |𝐸𝑒𝑓𝑓/𝐷𝑒𝑓𝑓| = 0.15 for 6 and 

|𝐸𝑒𝑓𝑓/𝐷𝑒𝑓𝑓| = 0.018 for 7. The experimental degree of anisotropy is thus 

smaller for 7 than for 6, which stays in contrast to the theoretical results shown 

in section 6.3.2. 
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6.7 Conclusion 

This study used PND from both a single crystal sample and a powder 

sample to measure the magnetic site susceptibilities of two Co(II)-compounds, 

6 and 7, and refined d-orbital populations from high resolution X-ray 

diffraction. These measurements were compared to ab initio calculations. The 

ab initio calculations showed stabilization of the 𝑑𝑥𝑦-orbital compared to the 

other 𝑒𝑔-orbitals. This contributes strongly to the negative value of 𝐷 in both 

complexes. The orbital ordering was unambiguously supported by population 

parameters derived from the experimental electron densities. The direction of 

the magnetic anisotropy axes obtained in the calculation was confirmed by the 

experimental determination of the site susceptibility tensors, further 

strengthening the confidence in the theoretical result. Importantly, this study 

showed that site susceptibilities obtained with powder diffraction can be of 

comparable quality to the single crystal result, with the advantage of not 

having to grow large single crystals. Methods were suggested by which to 

extract quantitative information from the dependence of the site susceptibility 

tensors on the magnetic field strength. For 6, the site susceptibility result was 

used to extract an effective g-value of 6.9(1), which is of comparable size to 

that of 7 measured with EPR. Following the site susceptibility with field 

strength is only becoming feasible now due to the short measuring times 

required for powder diffraction. 
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7 Further work in powder diffraction 

This chapter will briefly describe measurements made with polarized 

neutron diffraction on a powdered sample of a Co-compound in July 2021. 

The measurements were made at the Institut Laue-Langevin (ILL) and thus 

represent the first time that the site susceptibility method measured with 

powder diffraction was applied outside of the LLB. My contribution up to now 

has been participation in the measurements of PND data and modelling of 

those data. 

7.1 Molecular structure 

The compound studied in these measurements was the pseudo-tetrahedral 

Co-compound (8) shown in Figure 7.1. The crystal structure was determined 

using X-ray diffraction at 20 K. 

 

Figure 7.1. Molecular structure of 8. The bites angles are marked. Atoms are shown as 30% 

ellipsoids and are Co (purple), N (light blue), C (gray), O (red) and Cl (green). Hydrogen 

atoms have been omitted. 
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The compound crystallizes on a general position in the triclinic space group 

𝑃1. It shows structural distortion in the coordination sphere of Co, such that 

the bite angle (N-Co-N-angle for both N in the same ligand molecule) is just 

83.71˚ and 83.78˚ for the two ligands. The dependence of 𝐷 on the bite angle 

was studied recently, and a bite angle of 77.4˚ was found across a range of 

compounds reported in the literature to entail the largest negative value of 𝐷 

[42]. 

7.2 Powder measurements 

The measurements were performed on the diffractometer D20 of the ILL. 

They were performed at a temperature of 2 K and a magnetic field strength of 

1 T with a neutron wavelength of 2.41 Å. The data is shown in Figure 7.2 

along with the fit which will be described next. 

 

Figure 7.2. Polarized neutron powder diffraction data measured at 2 K and 1 T on 8. The 

data were measured over an angular range of 153.6˚ in 2𝜃. Just the data shown here was 

used for the site susceptibility model, which was obtained using cryspy. 
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The setup of the instrument resembles that of 6T2, shown in Figure 2.3, 

except for mainly two aspects: One is that the polarization of the neutron beam 

was  achieved by using a post-fitted polarizer in the beam path, developed at 

the ILL [97]. The other is the detector, which on D20 is a one-dimensional 

detector in the scattering plane. 

7.3 Fitting and preliminary results 

The sum pattern and difference pattern measured on 8 were fitted by 

introducing the crystallographic structure determined with X-ray diffraction 

and refining the site susceptibility tensor for the Co(II)-ion in the same way as 

for 6. For the sum signal, the fit included four background parameters, one 

instrumental resolution parameter, a scale factor, and the offset of the 

diffraction pattern in 2𝜃. Importantly, no preferred orientation parameters 

were needed to refine this data. The site susceptibility tensor obtained in the 

fit with a 𝜒2 = 1.045 is shown in Figure 7.3. 

 

Figure 7.3. Site susceptibility of the Co(II)-ion in 8. The site susceptibility shows clear easy 

axis character and lies close to the molecular axis 
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The site susceptibility tensor has the values 

 𝜒
𝟖

/𝜇𝐵𝑇−1 = [

0.72(15) 0.43(12) 0.72(13)
0.43(12) 0.24(13) 0.76(14)

0.72(13) 0.76(14) 2.06(10)
] (7.1) 

with the eigenvalues 2.68 𝜇𝐵  𝑇−1, 0.42 𝜇𝐵  𝑇−1, and −0.09 𝜇𝐵  𝑇−1. 

7.4 Outlook 

The site susceptibility data presented preliminarily here should still be 

compared to magnetization and susceptibility data and possibly be put in 

relation to ab initio calculations. The results are included here to highlight two 

important points. First, that the measurement of site susceptibility data 

presents a great leap forward, because it confirms that directional data of the 

magnetic anisotropy of molecular magnetic compounds can be obtained 

directly from a powder sample. Secondly, that the site susceptibility 

measurements on powder have been shown to work at a dedicated powder 

beamline at the ILL, which paves the way for similar studies on other 

molecular magnetic compounds. 
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8 Concluding remarks 

Molecular magnetism is an area where many fields of science interact, and 

these interactions have produced a staggering amount of new knowledge on 

how to control magnetism and magnetic anisotropy in molecular compounds. 

There is still a substantial challenge associated with establishing sound 

magneto-structural correlations. 

Measurements of magnetic anisotropy are an important aspect of this 

challenge, and the site susceptibility technique thus presents a valuable tool 

that can be used to complement techniques such as EPR, ARM and TM, and 

which can be used to obtain directional magnetic information about molecular 

compounds embedded in crystals. Despite the method having been devised 

more than 20 years ago now, the number of molecular compounds that have 

been studied with site susceptibilities has remained low [82, 85, 86, 88, 89]. 

The 8 compounds that have been shown in this thesis, therefore more than 

doubles the number of studies of molecular magnets with polarized neutron 

diffraction. 

The results presented here have for the compound Dy(bpy)(tBu)3, 

crystallizing in a triclinic space group, shown that site susceptibility 

measurements can be used to obtain a molecular magnetic anisotropy of equal 

validity as the more established technique of ARM. The site susceptibility has 

also been used in this thesis to corroborate a tilting of the magnetic easy axis 

in the cobalt-containing compound CoCl2(tu)4, which crystallizes in a 

tetragonal space group, and where this tilting could not have been observed 

with the macroscopic approaches. In the pseudo-tetrahedral compounds 

investigated here, the site susceptibility technique supported ab initio 

calculations in elucidating differences in anisotropy between two analogous 

compounds. In general, the site susceptibility technique presents a model, with 

which molecular magnetic anisotropy can be refined easily without the need 

for prior knowledge other than a crystal structure. Several ways of making 
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quantitative comparisons between this technique and results obtained with 

complementary techniques have been discovered and shown in this thesis. 

The results here also represent drastic improvements in the application of 

the site susceptibility technique. The lanthanide compounds presented in the 

first experimental chapter of this thesis required effective measurement times 

of over one week each to obtain site susceptibilities. Transitioning from that 

to an increased understanding of how to efficiently perform single-crystal 

polarized diffraction experiments, and most recently to site susceptibilities 

from powder diffraction, where the necessary data can be collected in a matter 

of hours, thus presents a huge leap forward in making the technique more 

generally applicable. The work presented herein has played an active part in 

those transitions. 

Another important result of this work has been that the site susceptibility 

technique has been applied for the first time at neutron diffraction facilities 

other than the LLB, which ended its years of active operation in 2019. Scarcity 

of neutrons, unexpected facility shutdowns, such as that of HFIR in 2019 

[163], and the occasional travel restrictions imposed by to the need to contain 

a global pandemic, mean that a push towards expanding the suite of 

instruments where these measurements have been and can be performed is 

crucial. In this work, experiments have been performed at the LLB, HFIR, and 

ILL, and efforts have been undertaken to also measure site susceptibilities at 

the FRM-II-source in Germany. In that light, the perspective of future 

experiments at the dedicated polarized beamlines that will be available at the 

European Spallation Source (ESS) is also an exciting development for the site 

susceptibility technique. 

The work completed in this thesis, and the results contained within it thus 

show, that the site susceptibility method is already now less of a specialist 

method and more of a mature tool, that can be applied to obtain quantitative 

magnetic anisotropy information of molecules embedded in crystals directly 

from experimental data. 
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Appendix A. Derivations and units 

1. Magnetic units 

The use of magnetic units will receive a brief comment here. A confusing 

aspect of magnetism in general is the fact that two different unit systems, the 

cgs-system, and the SI-system, are both in frequent use, and that this is by no 

means a new phenomenon [164, 165]. 

It is common to see Curie law plots, such as the one in Figure 4.1, where 

the value of 𝜒𝑇 is being plotted against temperature, with the unit of the 𝜒𝑇-

product given as 𝑐𝑚3 𝐾 𝑚𝑜𝑙−1, a cgs-unit. To compare these values to the 

results of site susceptibility refinements, which are obtained in the SI-unit 

𝜇𝐵  𝑇−1, consider a magnetic unit conversion table such as that given in [165]. 

The relationship between the units for molar magnetic susceptibility given in 

the two systems is that 

(𝑐𝑚3 𝑚𝑜𝑙−1)𝑐𝑔𝑠 ~ (4𝜋 ⋅ 10−6 𝑚3 𝑚𝑜𝑙−1)𝑆𝐼 

where “~” indicates equivalence. Dividing the SI molar magnetic 

susceptibility by 𝑁𝐴𝜇0, where 𝜇0 is the vacuum permeability, gives the value 

4𝜋 ⋅ 10−6 𝑚3 𝑚𝑜𝑙−1

𝑁𝐴𝜇0

≈
4𝜋 ⋅ 10−6 𝑚3 𝑚𝑜𝑙−1

6.022 ⋅ 1023 𝑚𝑜𝑙−1 ⋅ 4𝜋 ⋅ 10−7 𝐻 𝑚−1

=
1

6.022
⋅ 10−22 𝐻−1𝑚4 =

1

6.022
⋅ 10−22 𝐴 𝑚−2 𝑇−1 𝑚4

=
1

6.022
⋅ 10−22 𝐽 𝑇−2 = 1.791 𝜇𝐵  𝑇−1 

where the unit 𝐻 (“Henry”) is given as 𝐻 = 𝑇𝑚2𝐴−1, 𝑇 is a tesla, and 𝐴 is the 

ampere. This calculation shows that there exists the equivalence 

(𝑐𝑚3 𝑚𝑜𝑙−1)𝑐𝑔𝑠 ~ (1.791 𝜇𝐵  𝑇−1)𝑆𝐼 

between the unit used for the susceptibility tensor in the SI-system and the cgs 

unit for susceptibility. 
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2. Transformation of crystallographic properties 

This thesis deals with the magnetic susceptibility tensor and measurements 

performed under different conditions. This section serves as a reminder of the 

transformation relations that apply to vectors and tensors when they are 

expressed in different coordinate systems. This section leans heavily on results 

from the second chapter of [74]. 

In crystallography, the natural system of basis vectors is generally non-

orthonormal and coincides with the three sides of the crystallographic unit 

cell, 𝒂, 𝒃, and 𝒄, in a coordinate system that will here be denoted by 𝒜. A 

vector, 𝒓, in coordinate system 𝒜 is described by 

 𝒓 = 𝑥𝒂 + 𝑦𝒃 + 𝑧𝒄 (A.1) 

and can be written as the coordinate vector 

 𝒓𝒜 = [
𝑥
𝑦
𝑧

] (A.2) 

where the subscript 𝒜 refers to the fact that these are the coordinates of the 

vector represented in the coordinate system 𝒜. Similarly, the vector can be 

described in a coordinate system 𝒜′ = (𝒂′, 𝒃′, 𝒄′), in which case it can be 

written as 

 𝒓 = 𝑥′𝒂′ + 𝑦′𝒃′ + 𝑧′𝒄′ (A.3) 

with the coordinate vector 

 𝒓𝒜′ = [
𝑥′
𝑦′

𝑧′

] (A.4) 

 

The basis vectors of both 𝒜 and 𝒜′ are vectors themselves, and 𝒂′ can 

therefore be described by its coordinates in 𝒜, as 

𝒂′ = 𝑚11𝒂 + 𝑚12𝒃 + 𝑚13𝒄 
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𝒃 and 𝒄 can be described analogously by their coordinates in 𝒜, the result can 

conveniently be summarized as a matrix equation 

 [
𝒂′
𝒃′
𝒄′

] = [

𝑚11�⃑� + 𝑚12�⃑⃑� + 𝑚13𝑐

𝑚21�⃑� + 𝑚22�⃑⃑� + 𝑚23𝑐

𝑚31�⃑� + 𝑚32�⃑⃑� + 𝑚33𝑐

] = 𝑴 [
𝒂
𝒃
𝒄

] (A.5) 

The matrix 𝑴 is then called the basis transformation matrix (BTM) from the 

system 𝒜 to the system 𝒜′. 𝑀 can be written explicitly as 𝑀𝒜′ 𝒜
𝑏𝑡 to emphasize 

that it is a transformation matrix that describes going from the basis 𝒜 to the 

basis 𝒜′. 

The basis transformation matrix is related to another important 

transformation matrix, namely the matrix that transforms the coordinate 

vectors from one basis system to the other. Calling that matrix 𝑇, it performs 

the transformation 

 𝒓𝒜′ = [
𝑥′
𝑦′

𝑧′

] = 𝑻 [
𝑥
𝑦
𝑧

] = 𝑻𝒓𝒜 (A.6) 

and the matrix 𝑻 is then called the coordinate transformation matrix (CTM) 

from 𝒜 to 𝒜′. Again, this transformation matrix can be written explicitly as 

𝑀𝒜′ 𝒜
𝑐𝑡 to describe that it transforms coordinates given in the basis 𝒜 to 

coordinates given in the basis 𝒜′. Even though these symbols introduce some 

bulky notation, their purpose is here to be more clear than concise. 

The relationship between the CTM and the BTM is 

 𝑀𝒜′ 𝒜
𝑐𝑡 = (( 𝑀𝒜′ 𝒜

𝑏𝑡)
𝑇

)
−1

 (A.7) 

where ( )𝑇 denotes the transpose of the matrix and ( )−1 denotes the inverse. 

Again, this notation is purposefully explicit rather than focusing on it being 

convenient. 
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For any general coordinate system, the metric matrix, 𝐺, defines the 

relationship of the basis vectors to each other. The metric matrix for 𝒜 is 

written as 

 𝐺 = [
𝒂 ⋅ 𝒂 𝒂 ⋅ 𝒃 𝒂 ⋅ 𝒄
𝒂 ⋅ 𝒃 𝒃 ⋅ 𝒃 𝒃 ⋅ 𝒄
𝒂 ⋅ 𝒄 𝒃 ⋅ 𝒄 𝒄 ⋅ 𝒄

] (A.8) 

Clearly, this becomes the identity matrix when the coordinate system 𝒜 is 

orthonormal. Just as for the crystallographic coordinate system 𝒜, the metric 

matrix can be defined for the reciprocal lattice 𝒜⋆ (section 2.1.2). It can be 

shown that the metric matrix for the reciprocal lattice, 𝑮⋆, is the CTM from 

the reciprocal crystallographic lattice to the direct space crystallographic 

lattice 

 𝒓𝒜 = 𝑮⋆𝒓𝒜⋆ (A.9) 

 

The parameters of the basis transformation matrix 𝑀𝒜′ 𝒜
𝑏𝑡 can be obtained 

when a relationship between the two coordinate systems 𝒜 and 𝒜′ is defined. 

For computational purposes, it is often convenient to describe crystallographic 

results in an orthonormal coordinate system. Throughout this thesis, the 

orthonormal coordinate system of the CCSL has been used for this purpose 

and has been described by the notation ℰ = (𝒊, 𝒋, 𝒌). That system is defined in 

terms of the direct and reciprocal crystallographic basis vectors by the 

relations 

 

𝒊 =
𝒂⋆

𝑎⋆
 

𝒋 = 𝒌 × 𝒊 

𝒌 =
𝒄

𝑐
 

(A.10) 

 



Appendix A. Derivations and units  157 

 

 

The CTM from the crystallographic basis 𝒜, to the CCSL basis, 𝑀ℰ 𝒜
𝑐𝑡, can be 

considered as a matrix product 𝑀ℰ 𝒜𝑛

𝑐𝑡 ⋅ 𝑀𝒜𝑛 𝒜
𝑐𝑡 of the CTM from the 

crystallographic basis to a normed crystallographic basis and the CTM from 

the normed crystallographic basis to the orthonormal basis ℰ. It can easily be 

determined that 

 𝑀𝒜𝑛 𝒜
𝑐𝑡 = [

𝑎 0 0
0 𝑏 0
0 0 𝑐

] (A.11) 

 

Furthermore, the relationship between the CCSL basis vectors and the 

normed crystallographic basis vectors is visualized in Figure A 1, and 

 

Figure A 1. Visualization of the relationship between the basis vectors of the 

crystallographic lattice and the basis vectors of the orthonormal lattice given by eq. A.10. 

𝑀ℰ 𝒜𝑛

𝑐𝑡  can be obtained by in the following way: its first, second and third 

columns are the coordinates of the basis vectors of 𝒜𝑛 in the coordinate 

system ℰ. As an example, notice that 𝒄/𝑐 = 𝒌. Therefore, the third column of 

𝑀ℰ 𝒜𝑛

𝑐𝑡  is [0 0 1]𝑇. The further derivation proceeds along the same lines as 

that given in section 2.5 of [74] and results in the CTM 
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 𝑀ℰ 𝒜𝑛

𝑐𝑡 = [
𝑎√(sin 𝛽)2 − 𝐾2 0 0

𝑎𝐾 𝑏 sin 𝛼 0
𝑎 cos 𝛽 𝑏 cos 𝛼 𝑐

] (A.12) 

where 𝐾 = (
cos(𝛾)−cos(𝛽)∙cos(𝛼)

sin(𝛼)
). The basis transformation matrix can then be 

calculated from eq. A.7. 

Finally, note that tensor quantities, 𝑄, such as the magnetic susceptibility 

tensor transform from a general non-orthonormal basis 𝒜 to another general 

non-orthonormal basis 𝒜′ according to the rule [74] 

 𝑄𝒜′ = 𝑀𝒜′ 𝒜
𝑏𝑡𝑄𝒜

( 𝑀𝒜′ 𝒜
𝑏𝑡)

𝑇
 (A.13) 
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3. The effect of symmetry on the unit cell susceptibility 

The triclinic crystal system only involves translations and inversion 

operations as the symmetry operators. Since the magnetic susceptibility tensor 

is already symmetric across the diagonal, this means that it is invariant to 

inversion. Therefore, the lowest symmetry crystal system that results in 

elements of the site susceptibility tensor vanishing in the unit cell 

susceptibility tensor is the monoclinic system. The monoclinic crystal system 

is characterized by having either a mirror operation, 𝒎𝑏, perpendicular to the 

crystallographic 𝒃-axis, or a two-fold rotation along the axis, 𝟐𝑏, or both 

[166]. The rotational parts of those symmetry operations are in the 

crystallographic basis given by 

 𝒎𝑏 = [
1 0 0
0 −1 0
0 0 1

] 𝟐𝑏 = [
−1 0 0
0 1 0
0 0 −1

] (A.14) 

 

The unit cell susceptibility tensor is given by eq. 3.3, and each term in the sum 

is of the form 𝑹𝜒𝑹−1. If the molecule that has the general susceptibility tensor 

1.31 sits on a general position in the unit cell, either one or both of 𝒎𝑏 and 𝟐𝑏 

create other molecules in the unit cell with the susceptibility tensors 

 

𝜒
𝟐𝑏

= 𝟐𝑏𝜒𝟐𝑏
−1

= [
−1 0 0
0 1 0
0 0 −1

] [

𝜒1 𝜒4 𝜒5

𝜒4 𝜒2 𝜒6

𝜒5 𝜒6 𝜒3

] [
−1 0 0
0 1 0
0 0 −1

]

= [−

𝜒1 −𝜒4 𝜒5

𝜒4 𝜒2 −𝜒6

𝜒5 −𝜒6 𝜒3

] 

(A.15) 

and 
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𝜒
𝒎𝑏

= 𝒎𝑏𝜒𝒎𝑏
−1

= [
1 0 0
0 −1 0
0 0 1

] [

𝜒1 𝜒4 𝜒5

𝜒4 𝜒2 𝜒6

𝜒5 𝜒6 𝜒3

] [
1 0 0
0 −1 0
0 0 1

]

= [−

𝜒1 −𝜒4 𝜒5

𝜒4 𝜒2 −𝜒6

𝜒5 −𝜒6 𝜒3

] 

(A.16) 

 

Therefore, regardless of the symmetry operation, if the molecule sits on a 

general site, the unit cell susceptibility tensor is given by a multiple of the sum 

 

𝜒
𝑈.𝐶.

= [

𝜒1 𝜒4 𝜒5

𝜒4 𝜒2 𝜒6

𝜒5 𝜒6 𝜒3

] + [−

𝜒1 −𝜒4 𝜒5

𝜒4 𝜒2 −𝜒6

𝜒5 −𝜒6 𝜒3

] 

 

= [

𝜒1 0 𝜒5

0 𝜒2 0
𝜒5 0 𝜒3

] 

(A.17) 

where 𝜒4 and 𝜒6 are no longer measurable from a macroscopic perspective. 

There might then still be the possibility that the molecule sits on a special 

position with respect to one of these symmetry operations. That is treated for 

the specific case of a 4-fold rotation in section 2.2.3. In that case, 𝜒4 and 𝜒6 

are intrinsically zero due to the symmetry requirements of the molecular site, 

and a macroscopic approach is still able to determine all non-zero elements of 

the tensor. 
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Appendix B. PND refinement details 

This appendix is aimed at providing additional information about the site 

susceptibility refinements performed for the work in this thesis. The magnetic 

field directions are in all cases given in the crystallographic basis for the 

individual compounds, so that they may be plotted by the reader. Measured 

flipping ratios are shown as a function of the magnitude of the scattering 

vector for the single-crystal samples. For 6, the powder diffraction patterns 

that are not included in the main text are shown here. 

Compound 1: Dy(bpy)DBM 

Table B 1. Magnetic field directions in the measurements of 1. Coordinates are given in the 

crystallographic basis of the compound. 

 O1 O2 O3 O4 O5 O6 

𝑥 0.03978 -0.01613 0.07568 0.07293 -0.00194 0.02467 

𝑦 0.01903 0.02325 -0.00689 -0.01836 0.00348 -0.03777 

𝑧 0.05838 0.04747 0.00248 0.02599 -0.06262 0.03514 

 

Table B 2. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. 

 11.14644868 0.14733219 0.22621913 

𝑥 -0.01531099 0.07741498 0.01479427 

𝑦 0.03765378 0.00270258 0.02482695 

𝑧 -0.03655207 0.00534815 0.05485449 
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Figure B 1. Data measured for orientation 1 on 1 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 2. Data measured for orientation 2 on 1 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 3. Data measured for orientation 3 on 1 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 4. Data measured for orientation 4 on 1 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 5. Data measured for orientation 5 on 1 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 6. Data measured for orientation 6 on 1 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Compound 2: Dy(bpy)(tbu) 

Table B 3. Magnetic field directions in the measurements of 2. Coordinates are given in the 

crystallographic basis of the compound. 

 O1 O2 O3 O4 O5 O6 

𝑥 -0.07682 -0.09450 -0.04818 0.03749 -0.07313 -0.01485 

𝑦 -0.01617 0.04125 0.08764 -0.03501 -0.01992 0.06748 

𝑧 -0.01503 -0.01071 -0.01466 0.05380 -0.01659 -0.04653 

 

Table B 4. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. 

 10.52165233 1.20390072 0.42444695 

𝑥 -0.04059677 0.07205806 0.04997336 

𝑦 0.08078164 -0.01815209 0.03318748 

𝑧 -0.03386584 -0.03845305 0.02824399 
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Figure B 7. Data measured for orientation 1 on 2 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 



170 Appendix B. PND refinement details 

 

 

 

Figure B 8. Data measured for orientation 2 on 2 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 9. Data measured for orientation 3 on 2 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 10. Data measured for orientation 4 on 2 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 11. Data measured for orientation 5 on 2 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 12. Data measured for orientation 6 on 2 subject to the condition |𝐹𝑅 − 1| > 2𝜎. 

Top: Measured flipping ratios plotted against the calculated flipping ratios. The blue line 

marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. Bottom: Measured flipping ratios plotted against the 

Bragg-angle (2𝜃). The blue line marks the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Compound 3: Dy(HMPA)2 

Table B 5. Magnetic field directions in the measurements of 3. Coordinates are given in the 

crystallographic basis of the compound. 

 O1 O2 O3 

𝑥 0.93328685 0.12582075 -0.07744885 

𝑦 0.21034715 0.01127725 -0.95207856 

𝑧 0.29108371 -0.99198889 -0.29588528 

 

Table B 6. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. 

 10.06005246 0.20619309 -0.40524555 

𝑥 0.00340306 0.07058115 -0.01630044 

𝑦 0.03364106 0.00745198 0.03929044 

𝑧 -0.03684146 0.01808762 0.02811364 
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Figure B 13. Data measured for orientation 1 on 3. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 14. Data measured for orientation 2 on 3. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 15. Data measured for orientation 3 on 3. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Compound 4: Ho(HMPA)2 

Table B 7. Magnetic field directions in the measurements of 4. Coordinates are given in the 

crystallographic basis of the compound. 

 O1 O2 O3 O4 

𝑥 -0.11182939 0.22057966 -0.97294273 -0.96517606 

𝑦 -0.83891646 0.51670971 -0.09054883 0.19540657 

𝑧 0.5326475 -0.82725793 -0.21256374 -0.17392941 

 

Table B 8. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. 

 10.68406264 -2.472181 2.96811835 

𝑥 -0.02728228 0.06356856 0.02367324 

𝑦 0.02424517 -0.00660279 0.04567153 

𝑧 -0.04208355 -0.01032047 0.02084841 
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Figure B 16. Data measured for orientation 1 on 4. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 17. Data measured for orientation 2 on 4. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 18. Data measured for orientation 3 on 4. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 19. Data measured for orientation 4 on 4. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Compound 5: CoCl2(tu)4 

Table B 9. Magnetic field directions in the measurements of 5. Coordinates are given in the 

crystallographic basis of the compound. 

 O1 O2 O3 O4 

𝑥 0.03226399 0.50094871 0.56925927 0.65404436 

𝑦 0.02986204 -0.44289219 0.79617234 0.75540474 

𝑧 -0.99903318 -0.74357037 0.20506949 -0.03987059 

 

Table B 10. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. 

 0.08214937 0.3478739 0.74697673 

𝑥 -0.02752645 0.06905613 0.00445467 

𝑦 0.05804983 0.02043376 0.04194016 

𝑧 -0.05626954 -0.02834451 0.09169306 
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Figure B 20. Data measured for orientation 1 on 5. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 21. Data measured for orientation 2 on 5. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 22. Data measured for orientation 3 on 5. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 23. Data measured for orientation 4 on 5. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Compound 6: CoCl2(tmtu)2 

Table B 11. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. The eigenvalues and 

eigenvectors are given for each magnetic field strength. 

 0.08969061 1.4294907 3.03081869 

𝑥 -0.05654283 -0.08144935 0.01954803 

𝑦 -0.04945179 0.04444734 0.04215581 

𝑧 0.0362511 -0.01538921 0.05875088 

 -0.29232618 0.84320693 4.06911925 

𝑥 -0.06589851 -0.07652439 0.0038232 

𝑦 -0.05366977 0.04782145 0.03210641 

𝑧 0.02116585 -0.01960247 0.06457853 

 -0.23080279 0.55892253 3.10788025 

𝑥 -0.05349772 -0.08568357 0.00308737 

𝑦 -0.06155253 0.03948206 0.02916522 

𝑧 0.02142582 -0.01512069 0.06568816 

 0.07110362 0.21446822 1.31942816 

𝑥 -0.06922716 -0.07344998 0.00509048 

𝑦 -0.0523442 0.05132431 0.02870639 

𝑧 0.01865373 -0.01781151 0.06585913 

 

 

 



190 Appendix B. PND refinement details 

 

 

 

Figure B 24. Modelled powder diffraction data given as sum (top) and difference (bottom) 

for 6 at 0.5 T and 2 K. 𝜒2-values for these fits are given in the main text. 
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Figure B 25. Modelled powder diffraction data given as sum (top) and difference (bottom) 

for 6 at 2 T and 2 K. 𝜒2-values for these fits are given in the main text. 
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Figure B 26. Modelled powder diffraction data given as sum (top) and difference (bottom) 

for 6 at 5 T and 2 K. 𝜒2-values for these fits are given in the main text. 
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Compound 7: CoBr2(tmtu)2 

Table B 12. Magnetic field directions in the measurements of 7. Coordinates are given in 

the crystallographic basis of the compound. 

 O1 O2 O3 O4 O5 

𝑥 0.044133 -0.076253 -0.074804 -0.023082 0.033936 

𝑦 0.019394 -0.007253 0.032020 0.064466 0.040572 

𝑧 0.060403 -0.047046 -0.038854 -0.035024 -0.052473 

 

Table B 13. Eigenvectors corresponding to each eigenvalue of the magnetic susceptibility 

tensor, given in the crystallographic basis of the compound. 

 2.38464113 0.03175708 0.11260179 

𝑥 0.02630544 0.09301146 0.03159645 

𝑦 0.04760942 -0.03121243 0.05224406 

𝑧 -0.05006873 0.00164268 0.04660847 
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Figure B 27. Data measured for orientation 1 on 7. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 28. Data measured for orientation 2 on 7. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 29. Data measured for orientation 3 on 7. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 30. Data measured for orientation 4 on 7. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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Figure B 31. Data measured for orientation 5 on 7. Top: Measured flipping ratios plotted 

against the calculated flipping ratios. The blue line marks the situation 𝐹𝑅𝑐𝑎𝑙𝑐 = 𝐹𝑅𝑚𝑒𝑎𝑠. 

Bottom: Measured flipping ratios plotted against the Bragg-angle (2𝜃). The blue line marks 

the absence of a magnetic signal at 𝐹𝑅 = 1. 
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