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Abstract

Magnetic materials are of fundamental importance not only as a playground for a wide class
of physical phenomena but also for future technological advances. Lanthanide-based molecular
nanomagnets are particularly promising for quantum computing and magnetic data storage ap-
plications, while FeoP based MnFePSi alloys are being regarded as the top candidates to replace
conventional refrigerators based on gas compression technology.

The diverse applications of these materials require a deep understanding of their underlying
physics. This involves, for instance, a detailed modeling of the intra-molecular interactions
and the spin relaxation dynamics for molecular nanomagnets, and a precise characterization of
the magnetic phase transition in MnFePSi compounds. Only after an insight into the material
physics has been achieved, the free parameters left to the material synthesis can be tuned in order
to meet the requirements of real-case applications.

However, there is a dearth of experimental methods capable of handling the entangled
electron-nuclear mixed states in lanthanide molecular nanomagnets of interest for quantum in-
formation processing, while a sound model spin Hamiltonian for the coupled lanthanide ion and
nucleus is also lacking in the literature. In addition, the spin relaxation dynamics of the newly
synthesized dysprosocenium single ion magnet demands for urgent investigation, in view of its
possible application to high-density data storage at the highest temperatures ever attained in this
class of magnets. Finally, the nature of the first order magneto-structural transitions and the
so-called mixed magnetism in MnFePSi compounds are not completely understood as well.

In order to tackle all these issues, in this thesis work we employed two different spectro-
scopies suitable to investigate magnetic systems. On one hand we used nuclear magnetic reso-
nance (NMR), which is a probe of electronic spins in direct space, capable to detect low-energy
spin excitations of the system and magnetic order on a local scale, as well as possible inho-
mogeneities in the latter. On the other hand, we applied inelastic neutron scattering (INS) as a
versatile technique sensitive to a higher energy scale than NMR, which can access directly the
excited levels and the internal exchange couplings of molecular nanomagnets.

By means of NMR we succeeded to completely characterize the lowest-energy levels of
the coupled nuclear and electronic spins and study their coherent dynamics in a [Yb(trensal)]
molecular nanomagnet. We detected nuclear transitions of 173y, studied their decoherence
processes, drove several cycles of Rabi oscillations and demonstrated the possibility to imple-
ment a quantum error-protected qubit by its multi-level pattern of nuclear transitions, exploiting
its electron-nuclear coupling. We studied the proton spin-lattice relaxations in dysprosocenium,
which probe the spin-flip dynamics of the electronic moments through their dipolar coupling
to 'H nuclei, thus providing valuable knowledge about the relaxation pathways of the out-of-
equilibrium magnetization. Moreover, a family of MnFePS alloys was investigated by both
zero- and applied-field NMR. Through our experiments we demonstrated the first order nature
of the magnetic transitions even in cases where the transition was believed second order from
macroscopic measurements, and we helped elucidating the nature of the so-called mixed mag-
netism in these compounds. The power of the inelastic neutron scattering spectroscopy, on the
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other hand, provided a unique insight into the crystal field (CF) splitting and exchange interac-
tions of a family of Kramers lanthanide dimers, enabling us to determine a sound model for the
CF interactions and exchange couplings.
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Chapter

Introduction

Driven by the advances in quantum mechanics during early 20th century, magnetism has become
a research field, which apart from contributing in the basic understanding of matter, underpins
some of the most advanced technologies current human society thrives upon. Magnetism and
magnetic materials are now an annual multi-billion dollar industry, including simple applica-
tions like compasses to the advanced applications like computer hard drives, debit/credit cards,
MRI scanners, and synchrotrons. However, even more ambitious high tech advances require
the complete knowledge of the fundamental aspects of spin and magnetism phenomena. Rev-
olutionary technologies envisaged by the scientific community from the magnetic materials re-
search include dense memory storage at atomic/molecular level, computers employing quantum
mechanical laws to perform computation, and the refrigerators harnessing magnetism driven
cooling effects.

In this thesis, we aim to contribute towards the scientific knowledge for the advancement
of all of these research fields. We address quantum computing and compact data storage ap-
plications by studying the systems that aim to achieve both of these objectives by magnetism
and spin interactions at a molecular level, while the research related to magnetic refrigeration
is contributed-for by investigating a family of ferromagnetic materials. The thesis is principally
based on exploiting two experimental spectroscopies for the advancement of the fundamental
understanding and possible applications of cutting-edge materials in next generation magnetic
devices mentioned above. In the following sections, we introduce the two classes materials stud-
ied in this thesis with a brief overview of their properties and how they can be used from the
applications point of view, starting with molecular nanomagnets.

0.1 Molecular Nanomagnets

Molecular magnetism, a field branched out from magnetochemistry, can be considered a research
area at the interface of physics and chemistry, where the ideas about the new molecular materials
are conceived and realized, their electronic, magnetic and physical properties are investigated
for fundamental and applied aspects, and the feedback is looped back to synthesize novel and
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improved molecular architectures, with a bottom-up approach, to go through the same cycle
again [1]. The close collaboration among physicists, either theoretical or experimental, and
synthetic chemists have ensured the advancement of this field towards realization of practical
applications.

Molecular nanomagnets (MNMs) are one of the main class of materials in this field. They
are ‘nano-sized’ and contain at least one magnetic atom at their core surrounded by the organic
ligands [2]. Due to the effective shielding of organic ligands, each MNM unit is magnetically
isolated from other identical units in a crystal. This essentially means that the crystal behaves as
a collection of identical entities, where the single molecule properties can be probed by the bulk
measurement. Further, every molecule can be described with an effective Hamiltonian.

0.1.1 The evolution of MNMs

Modern interest in molecular magnetism research can be traced back to the early 90’s with the
report of unique magnetic properties of Mnj2-Ac with four Mn(IV) and eight Mn(Ill) ions, by
Caneschi et al. [3]. They employed magnetization and AC-susceptibility measurements with
EPR to reveal that the magnetization of this compound relaxes slowly at low temperatures. They
further discovered that at scales much smaller than the superparamagnets, these clusters resem-
ble their magnetic behavior [3]. Further investigations below liquid-He temperature revealed
that the relaxation times of magnetization in this molecule was very long, resulting in a mag-
netic hysteresis in the M vs H curve (magnetization versus magnetic field) at a single molecule
levels [4]. The Mnj2-Ac molecule has a high spin ground state (S = 10), resulting from the
coupling of individual Mn ionic spins.

The discovery of quantum tunneling of magnetization (QTM) at extremely low temperatures
for specific values of the field, where QTM is competing against thermal relaxations, causing
the steps in the M vs H plot, was another milestone in the field of molecular nanomagnetism
[5]. The name single molecule magnets (SMMs), for the zero dimensional molecular magnets
exhibiting slow relaxation of magnetization soon became popular [6], although the field itself
has much wider scope.

The next family of MNMs with similar behavior were Feg based SMMs [7, 8], which also
have been extensively studied ever since. The field of MNMs quickly broadened to include other
3d SMMs containing vanadium [9], cobalt [10], and nickel [11]. Further expansion of the field
resulted in the inclusion of pure 4d, 5d, 4f, and 5f [12—15], as well as mixed 3d - 4d [16], 3d -
5d [12], and 3d-4f [17] SMMs in the MNM family. Considering the scope of this thesis, we will
just return to the lanthanide (4f) systems in next section.

SMMs retain their magnetization once they are magnetized, even when the magnetizing field
is removed, if temperature stays below a certain value called the blocking temperature (T ). The
origin of Tp is the so-called magnetic bistability arising from the effective energy barrier (U )
to the reversal of the large ground-state spin S due to a large uni-axial magnetic anisotropy term
DxS?, which must be overcome. The larger U, f» the more time is needed for the magnetization
reversal.

The first generation of SMMs focused on increasing the net magnitude of the total ground-
state spin S, hoping to maximize the energy barrier due to the relation Ucss = |D)| S?, and
consequently achieve higher blocking temperatures. However, it soon became clear that higher
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spin may not lead to a grater energy barrier, because of the associated decrease in |D| as S
increases [18-20], and the scientific community turned its attention towards the ‘rational design
of the SMMs’, for the desired applications by ‘chemical tailoring’.

0.2 Lanthanide MNMs

The next paradigm shift in the molecular magnetism field arrived with the introduction of MNMs
containing f-elements. Indeed, because of the large angular momenta and anisotropies per ion of
lanthanide (Ln), 4f-based SMMs seemed a natural choice. However, the weak exchange interac-
tions and large unquenched orbital angular moments common in Ln-ions made them problematic
systems hindering further interest in designing and studying the Ln-based SMMs for some time.
The report of first Ln-SMM appeared in 2003, 10 years after the slow relaxation of magnetiza-
tion was reported in Mnj2-Ac, when Ishikawa et al. found slow relaxation of magnetization in
the compound family [Ln(Pc)2]™-[TBA], where TBA = tetrabutylammonium, Ln = Tb, Dy, Ho,
Tm, or Yb; Pc = dianion phthalocyanine; and m = 1, 0, and +1. In particular, only the Dy(Pc),
and Tb(Pc)y showed the properties of SMMs, also exhibiting energy barriers almost four times
greater than the record at that time [14].

The advent of slow relaxation of the magnetization in MNMs with single ions at the core,
initiated a new class of materials called single ion magnets (SIMs). SIMs possess much simpler
structures, as compared to the molecular architectures of a number of poly-metallic 3d ion com-
plexes [19]. The crystal field (CF) felt by the Ln-ion causes the splitting of the 4f ground state
given by the total magnetic moment J, into £ /; doublets. If the splitting results in the high | M |;
being the ground doublet, a thermal (energy) barrier to the magnetization reversal may appear,
often with a magnitude of more than a few hundred wave numbers [21], resulting in the SMM
behavior in Ln-SIMs. This energy splitting depends upon the particular Ln-ion, the CF symme-
try and molecular structure distortion. The Ln-SIMs have advanced a long way since then and
the now they possess the record for the highest magnetization blocking temperature up to 80 K
reported this year [22]. This report follows two simultaneous independent reports published last
year, which pushed the blocking temperature from 14 K up to 60 K using dysprosocenium SIM
[23, 24]. The latter is also one of the samples studied in this thesis, see chapter 5.

So far, we have hinted upon the time line of SMMs or SIMs, exclusively for their ability
to block (or store) magnetization, which merely covers one aspect of MNMs applications as
classical data storage units (or bits). Still another significant area of research in MNMs is their
envisaged applications as quantum bits (qubits). A qubit is a basic unit in quantum comput-
ing and quantum information processing (QIP). Often the same MNM maybe regarded as an
SMMY/SIM or a molecular spin quantum-bit, depending upon the type of experiment carried out.
However, there exist some differences between the type of MNM desired for each application.
Whilst the magnetization orientation of an SMMY/SIM can be simply described by a classical bit,
the arbitrary superposition of quantum states needs to be addressed for qubits.

We now turn towards MNMs and their promise in QIP, limiting ourselves to just Ln-based
MNMs.
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0.2.1 Ln-MNMs for QIP

Leuenberger and Loss were the first to propose that distinct energy levels in SMMs can be har-
nessed to implement Grovers’ database search algorithm [25]. Following this, the first scheme
for the encoding of single- and two-qubit gates was put forward by Troiani et al. in 2005 [26], by
using the example of antiferromagnetic molecular rings. They followed this by experimentally
and theoretically characterizing the Cr7Ni molecular ring, by studying its energy structure and
simulating the time evolution induced by pulsed magnetic fields [26]. Furthermore, they were
able to estimate the spin decoherence time and by comparing it with the gating time. In this
paper, they clearly stated the possibility for the application of the Cr;Ni rings as qubits. Two
year later, Ardavan and co workers practically measured the decoherence times for the Cr;Mn
and Cr7Ni SMMs at cryogenic temperatures using electron paramagnetic resonance (EPR), and
definitively showed that the coherence time is long enough to implement the quantum gate op-
erations [27].

Following these early proposals and experiments, the molecular transition-metal spin based
systems emerged as truly promising systems for the QIP applications, with remarkably long
coherence times, thus enabling their coherent manipulation by employing EPR pulses [28—35]
and the demonstration of single-qubit gates [36—39]. Coordination chemistry was exploited for
these systems to link molecular qubits in pairs [40], generating entangled two-qubit states[41].
Moreover, the tailoring of their reciprocal interaction enabled the synthesis of molecular qubits
with switchable couplings [42—44] and the experimental demonstration of two-qubit gates [45,
46]. Ln complexes are a rather unexplored but very interesting class of MNMs qubits [47-50].
They can present advantages such as narrow lines in spectroscopic measurements including EPR
or optical spectroscopy, optical addressing and detection by luminescence [51].

In order to use a Ln-MNM as a spin qubit, there are some special considerations which
should be accounted for, including the surrounding of the magnetic molecule, the tunneling gap
in the Ln ground state and the nuclear spins. The environmental decoherence in MNMs may
arise from the interactions with surrounding spins and phonons [52, 53]. The decoherence is a
process through which a quantum system loses its quantum properties (or superposition state)
due to the interactions with the environment. One major source of decoherence in Ln-MNMs,
i.e. the interactions with neighboring spins, can be reduced by dilution of magnetic molecules in
diamagnetic hosts. The nuclear spins on the ligand ions may cause decoherence as well, however
the Ln-ion’s own nuclear spin cannot cause the same as it is strongly coupled with the electronic
spin. Therefore decoherence can also be reduced by using nuclear-spin-free ligands. MNMs
systems are generally robust against the phonon-induced decoherence. The CF surrounding the
Ln-ion can be used to achieve the controlled and well defined wave-function mixing of a subset
of energy levels and keep this subset isolated from the remaining spectrum. Ln-MNMs can
offer a large ground state tunneling gap (A) and atomic clock transitions at the level crossings,
making them less sensitive to sources of decoherence. Therefore Ln-MNMs could present a
clear advantage over cluster-type SMMs in terms of longer coherence times [54]. Although the
large tunneling gap is good for qubit applications, it diminishes the SMM magnetic behavior in
Ln-MNMs.
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0.3 Quantum Information Processing

A quantum computer is a device which exploits quantum phenomena like superposition and en-
tanglement, to perform calculations. It consists of many quantum gates acting on an array of
qubits. The qubits are the fundamental units in the of a quantum processor having two distinct
(orthogonal) states, usually denoted as |0) and |1). Indeed a qubit encodes a single bit of infor-
mation just like its classical analog, since it can be prepared in either of the two states. However,
a qubit drastically differs from its classical counterpart as it can be prepared and exist in any
superposition of two quantum states |¢)) = «|0) + |1). The quantum gates are represented by
unitary operators acting on the qubit wave-functions. Any two (orthogonal) state quantum sys-
tem can physically implement a qubit (for example the horizontal and vertical polarization states
of a photon, a spin-1/2 particle’s spin orientation, an atom’s pair of electronic energy levels, a
trapped ion, or the spin of a quantum dot or a nucleus).

Often it is convenient to describe a qubit as a S=1/2 particle and exploit the Pauli matrices
corresponding to the three components of the angular momentum in units of /2 as

0 1 0 — 1 0
Ogp = , Oy = y Oz = s
10 t 0 0 -1
and the identity operator
. 10
I= : ey
01

A qubit is usually described by a 2-dimensional Hilbert space, and graphically any point on a
so-called Bloch sphere represents an arbitrary state of the qubit. The Bloch sphere is a sphere
of unit radius, with each point on its surface corresponding to a different pure state. Opposite
points on this sphere represent a pair of mutually orthogonal states. For instance, the north and
south poles correspond to the states |0) and |1). The most general spin-1/2 state is

) = cos (g) |0) + ¢“sin <g) 1) )

It can be shown that any unitary operator acting on a single qubit can be written in the form
U= e (cosﬁf + isinfa - &’) 3)

where «vand 3 are real constants and @ is unit vector. The « simply change the overall phase
of the state vector (and has no physical consequences), while a describes an axis in the Bloch
sphere and 20 is the rotation of the Bloch vector about that axis.

The unitary transformation above can be realized if we can produce a Hamiltonian pro-
portional to @ - & and control the interaction time. In MNM systems, the basic process that
implements these manipulations of the qubits is called Rabi oscillation. Rabi oscillations in
MNDMs are obtained by applying periodic electric or magnetic fields to the spins, at suitable



6 0.3 Quantum Information Processing

time intervals. We will apply radio frequency fields to demonstrate our capability to coherently
manipulate nuclear spins for sufficiently long times, see chapter 3.

It is not possible to read the quantum state while the computation process is ongoing because
it will collapse it and we will not be able to recover the computation back. Considering the
fragility of quantum states, errors can always occur during the computation process. A real life
quantum computer will certainly require error correction. Quantum error correction (QEC) and
the fault-tolerant quantum computation is one of the most critical tasks for the experimental
realization of QIP.

Quantum error correction

Noise is always present in physical systems, whether classical or quantum. Classical errors typ-
ically result from anomalous flips of the initially stored information in the form of bits. The task
of classical error correction is then to detect the erroneous bits and correct them. This is usually
achieved by encoding information in multiple bits by making several additional copies of the
bit, then using the probability theory and taking a majority vote at the end of a measurement to
ensure that the probability of error is minimal. Quantum mechanical computations on the other
hand are significantly more susceptible to errors than their classical counterparts, considering
that quantum systems are extremely fragile and complex. Quantum errors, in addition to bit
flip errors, can also be the result of phase-flip-errors. Thus, the process of error correction in
quantum computing is not so simple because of several reasons, for instance [55]:

e [t is not possible to make copies of an unknown qubit or quantum data, the so-named
no-cloning theorem. This is in contrast to the classical error correction where the data-
copying is universally used. Forthermore, the superposition of qubits has no classical
analog.

e In quantum computation the errors are continuous i.e. the complete bit/phase flip is not
necessary in an error, as opposed to the discrete classical errors.

e The measurement of all encoded quantum states is not possible, as the quantum superpo-
sition state is lost once a measurement is performed.

In spite of problems we mentioned above, several quantum error correction schemes have been
developed. Considering the scope of this thesis, we will not indulge into the detailed introduction
of QEC; for that there are excellent tutorial reviews available, e.g. see references [56, 57].
Novertheless, at the very basic level, QEC employs the redundant (or additional) encoding
method. In this method, the total dimension of the Hilbert space is enlarged further than what
is strictly required to store an information (or a qubit), resulting in the error mapping onto a
greater orthogonal subspace than the individual qubits. The dimension of the subspace required
is determined by the number of qubits utilized in a particular scheme. In physical systems, there
are two general strategies to acquire additional subspace. The so-called block encoding employs
several physical qubits to encode a single logical qubit. On the other hand, in the Qudit encoding
schemes, a single d (d>2) level system is used to encode the single logical qubit. Evidently, more
physical resources are required for block encoding. As we will discuss in chapter (3), we have
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proposed to exploit multiple energy levels available in a lanthanide MNM to protect against the
errors.

0.4 Magnetocaloric Materials

Refrigeration technologies can be found all around us including but not limited to homes, of-
fices, hospitals, schools, data centers, and storage houses. The conventional vapor compression
refrigeration mostly contains coolants that cause environmental and health damages. But as a
result of population growth, climate change and rising expectations regarding the quality of life,
the global energy requirements for the cooling processes are growing even faster. An alternative
clean and environment-friendly route to meet this worldwide demand would be the magnetic re-
frigeration based on the magnetocaloric effect (MCE). The MCE is the release or absorption of
heat occurring under the effect of a variable magnetic field in a suitable magnetocaloric material.
The MCE promises an end to the harmful refrigerants affecting the environment. Furthermore,
the cooling efficiency of the magnetic refrigerators can reach up to 60% of the theoretical limit
in contrast to the best gas compression refrigeration units with efficiency of about 45% [58, 59].

Scientists have known about the MCE for a long time. It was first reported in 1881 by
German physicist Emil Warburg, who observed the change in temperature of an iron sample by
placing it into a magnetic field [60]. The advancement of the field was not very rapid, however,
and the next significant proposals for a magnetic refrigeration based on MCE appeared about
five decades later [61, 62]. Successful demonstration of the effect came further down the line
in 1933 when Giauque and MacDougall achieved ultra low temperature using paramagnetic salt
as refrigerant [63]. Using the Gd as refrigerant, in 1976, Brown demonstrated the possibility
of designing a magnetic refrigerator operating close to room temperature [64]. However, it was
not until 1997 when V. K. Pecharsky and K. A. Gschneidner discovered a huge magnetocaloric
effect in the ternary intermetallic Gd;(Si, Ge)s compound [65], that interest in the magnetic
refrigeration was revived. MCE in this compound was about 50% larger than the Gd metal
because of first order magnetic transition (FOMT) below the ambient temperature which was
accompanied by a magneto-structural transition. This phenomenon was named giant magneto-
caloric effect (GMCE).

Years immediately following this landmark discovery, many other families of materials ex-
hibiting GMCE were reported. Although, the FeRh compound with GMCE was discovered
before Gds(Si, Ge)o [66], it did not receive much attention due to the high cost and rare avail-
ability of Rhenium metal. Other major families exhibiting GMCE include the La(Fe,Si);3 family
[67, 68], MnCoGeBx alloys [69], the MnAs and MnAs;_,Sb,, materials [70, 71]. The Heusler
alloys (Ni Mn)-X; X = Ga, Mn, etc; such as the Nig 59 Mng 50—, Sng [72] showing inverse
MCE, with other examples [73-75], and the FeoP-based (Mn,Fe)o(P, X) (X =Si, As, Ge, B)
compounds [76-80] are other promising classes of materials. For a detailed survey of GMCE
materials readers are referred to the reviews [81-83].

There are some important considerations one has to make while choosing the magnetocaloric
material from the applications point of view. Some of the sought-after traits are cheap raw ma-
terial and low cost of production, environmentally benign, large tunable magnetic anisotropy
and critical temperature, stable and corrosion free material etc. FeoP based (Mn,Fe)2(P, Si,
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B)1, compounds are among the best candidates for energy conversion and magnetic refrigera-
tion applications owing to the high tunability of their giant magnetocaloric effect and working
temperature, stability of composition, low hysteresis, and non-toxicity and relatively low cost
materials. The GMCE and FOMT in these compounds stems from an interplay of magnetic,
structural and electronic properties. The complex mechanisms driving these effects are still far
from understood, and there is a lot of research going on with different approaches and materials.

0.5 Thesis Outline

In this thesis, we have employed spin spectroscopies to understand the fundamental physics of
a few state-of-the-art materials for quantum information processing, data storage, and magnetic
refrigeration applications In the preceding introductory part, we covered some motivations for
this research and the historical evolution of both the molecular nanomagnets and magnetocaloric
materials. We also introduced some relevant basic concepts of QIP and quantum error correction.
The rest of this thesis is arranged as follows:

e Chapter 1 collects the basic theoretical concepts useful for the later studies on the molec-
ular nanomagnets. This includes the effective Hamiltonian approach targeted to the lan-
thanide molecular nanomagnets. The magnetocaloric effect relevant for the emerging
materials in magnetic energy conversion applications is introduced in the later part of this
chapter, followed by few comments on the first and second order magnetic transitions.

e Chapter 2 details the experimental methods we have used for our studies, namely nuclear
magnetic resonance and inelastic neutron scattering. We start by introducing the neces-
sary physics behind these techniques and then outline the various technical aspects and
practical parameters of the instruments used during this study.

e Chapter 3 is devoted to the study of Yb(trensal) MNM, characterized using the NMR
spectroscopy. The nuclear-electronic interactions, spin-spin and spin-lattice relaxations
were probed with 173Yb NMR. A complex pulse sequence (CPMG) was implemented to
demonstrate the enhancement of phase memory time using multiple refocusing pulses.
Rabi Oscillations were driven between various nuclear energy levels, thus demonstrating
the coherent manipulations of the nuclear qudit. Finally, using this electronic-nuclear
coupled multi-level system, an error protected qubit was proposed.

e Chapter 4 deals with a lanthanide (Ln=Er, Yb, Dy, Lu) based dimer family of MNMs,
explored using the INS spectroscopy. Starting with the common introduction of the
molecules, their structure, and the specific instrument settings, the rest of the chapter
is arranged in three broad categories dedicated to the results of each individual magnetic
dimer. Each section so arranged includes the INS results for both the crystal field and ex-
change splitting in these dimers, comparison of experimental results with the calculations,
and few electron paramagnetic resonance spectroscopy results (the latter for Ero and Ybg
MNMs). In case of Dy dimer, we also briefly outline the preliminary results from a point
charge modeling approach, which is still underway.
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e Chapter 5 outlines the NMR experiments carried out on the dysprosocenium single ion
magnet. Protons (‘H) are used as a probe for the SIMs relaxation dynamics. We will
briefly introduce the basic theoretical concepts which are later going to be used for mod-
eling. The detailed analysis of these results is still ongoing and here we have presented
only the preliminary results.

o Chapter 6 presents the results from the NMR experiments on FeoP based MnFePSi al-
loys for magnetic refrigeration applications. >>Mn NMR measurements in both zero and
applied field is carried out to understand the nature of magnetic transitions in these com-
pounds. The magnetic moment evolution and the spin-spin relaxation dynamics are also
reported. The results are discussed and the conclusion are drawn at the end of chapter.



Chapter

Theoretical Background

In this chapter we will narrate the theoretical aspects that forms the basis of the experimental data
interpretation, explored in the later part of this thesis, both for the Ln-based molecular nanomag-
nets and the FeoP based magnetocaloric materials. We will be touching upon the introductory
concepts broadly categorized in two themes: i) a summary of the underlying energy structure
in the lanthanide molecular magnetism and ii) the relevant introduction of the magnetocaloric
effect.

1.1 Lanthanide molecular magnetism

All the interesting magnetism phenomena in lanthanide MNMs (Ln-MNMs) stem from the mag-
netic moment of the incomplete 4f orbital of the magnetic ion. The general electronic config-
uration of the atomic ground state of the lanthanide elements, starting from lanthanum (n = 0,
Z = 57) and ending at lutetium (n = 14, Z = 71), is [Xe]4f" 6s2. ! However, La, Ce, Lu,
and Gd have the [Xe]4f"~! 5d' 6s? electronic configuration. The most stable oxidation state
of lanthanide ions is Ln3T, with few exceptions. 2 The Ln-ions tend to donate the 6s (and 5d)
electrons before 4f. Within the Ln-atoms, 4f orbitals are contracted inside the inner space and
are efficiently screened by the outer, completely occupied, 5s and Sp shells. The Ln magnetic
moment is not actively involved in the interactions with neighboring atoms, which is in contrast
to the highly spread out d orbital in transition metals. Therefore, as a first approximation, the
magnetic properties of Ln-MNMs in a tripositive state can be considered as the ones from a free
Ln?* ion with an essentially unquenched orbital angular momentum, even in the presence of a
ligand field [84].

The interactions in the Ln-MNMs are rationalized as follows: Coulomb repulsion between
electrons and correlations effects cause the splitting of electronic 4f configuration, with total
orbital and spin angular momenta (L and S, respectively) being the good quantum numbers. The
energy splitting due to electrostatic Coulomb interaction is of the order of ~10* cm™!, with

"[Xe]=1s? 2s? 2p® 3s? 3p® 3d'0 452 4p® 4d'° 552 5p°.
“Examples of stable exceptions to tripositive electron configurations are Eu?", Ce**, and Tb**.

10
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Hund’s first two rules and Pauli exclusion principle stating the 2°*1L energy levels ordering
scheme (2S+1 is the spin multiplicity). Spin-orbit coupling then splits the 2**1L levels into
25+11; levels, with J=L + S as the total angular momentum whose value ranges from | L —
S| to L + S. According to Hund’s third rule the ground state is described by J = L + S, if the
outermost sub-shell is more than half filled (i.e. n > 7), whereas forn < 7the J=|L — S|. The
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Figure 1.1: Energy structure illustration of the typical energy levels of a Kramers lanthanide
ion due to the electron configuration, Coulomb repulsion, spin-orbit, ligand-field, magnetic, and
hyperfine interactions. The estimate of magnetic interactions is assumed with an external field
of the order of 1 T.

energy gap between ground and the excited 2°*1L; terms is so large that the excited levels are
not populated even at ambient temperatures. Therefore, Ln-MNMs magnetism is determined by
the ground 25*1L; term only as well as the fact that in the J ground state the spins are parallel
to the orbital angular momentum for ions with n > 7 and anti-parallel for the n < 7 ions. The
figure 1.1 summarize a typical Ln-ion’s energy levels splittings and their relative magnitudes
due to inter-electron repulsion, spin-orbit, ligand-field, magnetic, and hyperfine interactions.The
magnetic interaction is assumed to represent the exchange, dipole and Zeeman terms for Ln-
MNMs, the later in the external field of ~ 1 T.

In order to realize the applications of Ln-MNM systems, one needs to study their properties
in both the stable magnetic state and the systems’ recovery mechanism once any perturbation is
applied. In this thesis, only the nuclear relaxation mechanisms will be discussed, and they are
outlined in the next chapter.

1.1.1 The effective Hamiltonian approach

The intra-molecular magnetic interactions in MNMs are fundamental to the understanding of
their low temperature magnetism. In the transition metal MNMs, spin Hamiltonian approach is
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frequently utilized to interpret, model, and classify the magnetic and spectroscopic experimental
data without invoking the fundamental theories. In transition metal spin Hamiltonian formal-
ism, all the orbital degrees of freedom are replaced with their spin counterparts by invoking the
systems’ symmetry properties. However, a key assumption in spin Hamiltonian approach is the
quenching of orbital angular momentum, which — as we stated above — is not true for Ln-based
MNMs. The total angular momentum J (=L+S) with unquenched orbital moment in Ln-MNMs,
is good quantum number, so we must replace the spin quantum number (S) by the J, within
the spin-Hamiltonian formalism. The Hamiltonian for Ln-MNM systems, which can adequately
account for the most of observed magnetic phenomena can be written as:

7'[eff = Her +Hzee + Hea (1.1

where the Hcr represents the crystal-field Hamiltonian (single ion term), the H z is the Zee-
man Hamiltonian, while the 7., represents the exchange interaction between two magnetic cen-
ters. Here, we have taken only the ground term in spin-orbit multiplets. Yet another term we did
not include in the Hamiltonian above (1.1) is the electron-nucleus hyperfine interaction (Hy, ),
which is usually tiny in comparison (figure 1.1) and can be easily omitted. However, for the
low-energy spectroscopies (e.g. NMR) and the complete understanding of magnetic relaxations,
the hyperfine term must be included.

The crystal electric field

If a Ln-ion is placed in a molecular or crystalline environment of lower-than-spherical symmetry,
the ligands surrounding the ion creates a field, called the ligand or crystal electric field (CEF).
Due to the localized nature of 4f orbital and electronic screening the CEF effect is much smaller
than the electron correlations and spin-orbit interactions, so it can be taken as a perturbation.
The CEF however, perturbs the partially occupied 4f shell and lifts the 2°*1L ; term degeneracy,
splitting it into My states. The splitting strongly depends on the local environment/symmetry
around the Ln-ion.

The electronic states in the systems with odd number of electrons in the presence of a crystal
field of any symmetry, are at least two-fold degenerate in the absence of a magnetic field. This
theorem is called Kramers theorem and the ions with an odd number of electrons (or equivalently,
half-integer J value) are called the Kramers ions. The M ; splitting for Kramers ions will have
two-fold degeneracy, with a maximum of (2J+1)/2 levels. For the non Kramer ions, the crystal
field degeneracy results in a maximum of 2J+1 levels for each 25*!L; term. Since all the
systems studied in this project were Kramers ions, we will mostly limit our discussion to these
systems.

The crystal field theory (CFT), first developed by Bethe in 1929 [85], is used to analyze
and simulate the f-element energy level schemes. In CFT, the CF Hamiltonian is written under
the weak-field approximation which assumes that the typical energy of CF splitting is much
smaller than the spin-orbit (and electronic correlation) level splitting, rendering the total angular
momentum (J) as good quantum number. For rare-earth ions this approximation works well
as the CEF interaction energies are typically an order of magnitude (or more) smaller than the
spin-orbit interactions, figure 1.1. The CFT starts with assuming that the potential energy for a
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magnetic ion in a crystal, with n electrons in the unfilled shell is given by a one body potential

as Hop = —e Z?:l V (74, 0, p;) where the sum is over all the electrons of central ion and
N
—e g
Vir;) = _ (1.2)
) =2 R

where N is the total number of ions contributing to the crystal potential, Zj, is the effective
charge of k-th ligand (Z; > O for negative ion), and r; and R}, are the vector positions of the
i-th and k-th electron and ligand, respectively. The term 1/|Rj — r;| can be expanded in terms
of spherical harmonics Y, (6;, ;) reducing the terms involved inside the summation as well as
making the calculation of the Hamiltonian matrix elements much easier as the |LSJM ) states
are the linear combinations of spherical harmonics. The CF Hamiltonian can be written as

n l

Hor =)D > A'riY"(0i¢:) (1.3)
l
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qm 2 AT 3 ZiY)"™" Ok, ¢x)
! 20+1 &~ RA1 '

The coefficients fllm in equation (1.3) can be calculated if the geometry of the system is known
[84]. Taking electrons of same type and some geometry considerations, one can simplify the
Hamiltonian 1.3, however for many electrons systems its calculation is complicated and the
parameterization of CF potential proposed by Stevens [86], is universally used in molecular
magnetism.

Stevens argued that any electrostatic potential, meeting the symmetry requirements around
any Ln-ion and within one J multiplet by neglecting the J-mixing, can be computed by summing
the equivalent angular momentum operators which replace the spatial coordinates. These op-
erators are called the Stevens equivalent operators. The effective crystal field Hamiltonian for
Ln-ions in Stevens’ formalism, can be written as [84]

l l
Hor = D, > AMMaOr= Y » BIO (14

1=2,4,6 m=—1 1=2,4,6 m=—1

where «; are the Stevens’ factors different for each f™ configurations and distinct [ values,
the <rl> is the expectation value of r! (the radius of the 4f orbital) which has been tabulated.
B" = Alm<7”l>ozl are the Stevens’ crystal field parameters and OZ” are the Stevens’ operator
equivalent of CF potential. The Stevens’ CF parameters BZ are always real. The Stevens’ op-
erator equivalent method is widely used for obtaining the energy estimates of the CF splittings
and the crystal field parameters (CFPs) of the ground-state multiplets, directly from the experi-
mental measurements like the inelastic neutron scattering (INS) transitions, EPR, and magnetic
measurements. The 1 and m can take a maximum of 27 parameters B;", because of their relation
with operators related to spherical harmonics Y;™.
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The equivalent operators are immensely useful for CF splitting within a single 2571 L ; level
without multiplet mixing contribution. For the heavy Ln’s, multiplet mixing approximation is
reasonable for the magnetic behavior description below room temperature, because the ground
and excited spin-orbit state splitting is more than 2000 cm~'. If the Ln ion environment is of
high-symmetry, then some terms in the CF Hamiltonian vanish and the CF parameters calcu-
lation complexity can be reduced greatly. However, often the Ln-MNMs crystallize in a very
low Ln-site point-symmetry making the CF Hamiltonian calculations rather cumbersome [87].
We now extend the discussion to include magnetic interactions of Ln-MNMs between multiple
magnetic centers and external magnetic field.

Exchange interactions

Exchange interactions between two Ln-ions are an important contribution to cooperative effects
in the Ln-MNMs. The effective Hamiltonian for exchange interaction is given as [88]:

Hee = =23 Ji- Ty - 35, (1.5)

i>j

where the [J;; are the generalized exchange tensors and J are the total angular momenta. Ex-
change interactions in 4f MNMs are generally small and can be of the same order of the dipolar
interactions. The latter can be described by the same Hamiltonian (1.5) with coefficients calcu-
lated in the point-dipole approximation.

In transition metal MNMs however, generally superexchange is sizable and for most situ-
ations, the direct dipolar coupling is one or two orders of magnitude weaker than the leading
indirect exchange between nearest neighbors and only the Heisenberg term can provide a rea-
sonable approximation, which is not the case for Ln-MNMs.

Zeeman interaction

In the presence of an external magnetic field, the lanthanide J multiplet degeneracy is removed
by the so-called Zeeman effect. The populations of the 2J+1 energy levels of Kramers ions,
depend on the temperature. The magnitude of this splitting, typically around 1 cm~!, is much
smaller than the inter-electron, spin-orbit, and the CF interactions. The Zeeman Hamiltonian
reads [84]:

HZee = —HUBH- H07 (16)

with Hy the external magnetic field, ;g the Bohr magneton, and  is the operator for magnetic
moment given as ;= Y . (g5 s; + ;). Here g is the gyromagnetic factor equal to 2.0023, s; and
l; are the spin and angular momenta in the 7 units. The magnetic moment g can be conveniently
written in the Russell—Saunders (RS) or intermediate coupling regimes (respectively for the
very weak or intermediate spin-orbit coupling as compared to the electron repulsion), as: =L
+ gs S. The matrix element of the magnetic moment operator () between the states |J M) can
be shown as proportional to the J operator, using the Wigner - Eckart theorem as

(JM|L +2S|JM")y = g (JM|J|JM'), (1.7
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with the Landé factor g = g for the RS coupling limit, given as

J(J+1) = L(L+1)+S(S+1)
27(J+1) '

g=1+

Therefore, the @ in equation (1.6) for the Zeeman interaction in the J-multiplet, can be written
aspu=glJd.

Once the CF—ion is placed inside an external magnetic field, one has to add the Zeeman term
to the CF Hamiltonian. The Kramers ions are in general good candidates for the observation of
transitions between Zeeman split levels using EPR. The spin-Hamiltonian approach is used to
model/interpret the spectra obtained from the EPR. The basic assumption in this case, is that the
transitions are induced in a multiplet which can be represented by a pseudo (or effective) spin
(S’) in a way that the degeneracy of the multiplet without the external magnetic field is equal to
2S’+1. Using this assumption for the Kramers ground doublet, the pseudo-spin will be S'= 1/2,
while the spin Hamiltonian given as

Hspin = NBS, ‘g HO (18)

where g is the spectroscopic splitting tensor.

Hyperfine interactions

The nuclei in atoms/ions often possess a magnetic moment, which results from intrinsic angular
momentum of their components (nucleons) coupling to a non-zero spin. The hyperfine coupling
between 4f rare-earth ion spin-orbit coupled electronic cloud and the nuclear spins usually has
negligible effect upon the magnetic moment properties of the electrons. However, it can influ-
ence the relaxation mechanism by so-called quantum tunneling of magnetization, and the coher-
ence properties of the lanthanide single ion MNMs. The interaction between the Ln-electronic
moment and the nuclear spin I is given as:

Mg = > T-A;-J; (1.9)

where A; is the electron-nuclear magnetic interaction tensor and usually have values around
a few peV. Two main contributions to the hyperfine interaction are the contact and dipolar
terms. The contact hyperfine coupling is only relevant for the s-orbitals, while the dipolar part is
expressed as in the equation (1.9), with A; replaced by A;;,. The electric quadrupole interaction
(NQI) for the nucleus also adds a term in the energy proportional to pg I 2 as the first order
approximation. NQI results in an unevenly spaced 2I+1 levels in the nuclear multiplet.

Somewhat more detailed and generalized treatment of the electron-nuclear interactions will
be presented in the chapter 2, section 2.1.3.

1.2 The magnetocaloric effect

The emission or absorption of heat by magnetic materials due to the influence of an external
magnetic field is termed the magnetocaloric effect (MCE). The MCE is essentially a temperature
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or entropy change due to the variation of an applied magnetic field under adiabatic or isothermal
conditions. Under isothermal conditions, the thermal (lattice plus electronic) entropy is constant,
while the application of a magnetic field reduces the magnetic entropy. On the other hand,
under adiabatic conditions, the thermal entropy rises to compensate for the decrease of magnetic
entropy in order to keep the total entropy constant.

Let us take an example of the entropy of a paramagnetic or ferromagnetic spin system close
to its ordering temperature (T¢). The entropy here consists of two contributions, the system
temperature entropy and the magnetic ordering entropy. If an external magnetic field is applied
under the adiabatic conditions (i.e. there is no heat exchange with the surrounding), the thermal
or lattice entropy (neglecting the electronic contribution) must increase to preserve the constant
total entropy of the system. This results in the system heating up and its temperature rises.
Conversely, the demagnetization should manifest in the cooling down of the magnetic system
using the same arguments. The temperature variation effect we just summarized for a spin
system, due to spin coupling with the applied magnetic field, is termed the MCE. The magnetic
materials can roughly be considered as consisting of magnetic, lattice, and conduction electrons
subsystems, all of which contribute to the total system entropy for 3d-transition metal systems
(Stor = S; + Sy + Se), by not taking electron—phonon interaction into account.

1.2.1 First and second order transitions

Phase transitions are often associated with the ordering and they may occur in the thermody-
namic systems. There are two basic types of phase transitions, the first order and the second
order, depending on which of the corresponding first or second derivatives of the thermody-
namic potentials with respect to the thermodynamic variables are discontinuous (have a jump).
The magnitude of change in entropy (AS) is large near the magnetic phase transition, there-
fore a significant MCE is expected at temperatures close to magnetic phase transitions. The
generalized coordinates like entropy, volume, and magnetization of a system are the first-order
derivatives of the Gibbs free energy.

There are no jumps in the first derivative of Gibbs free energy (i.e. entropy, thermal ex-
pansion, or magnetization) in the second-order phase transition. Furthermore, there is no latent
heat and the specific heat changes discontinuously at the second-order transition. These phase
transitions are also named the continuous phase transitions. The continuous change in the mag-
netization and finite value of specific heat gives rise to to a low entropy situation, therefore at a
second order phase transition, only a weak magnetocaloric effect is expected.

Conversely for a magnetic transition of the first-order, the first derivative of Gibbs free en-
ergy (i.e. the magnetization, entropy, and the lattice parameters) change discontinuously while
the latent heat approaches infinity at the transition temperature (T¢). The resulting MCE is
much larger and these transitions are often associated with sudden volume changes. However,
first order magnetic transition materials also exhibit a sizable thermal hysteresis making them
unsuitable for the thermo-magnetic cycles.

The best magnetocaloric materials to date are the ones that have a magnetic transition some-
where in-between the first and the second order. Consequently, they have a contribution from
the latent heat (i.e. a significant magnetocaloric effect) as well as a small thermal hysteresis.



Chapter

Experimental Techniques

In science, and particularly physics, the experiment is the ultimate test of knowledge and a
tool for the advancement of the understanding of natural phenomenon. In order to tackle the
study of magnetism and the magnetic excitations in condensed matter, a variety of techniques
have been developed and applied. The choice of the most appropriate technique depends on the
specific material under investigation and on the relevant time and space scales involved. Figure
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Figure 2.1: The size, time and energy scales accessibility ranges for various condensed matter
probes. INS can access the higher energies and longer correlation lengths whereas the NMR is
specialized for the slower dynamics in condensed matter.

2.1, shows a schematic diagram comparing various experimental techniques for magnetism in
condensed matter. Evidently, neutron scattering is one of the most versatile probes, thanks to
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its characteristic time and space scales spanning several decades, which in principle, makes it
access any magnetic excitation. NMR on the other hand, is more sensitive to slower (i.e. lower
energy) spin excitations, beyond the range accessible to neutrons. Moreover, NMR is a probe in
direct space and can detect short range magnetic order or disordered magnetism, where a probe
in reciprocal space like neutron scattering is poorly sensitive. Therefore, the two techniques
effectively complement each other.

This chapter is devoted to a brief review of the experimental techniques employed during this
PhD project: Nuclear Magnetic Resonance and Inelastic Neutron Scattering, focusing mainly on
the aspects most relevant to the experiments later described in the thesis.

2.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is an accomplished technique which has found
its application in several branches of both fundamental and applied science. While the most
widespread applications of NMR are encountered nowadays in medicine and analytical chem-
istry, in the form of magnetic resonance imaging (MRI) and high-resolution NMR, this tech-
nique is still a valuable investigation tool for condensed matter physics, where it was originally
developed and applied. In comparison with the electron magnetic moment, the nuclear mo-
ment is smaller by a few orders of magnitudes, which means it cannot be detected using the
conventional static methods. The method of magnetic resonance was developed around the mid-
nineteenth century to study nuclear magnetism. The magnetic resonance phenomenon can take
place, in principle, in any ensemble of angular moments (referred to as "spins” for short, regard-
less of their spin or orbital origin), endowed with a magnetic moment proportional to their spin
(in view of the Wigner-Eckart theorem). The resonance consists of the coherent oscillation (or
precession) of the moments, driven by an alternating magnetic field whose frequency matches
to that of the spins. For most nuclei with non-zero spin, their typical resonance frequencies fall
into the radio-frequency (rf) region of the electromagnetic spectrum. In a typical NMR experi-
ment, the atomic nuclei in an external magnetic field (Hp) are excited by a resonant rf pulse and
the response of atomic nuclei is recorded, retrieving information on the localized spin-charge
surrounding of the nucleus being probed by the hyperfine coupling. Moreover, NMR is sensitive
to the spin fluctuations traced by the nuclear magnetization relaxations.

In the following few paragraphs we will briefly introduce the concept of magnetic resonance
in a semi classical approach and how it naturally leads to the concepts of nuclear spin relaxation
phenomena. We will be focusing on the aspects of the NMR spectroscopy which will be used
later in this thesis. The NMR theory and concepts presented in this section, are mainly based on
the Slichter, Abragam, and Fukushima—Roeder textbooks [89-91], and the theses [92, 93].

2.1.1 Simple resonance picture

A nucleus is made up of one or more nucleons coupled together, so that in the ground state the
nucleus carries a total magnetic moment p,, and a total angular momentum I, such that

pn =1 (2.1
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where the scalar + is termed the nuclear gyromagnetic ratio !. In the quantum mechanical theory,
the vector quantities pt,, and I are taken as the operators. We can define a dimensionless angular
momentum operator I in the following manner:

I1=hl

I2 then has eigenvalues of /(/+1), where I can take either integer or half-integer values. The
components /, commute with 12, so its eigenvalues “m’ may take any of the 2/+1 values —1,
—I+1, ...,I—1, I. The expression (2.1) can then be rewritten as

(1 1) = AR{ L

here 1, and I, are the components of the operators y and I along any arbitrary direction x’. If
we apply an external magnetic field H along the z direction, the energy levels are split by the
Zeeman interaction, and the nuclear Zeeman Hamiltonian is given as:

HZee = —Mn- H = PYhI ' HO; (22)
where Hy is the magnetic field component along z. The eigenvalues of H z.. are:
E,, = —~vhHym 2.3)

Each level pair E,,,, E/, in equation (2.3) may give rise to transitions between these levels due
to electromagnetic absorption, provided that the interaction Hamiltonian has a non-vanishing
matrix element between the two levels. To satisfy the law of conservation of energy, the said
interaction must be time dependent and with an angular frequency w of

hw=AFE

where AE is the difference of energy between the initial and final nuclear Zeeman energies. In
order to produce the magnetic resonances phenomenon, an alternating magnetic field is applied
perpendicular to the static field, adding a perturbing term to the Hamiltonian:

Hpert = —2vhH1 I cos(wt), (2.4)

with H; being the amplitude of the rotating and counter-rotating field components. The operator
I, has non-vanishing matrix elements (m/|;/m’) only for the transitions m’ = m £ 1 (i.e. the
selection rule for the transition is Am = +1). Thereupon, only the transitions between adjacent
energy levels (m — m =+ 1) are allowed, giving

hw =AFE = ~vhHy or

In the case of pure Zeeman Hamiltonian, the quantum system evolution following a rf pulse
corresponds to classical Larmor precession (2.5) with Larmor frequency wy, = v Hg, therefore
we can resort to the classical description of the time evolution of the nuclear spin ensemble,
which we handle in the next section.

"Nuclear gyromagnetic ratio is given as v = g un/h, with uy =e i /2 myp =5.05 x 10727 A m? is the nuclear
magneton, m,, is the proton rest mass and g is the Landé’s g-factor for the nucleus
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2.1.2 Bloch equations

We outline a treatment capable of describing the transient response of the nuclear magnetization
under the effect of the static field, a driving rf field and irreversible “friction” processes (the
relaxation effects), and not just the average rf absorption. Such a description closely corresponds
to the modern pulsed NMR technique. The simplest approach is describing nuclei as classical
spins, subject to Larmor precession and ad-hoc relaxation terms, leading to so-named Bloch
equations [94]. If quadrupolar and spin-spin interaction terms can be neglected, Bloch equations
turn out to be also validated by a fully quantum treatment. In any typical NMR experiment the
alternating rf field (H1) applied in the x, y—plane, say in the xz-direction, flips the position of
nuclear spins from their initial polarization produced by the static magnetic field (Hp) along z-
axis. After switching-off H;, the nuclear magnetization will return to the equilibrium position
with a time constant of T due to the interaction with the environment (lattice), so we can write

dM,  My— M,
dt 7,

(2.6)

where M, = ~vyhn/2 for I = 1/2 in general, and the thermal equilibrium magnetization value is
My, with My = x, Hg in terms of nuclear magnetic susceptibility (xy).
The torque due to the magnetic field Hg drives the magnetization M to precess around the

magnetic field as:
dM, 1
= — M x H),. 2.7

Combining the precession (2.7) and relaxation (2.6) equations, we get

dM, My — M.
— M x H).,. 2.8
7 Tt v(M x H) (2.8)

Moreover, in a static field Hy the transverse components of the nuclear magnetization vanish at
the thermal equilibrium. Thus

My v xow), — Mo
dt T 09
dM, M :
— (M x H), — ¥
g~ Y(MxH)y -

Here we have introduced relaxation time To, the decay time for the transverse x— and y— di-
rections, different from the Ty, the longitudinal relaxation/decay time. Ts is called the spin-spin
relaxation time, which leads to a simple exponential decay (2.9). A simple mechanism for Ty
is the perturbations in the spin precession rates of a nuclei due to interactions with surrounding
nuclear spins, whence its definition. The inhomogeneities of the applied magnetic field Hy can
also cause the Ty decay, as well as any mechanism leading to coherence loss in the precessing
spin ensemble.

We can transform the equations (2.8) and (2.9) into a more manageable form by a coordinate
transformation which eliminates the time dependence of H. To this end, an oscillating field (2.4),
may be viewed as the superposition of a rotating and a counter-rotating field, and since the
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counter-rotating component is ineffective we can consider just one rotating field component. We
account for the rotation of the applied rf field H; by moving into a coordinate frame rotating at
the same angular frequency of w around z—axis. This means the rotating frame equations (2.9),
can be written as:

dM Mo — M
dtz — —yM,H, + OT (2.10a)
dM, M,
= —~AM,H — == 2.10b
dt TR T, (2.106)
dM M,
Tty = y(M,H, — M,H') — —sz (2.10c)

where we have taken H' = Hy + % The equations (2.10) are named the Bloch equations—
proposed by Felix Bloch in his classic 1946 paper [94].

From equation (2.10), the free evolution (H1) of the transverse magnetization (M, ) in the ro-
tating frame at resonance (H’ = 0) is an exponential decay:

My, () = Myy(0)e T2 @2.11)

The time constant T2 in the equation (2.11), has contributions from both the distribution of static
fields as well as dynamic ones. The longitudinal component of magnetization from Bloch equa-
tions (2.10) approaches towards equilibrium following an exponential law with a time constant
Tll
_t
M (t) = Mo + (M(0) — Mp)e ™ (2.12)

In the simpler case of a spin I = 1/2 system, 1/T; decay (or recovery) rate of the off-equilibrium
longitudinal nuclear magnetization, as of equation (2.12), coincides with the transition rate 2
between two adjacent nuclear levels my, mr41. A microscopic treatment of the Bloch equations
will be presented in the section 2.1.4.

2.1.3 The nuclear Hamiltonian

So far we have neglected all the possible interactions a nuclei can have (except the Zeeman
one), while describing the behavior of nuclear spin systems. However, this is not the situation
in the physical systems. Indeed, the nuclear interactions can shift and/or broaden the nuclear
energy levels as well as induce spontaneous nuclear transitions (i.e. nuclear spin relaxations). A
general nuclear Hamiltonian containing all interactions among the nuclear spins and with their
surrounding electronic cloud, in the presence of an external magnetic field, can be written as:

Hnuclem' - HZee + Hn—e + HQ + Hn—n (213)

We will individually discuss all the terms in equation (2.13) concisely, and comment on their
effects upon the shape/shift of the NMR spectra.

The first term was already introduced in (2.2), as the Zeeman interaction between the nu-
cleus and the applied magnetic field. From the Zeeman and the electron-nucleus term in equa-
tion (2.13), one gets an effective Zeeman Hamiltonian as equation (2.2) when averaged over the
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electronic degrees of freedom. There, the field H that matters is the field at the nucleus, which
differs from the bare external field due to Knight and chemical shifts. In magnetic materials it
also includes a term independent of the external field (hyperfine or dipolar in origin) properly
referred to as the internal field.

Hyperfine interactions

The second term in the Hamiltonian (2.13) is the hyperfine interaction, i.e. the electron-nucleus
magnetic moment coupling. The electronic moment has contributions both from spin and or-
bital angular momenta, but in solids, orbital moment is often quenched by the crystal field and
usually does not participate in the magnetism to the leading order, although there are exceptions.
However, orbital coupling does not vanish in the second order perturbation theory, and gives rise
to temperature-independent shifts of the resonance line, referred to as the chemical shift. The
hyperfine interactions H,,_. are the source of additional magnetic fields at the nuclei and there-
fore result in the shift of NMR lines, as compared to the resonance frequencies of bare nuclei.
The electron-nuclear hyperfine Hamiltonian is given as [90]:

dipolar contact orbital
S-r)r S 8m L
Hoe = 77h?1- [(3“ - > +580(r)+ 5

5 3 3 (2.14)
where S is the spin and L is the orbital angular momentum of the electron, r is the distance
between electron and nucleus whereas . is the electronic gyromagnetic ratio. Equation (2.14)
accounts only for a single electron coupling with a nucleus. In order to derive an effective
hyperfine Hamiltonian of the nucleus summed over all electrons, one needs to average over the
orbital degrees of freedom.

There are three parts of equation (2.14): the first represents the point-dipolar interactions be-
tween the nuclear spins and the electron spins, based further on the assumption that the electrons
and nucleus are far apart. This holds true for p- d- and f-orbital systems but not for s-electron
systems. In the latter, however, the dipolar interaction vanishes due to the spherical symmetry.
The s-orbital is then described by the second entry in the equation (2.14), named as the Fermi
contact term. The probability of finding the (s—) electron at the nuclear site is proportional to
the NMR line shift resulting from this interaction. The Fermi contact contributions are isotropic
while the dipolar-term is anisotropic because it depends on the crystal orientation relative to the
applied magnetic field. The last term in the hyperfine Hamiltonian is the ‘orbital interaction’ due
to the nuclear spin interaction with the orbital momentum of the electron, hinted at above. For
ions with a net spin S, an effective form of the hyperfine interaction of equation (2.14), may be
written as a coupling term between S and the nuclear spin I as:

Hopin = — LAI(S) (2.15)

where flf is called the hyperfine coupling tensor, representing the strength of the transferred
hyperfine interaction between nuclear spin and the j* electronic moment along the i‘"-path.
The term (S7) is the thermal average of the i-component (i = x,y, z) of the 5" electronic spin.
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The effective Hamiltonian (2.15), may also be written as H = —1I - Hyy, where the quantity
Hy,y = A(S) is defined as the hyperfine field.

If the hyperfine coupling A'is known, the (S) can be directly estimated from the spontaneous
resonance frequencies in the internal field (see below), or from the shift in the frequency w =
wo(1l + AK), where AK is the amount by which the resonance frequency has shifted. Con-
versely, an unknown hyperfine coupling can be estimated from the NMR frequency if (S) is
known by some other technique (e.g. magnetization). An effective negative contribution in the
hyperfine coupling A is the core polarization interaction resulting from the (negative) electronic
spin of a many-electron ion, induced by outer spin polarized d-orbital in the deeper s-shells.

In the ordered-phase of magnetic materials, the spontaneous hyperfine field arising from the
ordered moment (S), can be used to perform zero-field NMR (ZFNMR) studies. ZFNMR can
elucidate the ground state (e.g. the valence) of the magnetic ion and the temperature dependence
of the magnetic order parameter. Although indirectly, ZFNMR can also provide information on
the micromagnetic properties such as the magnetic anisotropies and the domain texture, through
their effect on the rf enhancement at the nucleus. The hyperfine contributions described above
contribute to the huge enhancement of local rf magnetic field on the nucleus; because the elec-
tronic moments are three orders of magnitude larger than the nuclear moments. They have a
much larger susceptibility and are more strongly coupled to the rf field in the sample coil com-
pared to their nuclear counterparts. These electronic moments are paired to the nuclei by a large
hyperfine coupling.

Electric quadrupole interactions

The next term in (2.13) are the interactions arising from the I > 1/2 nuclei due to their non-
spherical charge distribution. Their electric quadrupole moment, which can have a non-zero
value even if their electric dipole moment is zero, interacts with the gradient of the electric
field due to the electron charge distribution around the nucleus. It can lift the degeneracy of
nuclear Zeeman levels without any applied magnetic field hence making the nuclear quadrupole
resonance (NQR) spectroscopy possible. The quadrupolar Hamiltonian is [90]:

e%qQ

"o = qer-

312 — I(I+1)+ g(fi — %) (2.16)

where e is electric charge, @ is the nucleus quadrupolar moment, i and I? are the raising and
lowering operators (/1 = Ix £+ ily), eq = V., is the largest element of the electric field gradient
(EFG) tensor in the reference of its principal axes (X, Y, Z), and 7 is the asymmetry parameter

of the EFG tensor given as:

:w,ogngl (2.17)

with |V,.| > |V,y| > |Vae|. For a spherical or cubical symmetry site of the nucleus, V., =V,
= V2 = 0 and the quadrupole coupling is zero. The eigenvalues of the Hamiltonian (2.16) along
with the selection rule Am = =1, give rise to one (for I < 2/3) or more (I>>3/2) non-degenerate
transitions, observable in the zero-field NQR experiments.
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In the presence of an external magnetic field, if the Zeeman and quadrupolar interaction
are both present, depending on the relative size of the two interactions, EFG-perturbed Zee-
man transitions (quadrupole-perturbed NMR) or magnetic-field-perturbed quadrupolar transi-
tions (Zeeman-perturbed NQR) are observed. In either case, the degenerate unperturbed transi-
tions are split by the perturbing interaction, and satellite lines appear, whose positions depend
on the relative orientations of the magnetic field and the EFG. In the case (of frequent interest)

Zeeman nuclei- nuclei- quadrupolar
splitting  nuclei electron | ——
"m=5/2 | ——
/ 1
g _ 1
i m=1/2 — !
\ m=3/2 !
| m=5/2
d)o ulxo Joo (50(1+AK) W,

Figure 2.2: The nuclear energy levels (above) and NMR spectra (below) splitting and shifts
scheme for an I = 5/2 nuclei. The Zeeman interaction causes level splitting and single line NMR
signal, nuclei-nuclei dipole interaction results in the spectra broadening, the nuclei-electron in-
teraction shifts the spectra by an amount mentioned in the text, while the quadrupolar interac-
tions split the spectra.

of an odd spin I and a small EFG behaving as a perturbation of the leading Zeeman interaction,
for instance, the central transition (1/2 <+ —1/2) is unshifted to leading order in vQ/Vzcemans
while the (21 -1) angle-dependent satellite lines appear on either side of the central transition.

In the polycrystalline samples, the angular average of the satellite lines gives rise to the broad
spectra with peculiar features (powder singularities), while the central transition of an odd spin I
is only affected to second order by the EFG and yields a relatively sharp line. Power singularities
may not be distinguished however in the case of a very inhomogeneous EFG, and a featureless
broad spectrum is detected in place.
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Nuclear dipole interaction

The last term in the Hamiltonian (2.13) is the classical interaction between nuclear spins, given
as [90]:

2.2
Mo =D {Ij 1 g BTl r } 218)
j<k "Ik Jk
where rj; is a vector from nuclear spin I; to Ix. The nuclear dipole-dipole interaction is
anisotropic in solids, and it gives rise to the so-called homonuclear linewidth, in the order of
a few Gauss. Usually n-n interaction is the weakest term in nuclear Hamiltonian and is not

expected to be important in magnetism.

In MNMs however, the coupling to electronic spins is reduced by dilution and, in strongly

anisotropic systems like Dy-cene (chapter 5, thermally activated electronic spin flips are inhib-
ited by a large energy barrier. On the other hand, nuclear spins are not diluted at all (there are
proton nuclei everywhere in the hosting matrix), and may become an important spin relaxation
channel. In nuclei with a strong hyperfine coupling to their ion, like e.g. ytterbium in Yb(trensal)
(chapter 3) and Mn in MnFePSi alloys (chapter 6), on the other hand the n-n interaction can be
safely neglected.
Figure (2.2) summarizes an illustration of the nuclear interactions, their effects on the nuclear
energy levels and the corresponding nuclear magnetic resonance spectra evolution for an I =
5/2 system. The electric quadrupole interaction is assumed in a uni-axial symmetry (n=0) with
electric field principal axis parallel to the external magnetic field.

2.1.4 The Redfield theory

In the paragraph (2.1.2), we presented the Bloch equations as a simple phenomenological theory,
with no microscopic interpretation for the T; and T» relaxation times. In case of quadrupole-
resolved Zeeman transitions in solids, for instance, one needs to resort to a microscopic theory
called - ‘the Redfield theory’ [95], which is closely related to the relaxation theory approach of
Wangsness and Bloch [96, 97]. We will just briefly touch upon it here in this thesis.

In order to state the Redfield theory results, we will include the relaxation of nuclear spins
in the presence of electron-nuclear interactions under an applied magnetic field, following the
formalism developed in section (2.1.1). The thermal fluctuations in the electronic spin cause
random variations in the hyperfine and dipolar fields whence the nuclear spin-lattice relaxations.
The members of spin ensemble are not coupled to each other, but to a fluctuating field produced
by electron spins, having components along x- y- and z- axis, which is different for each indi-
vidual nuclear spin. The whole system is under a static magnetic field Hy (possibly including
the time average of the hyperfine field) along z-direction. We can write the Hamiltonian for each
site as:

Houe = Ho + thp = _’YNhHOIz - 'Yhth(t)I

where the Larmor frequency is wy, = v Ho and Hj¢(t) is the fluctuating hyperfine field:

N
Hos(t) = ~hve Y or)si T+ <5Si§t) NP LIGL L ) (2.19)

i=1 i T
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where N is the total number of magnetic ions with 7 labeling their index, r; is their distance from
the proton, s; is the spin operator, with ds;(t) = s;(t) — (s;). The first term outside the brackets
in equation (2.19) is the contact hyperfine while the terms inside the brackets are (pseudo—)
dipolar interactions.

Skipping the complete mathematical steps to derive the T; and Ts, the longitudinal and
transverse magnetization decays respectively, and write the results as [89]:

1

T = ’72[k3wx(WL)+kyy(wL)]

11 . (2.20)
2

=y kzz

T, ~ o +77k.2(0)

where ¢ = x,y, z; and kg, is the Fourier transform of the correlation function of Hj,; defined as
the spectral density of interactions:

1 [T

qu(w) = 5 th,q(t)th,q(t + 7’) e Wtdr

From equation (2.20), 1/T relaxations are due to the transverse fluctuations at the Larmor fre-
quency, whereas 1/T7 is made of a T;-like term and a so-called secular term (the longitudinal
fluctuations at vanishing frequency).

With larger nuclear spin I (I > 1/2) and non-degenerate Zeeman transitions however, the
quantity accessed experimentally is the population difference of the level pair involved in the
observed nuclear resonance, rather than the entire nuclear magnetization. The rate equations for
the nuclear populations then lead to multi-exponential recovery laws for each resonance even in
the case of a single transition probability W [98], with up to 21 exponential components exhibit-
ing enhanced rates 2W, 6W, 12W, 20W, 30W, ... . Their weights depend on the preparation
(i.e. saturation) method for the nuclear ensemble, namely, whether just the populations of the
observed transition are altered, or the preparation pulse sequence is long enough to allow for a
recovery to thermal equilibrium for the other nuclear levels, or any intermediate case between
the previous ones.

2.1.5 Free Induction Decay and Hahn Spin Echo

Modern pulsed NMR techniques allow the alteration of a nuclear magnetization vector from its
equilibrium values by using intense rf pulse (H; # 0), followed by the free evolution of the spin
system (H; = 0). If the rf-field is resonant with the Larmor frequency (wr, = v Hp), the system
will start precessing around the static effective field (in the rotating frame) H;Z by a nutation
angle ¢ = vH7,, where 7, is the pulse duration, in response to the applied rf pulse. By suitably
tuning the pulse intensity A7 and duration 7, one may obtain a so-called 90° (6=r/2) pulse
which rotates the magnetization into the transverse xy-plane; or a 180° (f=m) pulse inverting
the nuclear magnetization and so on. To achieve a correct 90° pulse, one can use the fact that
NMR signal induction into the coil is maximum, if the nuclear magnetization is precessing in
the zy-plane. Therefore, by systematically varying the 7, (or equivalently transmitter power)
and plotting the integrated echo intensity, one can calibrate the correct 90° pulse.
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As mentioned before, on evolving freely after the pulse, the system damps exponentially its
collective precession, and the corresponding damped signal, detected by the pickup coil wound
around the sample, is called "free induction decay" (FID). The NMR absorption spectrum is
then obtained in principle, as the real part of the FID signal (after a suitable phase correction).
However, in the solid state materials, especially in the magnetic ones, the excitation of FID
signal by means of a single pulse is rarely applicable. In these systems, the inhomogeneous line
widths are typically so large that the decay time of the FID signal, inversely proportional to the
line width, is shorter than the unavoidable dead time of the receiver following the transmission
of a pulse, and the signal is completely decayed before it can be detected.

To overcome the shortcomings of the FID, the Hahn spin echo (named after the inventor
[99]) is a universally used pulse sequence. Hahn sequence works as follows: a 90° pulse rotates
the nuclear magnetization into the xy-plane. The FID is induced as a result, then after time 7
another 180° (or 90° sometimes) pulse flips the magnetization still in the zy-plane. If the line
broadening is dominantly inhomogeneous (i.e. essentially due to a spatially inhomogeneous
distribution of the static fields), then the dephasing of the spins responsible for the decay of
the free-induction signal is reversible and the spins refocus (the signal reappears, and reaches
a maximum) at the time 7 past the last pulse. By choosing the 7 larger than the dead time, an
echo signal can be detected even when the FID signal cannot. The so-generated echo intensity
is related to the magnitude of magnetization component in the xy-plane (M,,). The echo is
essentially a replica of the free-induction signal excited by a single pulse and therefore the NMR
absorption spectrum can be obtained similarly, namely, by Fourier-transforming the echo signal
from its maximum. However, in solids, especially in magnetic materials, often the resonance
lines are very broad (up to tens or even hundreds MHz). In these cases it is not possible to excite
the entire NMR spectrum by a single echo and the spectra is therefore constructed point-by-point
at discrete frequency steps.

2.1.6 Spin-spin relaxation time T,

The spin-spin relaxation time Ty (more precisely, T3) introduced in the Bloch equations is the
decay time of transverse nuclear magnetization in the xy-plane, coincident with the reciprocal
half width at half maximum (HWHM) 1/A,,. The finite linewidth is caused by the contributions
from the the time-dependent random fields at the nucleus (fluctuations) and the static inho-
mogeneities (the spatial distribution of the static field Hp at the nucleus). These fluctuations
produce an irreversible spin dephasing and affect the decay of spin-echo vs. 7 also, while the
spin-dephasing by the static inhomogeneities is reversible and is refocused by the spin echo
whose decay is not affected (unlike FIDs). To measure the intrinsic To, rather than T3, the
Hahn-echo sequence is applied repeatedly while gradually increasing the time 7 between the
first and the second pulse. The recorded integrated echo intensity plotted against 7 gives the
spin-spin decay profile of nuclear spin (T2), which can be fitted with a single exponential decay,
as reported in equation (2.11). An illustrative diagram of a T measurement sequence, will be
presented in the next section when we will discuss the experimental setup. An alternative, more
efficient way of measuring the spin-spin relaxation time is the CPMG pulse sequence, presented
in next paragraph.
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2.1.7 Carr-Purcell-Meiboom-Gill Sequence

The Hahn spin echo technique, in spite of excellent applicability, has an important limitation
e.g. in liquids in the presence of a magnetic field gradient, since in that case spin diffusion gives
rise to a random modulation of the local field at the nucleus. The latter produces an irreversible
spin dephasing since the precise refocusing of the nuclear magnetization is only possible if each
individual nucleus remains firmly in a constant magnetic field for all the measurement duration
(27). The spin depolarization due to spin diffusion, which is not regarded as a true Ty process,
depends on the diffusion coefficient D and the field gradient according to a non-exponential law:

yOH )2 % DT3]

M(27) = M(0)e >/ |5 2.21)

In the equation (2.21), we notice that the initial depolarization due to spin-diffusion is slower
than an exponential. This means that its effect can be singled out from the proper T2 relaxation
by repeatedly refocusing spins, as follows.

The sequence starts with the application of a well-calibrated 7/2 pulse at t=0, bringing the
magnetization into the xy-plane and along the +y-axis, if the H; was along +z-axis. A m pulse
at time t=7., follows the first pulse producing the echo at t=2 7., with magnetization being
along —y. Another 7 pulse at 37, will result in another echo at 47, along +x-axis. Therefore,
following the same arguments, continuous pulses at times (2n + 1)1, (n=0, 1, 2, ...) would
result in the echoes at (2n+2)7,, with echoes along -y-axis for odd n and +y-axis for even n.
As all the magnetization components in the xy-plane are exponentially decaying with Ts time
constant, the echo pattern will similarly follow the exponential decay. This clever scheme was
invented by Carr and Purcell (CP) in order to mitigate the 73 term effect. Their method measures
the complete envelope of echo amplitudes as a function of 27, giving the value of T in one go,
using a train of rf pulses, as described above.

The spin diffusion may also be encountered in solids, in the form of spectral diffusion,
consisting in the polarization transfer between spatially close spins coupled by the dipolar or
indirect dipolar interactions, but resonating in different portions of the spectrum. It has also
been shown in such cases that the effect of spin diffusion can be mitigated by applying the
CPMG sequence [100, 101]. The CP-sequence is particularly advantageous for measuring the
weaker NMR signals with low signal-to-noise (S/N) ratio. This diffusion effect can also be
almost entirely removed if 7., is short enough, to not let the diffusion process take place.

If the CP pulse sequence deviates even slightly from the 7 pulse, the resulting effects add
up quickly and become substantial enough to make the measurements unreliable. Since the H;
field is never uniform in the entire sample, these cumulative effects, in practice, always become
significant. Meiboom and Gill recognized this problem and modified the CP pulse sequence
(hence the name CPMG). In CPMG pulse sequence, after the initial 7/2 pulse with H; along
+y-axis, the [, for m pulse would be applied along +x-axis. As a result, all the echoes are
formed along +z-axis and the errors in the pulse calibration does not accumulate. Another way
of mitigating the same effect is to apply the 7w pulse by alternating them along +z-axis.
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2.1.8 Spin-lattice relaxation time T,

The spin-lattice relaxation time is the mean recovery time of the longitudinal nuclear magneti-
zation (M,). The T; relaxation process arises due to either the magnetic or the EFG fluctuations
(later only for the quadrupolar nuclei), or a combination of both. The magnetic part of the fluc-
tuations is contributed for by the nuclear spin-spin interactions, fluctuations in the electron spin
and conduction electron interactions. The EFG fluctuations on the other hand, depend on the
charge fluctuations and dynamic lattice distortions (e.g. phonons). Therefore an experimental
measure of Ty provides a useful insight regarding all these dynamics.

In order to to measure the spin-lattice relaxations, the saturation recovery method was always
used in this thesis. In this method, a series of pulses are used to saturate the spin system to
virtually no net polarization, which also corresponds to an infinite spin temperature. The spins
are then allowed to freely evolve and re-polarize due to energy exchange with the thermal bath of
magnetic and/or charge excitations. A usual spin echo detection sequence (e.g. the Hahn echo),
is then used to measure the process of re-polarization. The sequence is repeated with different
delays between the last saturating pulse and the beginning of detection sequence, giving an
experimental curve for saturation recovery law, which can then be fitted to the single-exponential
recovery law of the equation (2.12). In the case of a I > 1/2 spin and non-degenerate Zeeman
transitions (because of e.g. the quadrupolar interaction), a multiexponential recovery is observed
experimentally. Such behavior can be accounted for in detail by rate equations for the nuclear
populations in the framework of the Redfield theory, as discussed earlier in the last part of
section 2.1.4.

2.1.9 Rabi Oscillations

The periodic nutation of the net nuclear magnetization driven by a resonant field, whence the
periodic absorption and release of the Zeeman energy by the nuclear spin is called Rabi oscil-
lation and the frequency of this oscillation is called the Rabi frequency. Driving several Rabi
oscillation cycles demonstrates the ability to coherently manipulate spins over sufficiently long
times, which is required by QIP. In order to observe the Rabi oscillations in spin-echo sequence,
one needs to fix the properly calibrated detection pulse (180° or m), and change the first pulse
(t Rapi) duration systematically, while recording the echo amplitude. Fourier transformed and
phase corrected echo amplitude as a function of tr.; yields the Rabi oscillations. Rabi oscil-
lations are damped in practice by Ts relaxations or the inhomogeneities of the driving rf field
H,, whichever of the two is stronger. The Rabi oscillations show linear dependence of Rabi
frequency on the applied rf field strength, which is also a way to ascertain that the particular spin
nutations are indeed the Rabi oscillations.

2.1.10 Practical considerations

In this thesis we are dealing with the NMR measurements of the single crystals of MNMs and the
powder samples of MnFePSi compounds. In principle, all the NMR—active nuclei (the ones with
I # 0) in these systems can be measured with NMR, however there are some bad nuclei, such
as the >"Fe and ?°Si in the MnFePSi alloys, which cannot be measured in practice. The signal
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in magnetic ion species can be greatly enhanced by the hyperfine coupling between electronic
cloud and nuclei, which we can detect with resonant rf excitations, although its magnitude is
still much smaller (~ 102 times) than its electronic counterpart. Furthermore, thanks to the the
resonant character of the NMR, the off-resonance spin excitation (like electronic moment and/or
other nuclear species) signals are not detected in the measurements.

The on-site hyperfine coupling strength ranges from tens of Tesla in transition metals to the
hundreds of Tesla in the rare-earth systems, making their detection rather difficult due to either
over relaxed NMR signals or resonance frequencies in microwave range (up to a few GHz for
rare earths), which is not within the accessible frequency range of our spectrometer. However,
we are able to measure 1”>Yb NMR in Yb(trensal) MNM (chapter 3 of this thesis) because of
the relatively small gyromagnetic ratio of 173Yb, which brings the resonance frequency of this
system back into the rf passband of our spectrometer. On the other hand, in the case of 6!Dy
and 19Dy in dysprosocenium molecule (chapter 5 of this thesis), the resonance frequency was
outside of our experimental frequency band and the measurements were carried out on the ligand
protons (* H).

The ' H, with 100% natural abundance and high gyromagnetic ratio v, is one of the best
nuclei as far as sensitivity is concerned and its weaker dipole-dipole coupling interaction to
its neighboring ions falls beautifully into the time-frequency window of our experimental setup.
However, the inhomogeneous coupling of ' H due to inequivalent sites in the crystal with varying
distances from the magnetic ions, gives rise to a non-exponential decay or recovery law for
the nuclear magnetization due to the distributions in the T; and Ty time constants, making the
subsequent data analysis rather complicated. Another difficulty, from the experimenters point
of view, is the ubiquitous presence of ' H signal, practically from everywhere (from air to the
experimental equipment and so on). In fact, one needs to be extra-careful about cleaning the
sample holder, coil, and the surrounding areas of the probe head while measuring the proton
NMR.

2.1.11 The instrument: HyResSpect

In pulsed NMR experiments on magnetic materials, inhomogeneous line widths are so large that
spectra must be recorded point by point by detecting spin echoes as a function of frequency
in discrete steps. T2 and T; relaxation times are usually short in these materials. Therefore,
the most important requirements in an NMR spectrometer designed for the study of magnetism
are: wide frequency span, a uniform frequency response, the smallest instrument dead time,
and a large receiver bandwidth. All of the NMR experiments were performed by using an en-
tirely home-built broadband NMR spectrometer, named ‘HyReSpect’ [102], after the Hyperfine
Resonance Spectrometer. The HyReSpect spectrometer is particularly optimized for magnetism
studies. In the following subsections, we summarize some of the main electronics and software
controls of the HyResSpect, the magnets and cryogenics, and the probehead used during the
experiments. We end this section by mentioning the pulse sequences in lieu of the HyReSpect
software commands.
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Main electronics

The HyReSpect features a flat frequency response over the 8—800 MHz frequency span, a pass-
band of +3MHz around its working frequency, a fast-repeating digitizer with a maximum sam-
pling rate of 25Msample/s, and timing provided by a microcontroller clocked at 84MHz, capable
of triggering variable pulses from a minimum length of 95ns (8 clock cycles) in steps of 1 clock
cycle. It has a dead time of less than 2 us and it is equipped with an external rf power ampli-
fier. The rectangular rf pulses of different selectable lengths are cut out from a continuous-wave
signal source by a fast switch (rise time < 10 ns), which is gated by the microcontroller, while
their level is controlled by a programmable attenuator in steps of 1 dB. The low-level pulses
(peak power < 1 mW) are boosted by a power rf pulse amplifier in the range of 10-100 W and
transmitted to the tuned LC resonator circuit in the probe head containing the sample inside the
coil. The coil in the resonator circuit both generates the rf field which excites the resonance
and acts as a receiver pickup to detect the induced e.m.f. from the precessing nuclei. The re-
ceived NMR signal passes through a fast-recovery low-noise broadband preamplifier and into
the receiver (RX) stage of the spectrometer.

The transmitter (TX) and the RX circuits are both coupled to the probe-head resonator and
decoupled from each other by the duplexer, which is a passive circuit made up of a resonant
M4 transmission line and two pairs of cross-polarized silicon diodes. The A/4 line is a coaxial

Probe

Magnet

Figure 2.3: An illustrative block diagram indicating some of the important components of a
typical NMR spectrometer

cable whose electrical length is equal to a quarter of the working frequency wavelength. It
acts as an impedance transformer, transforming a shorted end into a high impedance on the
opposite side, and vice versa. An oversimplified block diagram of a typical NMR spectrometer
is shown is figure 2.3. The diode pairs are open circuits for the NMR signal, in the sub-mV
range and hence below the conduction threshold of a silicon junction diode, while they are open
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circuits for the high power rf pulses. It can be easily verified that the RX and TX lines are
seen as high-impedance loads from the other side during, respectively, pulse transmission and
signal reception, so that these two ports are effectively isolated. The diode pair in front of the
preamplifier also serves as a protection from over-voltages which otherwise could damage it.

Magnets and cryogenics

Superconducting magnets are common with NMR setups as they provide large magnetic field
without the requirements of a huge external power supply, they are stable and provide uni-
form magnetic fields. Our experimental setup includes a Maglab EXA (Oxford Instruments)
0-9T variable field superconducting cold-bore cryomagnet equipped with a helium flow variable
temperature insert (VTI) as a sample environment. The EXA superconducting coil windings
are made of niobium-titanium alloys immersed inside the liquid helium (He) bath which has a
cylindrical liquid nitrogen reservoir surrounding it for the insulation. Both the reservoirs are
separated from each other, and from the outside environment by vacuum chambers.

The EXA magnet is versatile with fully software controlled fast (1 T/min) field variation,
which comes at a price of reduced field homogeneity as compared to the normal NMR spec-
trometers. But for our studies on magnetic materials with broad resonance lines, this is not a
critical requirement as compared to the capability of swift field variation. The VTI cryostat takes
the He flow from the liquid He bath in which the superconducting solenoid is also immersed,
providing a stable temperature control from 250 K to 1.4 K, and a hold time of several days. The
sample is placed inside a coil of a resonant probe circuit (the probe head) hosted by the VTI.
The heater and temperature sensor of VTI are controlled by an Oxford ITC 503 temperature
controller. For the ZFNMR measurements, a separate VTI cryostat is used, which is placed in a
special holder away from the magnet.

The second magnet in our setup is a Cryomagnetics warm 89 mm bore 7.96 T fixed-field
superconducting magnet with a VTI cryostat. The heater and temperature sensor of VTT in this
case are controlled by an Oxford ITC 4 temperature controller. This set up is usually used for
fixed- or zero-field studies at liquid nitrogen temperatures.

GUI and Software controls

The operations of the HyResSpect are controlled through a graphical user interface (GUI) based
program, called gtknmr. The scripting language used is the bash shell of the Linux/Unix with
some additional specialized commands e.g. for starting the experiment, taking and saving the
data input, and terminating the program. The temperature and magnet controls are also embed-
ded in the gtknmr setup. For the setting up and optimization of an NMR experiment, one needs
to adjust a number of gtknmr parameters.

Here we list some of the important gtknmr parameter names and their functions:

e The optimization of the pulse level is controlled by the transmitter attenuation (TxAtt) in
steps of 1 dB and the pulse duration (P1, P2, ... for the first, second, ... pulse, respectively)
commands, which should be optimized to get the maximum signal (7/2 or 7 pulse as
required). The larger the Txatt, the lower the power transmitted to the sample. The entries
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in the P1, P2 fields are written for example as 0.5u, 0.5u (for equal pulses) or 0.5u, 1u (for
90°-180° type sequence), and 0 to end the sequence.

e The pulse phases (phl, ph2, ...) are specified in Phase Cycle field in the ‘Sequence Tab’.
The values phase can be given as 0, 1, 2, 3; with 0 means no flip and 2 to flip the signal,
whereas 1 and 3 results in 90° phase shift of the rf carrier.

e DI represents the delay between two pulses for spin-echo sequence. The D1 must be kept
much shorter than the T» time and at least slightly longer than the receiver dead time.

e The signal acquisition delay must always be kept shorter than D1. It is the sum of (Rinh)
and (Acqd): the former is the time the rf RX stage is switched off, while the latter is the
delay between the RX enabling, and the actual trigger of the acquisition.

e The receiver gain is actually controlled by a programmable attenuator between two am-
plifying stages. Its attenuation ratio (RxAtt), must be high enough to avoid the receiver
saturation.

e The relaxation delay (RIxD) is the repetition time between two NMR scans. The term
‘scan’ here signifies a complete cycle starting with an initial pulse sequence, and ending
with the detection of the transient NMR signal. In order to get a good S/N ratio, the dig-
itized NMR signals are typically acquired and averaged over several hundred/thousand
scans. RIxD therefore must allow a full re-polarization of the nuclei before the next scan,
and for that its value should be at least a few spin-lattice relaxation times (T7). Fur-
thermore, at very low temperatures RIxD must must be long enough to avoid significant
sample heating by the rf power transmitted onto the sample. On the other hand, unneces-
sarily long RIxD results in a waste of measurement time, especially in the cases when a
large number of scans are required for improving S/N ratio.

e The maximum number of scans (MxScan) is the number of repetitions the whole sequence
will be repeated for and signal summed (averaged) for improving S/N ratio. Values are
typically chosen based on the trade off between sensitivity and the time consumption.

e There are also optional fields in the ‘Sequence Tab’, for applying pulse trains in e.g. Ty
measurements, or selecting the specialized CPMG mode.

The Probe-head

The NMR probe is nothing more than a custom made RLC resonant circuit; with R being the
parasitic resistance of the coil (made of a few turns of copper), L its inductance, and C is the
variable capacitor. The resonant circuit must be tunable to the required frequency range. The
sample is inserted inside the inductor. The coil should be designed in a way that the sample
fills the whole space available. A good strategy to build up the coil is to wind it tightly around a
dummy sample of similar shape and size as the original sample and then replace the dummy with
the actual sample. The number of turns in the coil, in reality, are determined by the frequency
range one wants to explore, but it should be designed in a way to maximize the quality factor
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Q, (Q = wL/R), to which sensitivity is proportional. However, if the Q factor is too high, it
could lead to an excessive increase in the receiver dead time, which in turn is detrimental for
measuring the samples with short Ty (which is the case with many MNM samples). Therefore
in these situations, one needs to decrease the Q-factor by inserting another resistor R’ in parallel
to the variable capacitor C'.

The variable capacitor makes it possible to tune the circuit to the desired resonance frequency
by changing the capacitance (wy ~ \/%) and hence covering a wide frequency region. In tuning
the capacitor, it is ensured that wy = wr, where wy, is the Larmor frequency of the targeted
nuclei. A schematic diagram of the probe-head circuit is presented in the figure 2.4. Maximum

L R

Figure 2.4: Circuit diagram of a tunable probe head employing a variable capacitor (C), the
characteristic impedance is matched using secondary induction (L'). The sample is placed inside
the inductor (L), an optional resistor parallel to C can be used as mentioned in the text.

power is transmitted to the sample when the impedance of the transmission circuit (50€2) is
matched with the series RLC circuit impedance [91]. This is achieved by an additional properly
chosen inductance L’ parallel to the RLC series circuit. On the other hand for the ZFNMR
measurements in ferromagnets, usually one does not require a tuning resonant circuit thanks to
the large rf enhancement at the nucleus in the order of hundreds or thousands, as a results the
circuit in this case is simply an RL-circuit.

The pulse sequences

Before concluding the NMR theory, measurement and instrumentation part, a summary of the
pulse sequences including the gtknmr notation, which is used throughout the current thesis, is
presented in this paragraph. NMR spectra were measured using the Hahn echo pulse sequence,
as described before (2.1.5): a first pulse (P1) is applied followed by a delay (D1) in which the
spin system undergoes FID (not recorded). After D1 the second pulse (P2) is applied, following
which the echo appears and is recorded. For NMR spectra, the process is repeated point-by-
point at each frequency step. We have opted for a 7/2 — 7 /2 (i.e. equal pulse sequence) instead
of the standard 7/2 — 7 echo sequence: the former is advantageous in our case of magnetic
systems with very broad lines where only a portion of the spectrum, proportional to the Fourier
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a) Hahn-echo sequence and T, measurement
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Figure 2.5: Sketch of pulse sequences for the measurement of a) Hahn echo and spin-spin decay,
b) Spin lattice relaxations using saturation recovery method, and c) Rabi oscillations measure-
ment, with tr.p; being the variable pulse duration.

transform of the longer pulse, is excited by the echo, rendering the efficiency gain of the latter
unimportant. On the other hand, an equal-pulse sequence is favorable in the cases where T3 is
very short because of an overall shorter duration, and is tolerant to an excessive rf power level
due to any imperfect pulse calibration.

The same pulse sequence was used to measure spin-spin relaxation, by sitting at the res-
onance and changing the delay D1 between P1 and P2 (and correspondingly Rinh+AcgD as
well). Plotting the echo amplitude against the time 27 yields the 75 decay law, as shown in fig-
ure (2.5-a). Spin-lattice relaxation was always measured using the saturation recovery method.
An aperiodic train of pulses P’'1, P'2,...P'n was applied to saturate the system. The system
was allowed to evolve freely after the pulse train, for a variable duration D1. A usual Hahn-echo
sequence was then used to measure the magnetization recovery. The plot of echo amplitude
against different D1 gave the longitudinal magnetization component. Finally, Rabi oscillations
were driven using the similar Hahn echoes, with the only difference being that this time the
pulse P1 was of variable duration (tz4p;) and P2 was a 180° pulse applied after D1. A plot of the
amplitude of the phase corrected echo vs. the ¢ gy, yields the Rabi spin nutation oscillations.
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2.2 Neutron Scattering

Neutrons are charge-less particles with 1/2 spin and non zero magnetic moment which weakly
interacts with the matter (i.e. they are non destructive) while penetrating deeply. Furthermore,
with the thermal neutron De Broglie wavelength of 1.8 angstrom and the energy of both ther-
mal and cold neutrons ranging from less than 1 meV to 100 meV, they are ideally suited to the
study of inter-atomic spacing and magnetic/spin excitations in condensed matter [103, 104]. In
any simple neutron scattering experiment, neutrons generated from a source (e.g. a reactor or
spallation source) are directed onto a sample from which they get scattered via some interaction.
The scattered neutrons are then recorded using detectors as a function of the scattering angle and
analyzed to get the required (structural, vibrational or magnetic) information about the sample.
Neutron-matter interactions can be divided into three broad categories:

Table 2.1: An overview of the basic neutron properties

Property Value

Mass 1.674928 (1)x 10* g
Charge 0

[—decay life time 885.8 £ 0.9
Spin 12
Magnetic moment -1.9130427 (5) un

e Nuclear scattering, in which the neutrons are scattered by the atomic nuclei (so-called
elastic and phonon scattering)

e Magnetic scattering; the scattering from an interaction between neutrons and the magnetic
moment of an atomic cloud (inelastic magnetic scattering), because the neutrons have a
spin and a magnetic moment, as mentioned above, thus they interact with the unpaired
electrons in atoms.

e Absorption; a neutron gets absorbed inside the nuclei forming a compound nucleus (an
unwanted process)

In the current study we have measured spin dynamics of MNMs with inelastic magnetic scatter-
ing, therefore we will limit our discussion to a brief introduction of concepts later used in this
thesis. We will follow the standard textbooks [103—105], and PhD theses [92, 106]. INS is a
well established technique for the study of magnetic and vibrational excitations in the condensed
matter in general, and MNMs in particular. It provides direct information on the eigenvalues and
eigenvectors of these molecular systems. Furthermore, all the spin-Hamiltonian parameters can
be directly extracted from the INS data analysis, without requiring application of an external
magnetic field.
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2.2.1 Neutron Scattering Theory

We start by considering an incident neutron beam with wave vector (k;) and energy £;, which is
scattered after interacting with the sample, with final wave vector ky and energy E'y. The angle
between the incident and final neutrons is labeled as 20. The momentum transfer during this
process in terms of the scattered neutrons is

hQ = h(k; — kg), (2.22)

with Q being the scattering vector. Here we have invoked the law of conservation of momen-
tum for this scattering process comprising both the neutrons and the sample. The Q forms the

kf h(l)= Ei = Ef
Q=Kk; - k;
>k; _______
29\/ Sample k¢
/
a\_ %% ®

i

For Inelastic scattering: |K; |# | K|

Figure 2.6: A geometry diagram of a neutron scattering experimental vectors. The incident
wave vector k; denotes the incoming neutrons from the moderator, which are then scattered by
the sample into a final wave vector k. d{2 is a small solid-angle subtended by the detector. The
scattering triangle is defined by the scattering wave vector Q = k; - k.

scattering triangle along with k;, and k¢, as shown in figure 2.6. For inelastic interactions, the
energy transfer (A E = /i w) can be given by the law of conservation of energy:

h2
2my,

AE =hw=F;— E; = (ki — k¢?), (2.23)

where E; and E; are the incident and final energies of neutrons, and m,, is the mass of neutron.
Of course, AE is zero for elastic neutron scattering whereas the experimental information about
the energy change reveals the coherent sample dynamics in the inelastic scattering experiments.

Neutron scattering cross-section

The basic quantity measured during a neutron scattering experiment is the partial (or double)
differential cross-section, which is defined as the number of neutrons scattered per second into
a small solid-angle df2 in the direction specified by the angles 6 and ¢.

number of neutrons scattered per second into
Lo d$)(0, ¢) with Ef between E and E + dE

ANdE d dQ dE

(2.24)
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where ® is the flux of incident neutrons in the direction measured perpendicular to the incoming
neutron beam. The scattering cross section is a rather weak interaction process (measured in the
units of barn; where 1 barn = 1072® m?). We can therefore make use of a fundamental result in
quantum mechanics, namely the Fermi’s Golden Rule for first order perturbation to derive the
transition probability of neutrons from an initial quantum wave-vector k; to a final wave-vector
k. In scattering theory this is also equivalent to the Born approximation, if both the incoming
and scattered neutron beams are plane waves. Double differential cross section is can be written
as

d?o ki mp \2
=1 ke |V (Q)kiN)|?6(E; — E¢ + Ey, — E 2.25
0o = 1o (goga) 10X IV(QUN) 0B — By + By, —By)  (229)
where E; — By = hw, A and )\ are the initial and final states of the sample, and V(Q) is the
Fourier transform of the interaction potential function between the neutron and the sample V(r):

V(Q) = / V(r)e'Qrdr, (2.26)

The scattering cross section, equation (2.25), depends on the type of neutron-sample interaction,
and hence on the V(r) in equation (2.26). At this point we introduce the scattering function S(Q,
w), related to the scattering cross section as

o h2 2 .2
’/Th)kdU (2.27)

S(va): ( kifdeE,

mn

There are two types of contributions to the scattering function, the nuclear and the magnetic one:

5(07 w) = Snuclear (Q7 W) + Smagnetic(Qv w) (228)

We will skip the details of the nuclear scattering contributions into the scattering profile (both
coherent and incoherent), and jump directly onto the concepts of (inelastic) magnetic scattering
which is going to be used later in this thesis. For the for detailed derivations and theory, readers
are suggested to refer to the books by Squires, Lovesey, and Furrer, [103-105].

The Magnetic Scattering

The magnetic scattering of neutrons is due to the interaction of the magnetic moment of the
neutron (ft,,) with the magnetic field H generated by the spins and orbital angular momenta of
the unpaired electrons of magnetic ions in the sample. The neutron magnetic moment is given
as

By = —YnfinG, (2.29)
where 7, =~ 1.913 is the gyromagnetic ratio, uy =€ h/(2m,) is nuclear magneton, and ¢ is the

Pauli spin operator having eigenvalues & 1. Similarly, the electron magnetic dipole moment is
fle = - Ve B §; With v, = 2 is electron gyromagnetic factor and ;1 is Bohr magneton. 2

Me
Mn

Here $ = 6/2 and p, =

uB; my and me are respectively the neutron and electron masses.
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The Hamiltonian for a neutron magnetic moment (ft,,), moving under the magnetic field (H)
generated by the electron’s spin and orbital motion is given as

H=—4, -H. (2.30)

n

An electron moving at velocity v, generates a magnetic field

p. xR (—e)ve xR
H:V><< RP )+ — RP 2.31)

where R is the distance between the electron and the point of measurement. Incorporating
electron magnetic moment and equation (2.31) with equation (2.30), while considering only the
magnetic contribution, we get

B 6 H — Y nd -V x sxRY e . &XR+&XR .
")/n/.l,n - fYn,U/n :u’B |R’3 2mec pe ‘RP ’R‘?) pe b

the first part of this equation represents a dipole-dipole interaction term whereas the second term
is the interaction of the electron and neutron arising from the electron’s translational motion.
P, is the electron’s linear momentum. Considering the magnetic interaction of the sample’s
(magnetic) ions with the incoming neutron beam in any inelastic neutron scattering experiment,
the differential cross section from equation (2.25) becomes

d? 9 k
dQ;E (QVnNnNB I{Tf Z Z

PrPo
YAN oo’
sl xR 1 (., xR oxR 9
|(k —— | p,- b ) [k

§(hw+ Ex— Eyv)|, (2.32)

here |A\) and |)\’) represent the initial and final state of the target (sample) with correspond-
ing energies F) and E). The |o) and |o’) are the initial and final polarization states of the
neutron respectively, while the initial occupation probability of the sample state is given by
px = e PEx/Z where Z = 3 e P is the partition function. The Dirac-delta function en-
sures the system energy conservation and Aw is the neutron energy gain/loss after interacting
with the system (sample). The index ¢ is used to label all the magnetic lattice sites and unpaired
electrons in the sample.

By using some vector-identities and the definition of the scattering vector, the matrix element of
the magnetic interaction potential can be integrated over neutron coordinates [105] yielding

2mh? s; xR . - -
T (K |o v x B S k) = 4me@mia - [Qx (5 x Q)]
M, IR|
2mh? . oxR AT o~ (A L
o T k) = g (@ <) @)
n
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where r; denotes the position vector of the i electron, and Q = k; — k 7 and Q = Q/|Q|.
Defining the operator Q L as

Q. = Z:eiQ'” [Q X (éz X Q) - h’ZQ’Q X f)i] (2.34)

Noting that the neutrons are sensitive only to the perpendicular component of the exchanged
wave-vector. We can rewrite the differential cross section as

& n k
dQ;E - (27:712)2 ClO /?f > [mpa

LN oo

N t N
% (Ao (&-Ql) INo'Y(No'|Q - &|A0)s (hw + By — Ex)|. (2.35)

. . A A 2 . .
Since for the unpolarized neutrons, 3_, po(0]Gabp|0) = dap, and ro = 2%, the differential
cross-section becomes:

d*o 9
=7
dQdE 0

where the response function S(Q, w) is

k
LsQuw). (2.36)

S(Qw) = Y (Jas = Ba@s) D_PANQLNI(NIQsINS (hw + Bx = Bx),  237)

of AN

and «, 8 run over z,y,z. In the second form, Q is any operator related to the operator Q n
through

QL:QX(QXQ)a

and we have used the identity

Q-0 =3 (s 0u2s) Oh- s
af

The response function can be expressed both in terms of a correlation function formed with Q Ls

or Q.

Scattering by ions with spin and orbital angular momentum In the MNMs containing rare
earth ions both spin and orbital angular momentum contribution are present. Since all the sys-
tems studied in this thesis are Ln containing MNMs, we will discuss scattering theory for this
case, though, limiting ourselves to the results and necessary changes to form factor and Q cal-
culations.

We need to make two fundamental assumptions before presenting the scattering cross section
for the systems with both spin and orbital moment contributions.

A—1. .
The so-called dipole approximation states that the Q |~ is much larger than the mean radius of the
orbital wave functions of the unpaired electrons, . This is usually a reasonable approximation.
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The second assumption states that all the magnetic ions are identical inside the system. The ions
angular momentum state can be specified by the quantum numbers L, S, and J, where L is the
orbital angular momentum operator, S is the spin angular momentum operator and J is the total
angular momentum operator. We have

QEQMZE}@M{%%+(%+&m* (2.38)

ld

where L  is the angular momentum operator for the ion at the site R;4. The coefficient Jx (K)
is called a radial integral:

K@= [ Tk (Qr) | F) P2

withJx is a spherical Bessel function of the order K and f(r) is the radial part of the wave
function which is same for all the unpaired electrons. In the limit |Q| — 0,

1 .
J()S + = (Jo + JQ)L — 2(L + 28),

so that the scattering amplitude is the forward direction is proportional to the total magnetic
moment per ion.

In the rare-earth ions, the spin-orbit coupling results in combining the S and L to yield
various J values. Within the states of given J we write, 28 = Js J. L= gr J and gJ L+2S.
From here one can calculate the values of g5 and gy, as [105]

CJT+1) - LL+1)+S(S+1)
9 = J(T+1) ’

and

JJ+1)+ L(L+1)—S(S+1)
2J(J +1) '

Furthermore, g is called the Landé splitting factor for the ion, given as:

JU+D) - LL+1)+S(S+1)

gL =

=1 2.39
g=1+ 2J(J +1) (2.39)
With all these definition, Q(D) is written as
A(0) 1 QR4 7
Q -—2PXQ)§;e 4y, (2.40)
where B - B
FQ) = + (Jo+ J2)" . (241)

is the magnetic form factor of the ion. It must be stressed that Q in equation (2.38) is only
an approximation and for a detailed analysis of the effects of orbital angular momentum on the
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cross-section for magnetic scattering is given in chapter 11 of the reference [105]. We can thus
write differential cross-section within dipole-dipole approximation and identical magnetic ions
as [105]:

dQO' 2 kf 1 2 ~ ~
dQdE O &; (29F(Q)> > (‘505 N Q“Qﬂ)
' of (2.42)
3 a3 eQRERD s (NS, N (V| Sp 0 N6 (Ao + B — Ey),
AN dd

where the spin operator S would be regarded as actual spin or the total angular momentum J, or
if the neutrons are scattered by an ion with partially quenched orbital angular momenta, as an
effective spin operator. The Form factor in equation (2.42) is

F(Q) = Jo% + (Jo + J2) <g_ggs> (2.43)

where 11pgsS is the spin contribution and (g — gs)S is the orbital moment contribution to the
total magnetic moment of the ion 1 5gS.

2.2.2 The INS instruments

The inelastic neutron scattering experiments for this thesis were conducted at the ISIS neutron
and muon facility of Rutherford Appleton Laboratory in the U.K., which is a spallation source;
as opposed to the reactor sources like ILL (Grenoble) in France and HZB (Berlin) in Germany.
In a spallation source, high-energy pulsed protons (~ 800 MeV at ISIS) produced from a syn-
chrotron are fired onto a heavy metal (tungsten in case of ISIS) target resulting in the emission
of a pulsed neutron beam. The so-produced neutrons are ‘hot’ neutrons i.e. are fast and the
moderators are required to slow/cool them down to desired speeds/temperatures. We have used
cold or thermal neutrons (T ~ 25 K - 293 K) in our experiments. > There are a range of instru-
ments available at different large-scale facilities (For instance over 20 at ISIS only), to perform
different types of neutron scattering investigations. Here, we will present a brief overview of the
instruments used for this thesis only, starting with an introduction to the time-of-flight technique.
The specific sample details and experimental settings will be covered in the respective chapters.

Time of Flight Spectrometers

In time-of-flight (TOF) spectrometers, the scattered neutron beam flight-time over a known dis-
tance is measured to analyze the scattered energy. They can cover a large Q-E space in a single
measurement, using wide position-sensitive detector arrays. Since the neutrons are detected
through the nuclear reactions, their detection is possible only once. It is therefore necessary that
their starting point is known by pulsing the incoming neutron beam using choppers or single-
crystal monochromators. The neutrons coming out of the moderator have a wide distribution

3Neutron energy and temperature conversions are possible through the relation: E,, = kgT; with kg = 1.38065
x 10 23 J/K, is the Boltzmann constant.
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of energies and velocities. With the aim of selecting a particular band of neutron energies, the
choppers are placed at a distance Dy from the moderator. Among various types of choppers
being used in the instruments, the most common are the disk and Fermi choppers.

The disk chopper, as the name suggests, is a rotating disk made up of (or coated with)
neutron absorber materials — with its axis of rotation parallel to the incoming neutron beam and
having a small transmitting slit for neutron passage. The transmitted wavelength/energy band
for disk choppers is triangular shaped centered at the desired incident energy E;.

The Fermi chopper, is a rotating drum made up of alternating curved layers of neutron
transparent or absorber materials, with its rotation axis perpendicular to the incident neutron
beam. As the chopper rotates it allows only a section of the neutron pulse through, with neutrons
of the desired energy value. With the chopper rotation frequency and phase, it is possible to
control the width and energy range of the incident neutrons.

a) Direct geometry TOF Instruments ...
K, hw=0
k; 20 Dy+ D, D, hw<0 hw>0
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Figure 2.7: Schematic diagram of a) direct geometry TOF instrument, k; is fixed using choppers
and ky is measured; b) inverted geometry TOF instrument, k is fixed using single crystal ana-
lyzers and k; is measured. The respective scattering triangles and time—distance plots are also
shown.

In the TOF technique either the incident wave vector (k;) or the scattered wave vector (k)
is measured, depending on this the spectrometer is termed the direct or inverted geometry TOF
instrument, respectively. In direct geometry the neutrons incident energy (E;)is fixed whereas
the final energy (E), after scattering by the sample, is calculated by measuring neutron time of
flight from sample to the detectors. Figure 2.7 shows the schematic diagram of direct and indirect
geometry spectrometers with the corresponding scattering triangles and the time-distance plots.
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Direct geometry TOF

The direct-geometry spectrometers are the ‘workhorses’ of pulsed neutron scattering for mea-
suring the scattering law. Since the incident energy and wave-vector (E; and k;, respectively)
are fixed, we need to find the relation for the final energy and wave-vector (E; and k ¢) from the
available experimental information. The time neutrons leave the moderator is known, whereas
the chopper slit opening time in relation with the source pulse time t; centers the neutrons at a
given velocity — so the desired incident energy and wave-vector are given as:

my, Do 1 Dy 2
i noty ) i 2mn ( ty ) , ( )

where Dy is the distance between the source (moderator) and the Fermi chopper. Each neutron
pulse, after passing through the Fermi chopper, shares the same velocity and they arrive at the
sample without much dispersion in time. The chopper frequency, irrespective of the chopper
type, is always set at same or some multiple of the pulsed source frequency. The time that the
neutron takes to travel from the chopper to the sample t, is given as: t; =ty (Dg + D7) / Dy,
with D; being the chopper-to-sample distance (figure 2.7—a). The final wave vector after the
scattering event, can be determined by the time of flight t; over the path Dy from the sample to
the detectors

ky = — = — , 2.45
=5 (52) - 5 o) 24
similarly the neutron final energy (Ey) is
1 Dy \* 1 Dy 2
Er=— = — 2.46
F= g (tf—ts) 2" <tf—td(D0+D1)/Do) ’ (240

where D5 is the sample to detector distance. The scattering vector Q can be directly determined
from k; and k and the scattering angle 26. Lets take an inelastic scattering process in which a
neutron with incident wave-vector (=momentum) k; imparts a momentum AQ to the sample and
scatters with a final wave-vector k. We already know the momentum transfer 7 Q =/ (k; - k)
and the energy transfer hiw = E; - E;. Using

Q* =k} + k} — 2kikscos(20), (2.47)

we have 5
My
Q* = ?[2@ — hw — 2c0s(20)\/ E;(E; — hw)]. (2.48)

For a fixed value of E;, experimentally accessible values of Q and E are the only ones governed
by equation (2.48), called the dynamic range. Clearly, with a larger incident energy neutrons it is
possible to explore a wider range of Q-space and hence a greater number of magnetic excitations.
However, the instrumental resolution is another fundamental limit which worsens as the energy
of the incident neutrons increases. In other words, the full width at half maximum (FWHM) of
the elastic peak (and therefore any other detectable peak) keeps increasing with the energy of
incident neutrons, making it harder to energetically resolve close lying peaks.
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Indirect geometry TOF

In an indirect/inverse geometry spectrometer, a white neutron beam directly hits the sample
keeping the final (scattered) energy fixed, using a crystal analyzer (figure 2.7 - b), while scanning
the incident energy E;. The inverted geometry spectrometers boast an extended coverage of
energy loss values, as compared to the direct geometry TOF instruments. The most versatile
of all inverted geometry spectrometer are the crystal analyzer INS spectrometers. With a single
custom-defined analyzer, they collect full S(Q, w) scattering law information along a specific
line in reciprocal space. The incident wave-vector and energy in the case of indirect geometry
TOF is given as:

k;

mp DoT 1 < 7hDy )2 (2.49)

— E = —
Tht — mDydgsing P = 9"\ Tht — my, Dydysing

where Dy is the neutron flight path from moderator to the sample, t is the total flight time t = t; +
ty, Dy is the distance from sample to detector, ¢ is the counter angle of the beam scattered from
analyzer, and d, is the analyzer spacing. See figure (2.7—b) for the schematic diagram of an
inverted geometry spectrometer, the inverse scattering triangle and a time-distance illustration
for indirect geometry. The analyzer crystal angle must be setup so that it satisfies the Bragg
condition with equal incidence and reflection angles. Dj, the scattered flight path, must be
kept as small as reasonably possible while taking instrument background and resolution into
consideration. In inverted geometry TOF instruments, Dy is always the longer flight path.

2.2.3 INS spectrometers

The powdered poly-crystalline MNM samples were measured on three different instruments at
the ISIS facility, namely the MARI, the LET, and the IRIS spectrometers. MARI is used to
study the crystal-field excitations, whereas the latter two are high-resolution instruments used to
study low-energy transitions. In the following sections we will introduce different aspects and
technical specifications of these instruments.

MARI

MARI is a TOF direct geometry chopper instrument, at ISIS Target Station 1, covering a vast (7-
1000 meV) incident energy range. MARI takes the neutrons from a methane (CH4) moderator at
the temperature of 100 K, which is tilted so that the chopper sees the closest side of the moderator
first. This allows the slower neutrons to go through the chopper first, resulting in a time focusing
effect. Then it utilizes the Fermi chopper as a monochromator, filtering the neutron beam which
emerges from the moderator. The sample-to-detector distance is 4.020m with the low and high
angle adjacent detector banks covering a scattering angle that ranges from 3° to 135° in total,
mapping a large Q-E plane in a single run.

MARI employs 919 *He-filled gas proportional counters of 30 cm length each, which are not
position sensitive—making MARI more suitable to polycrystalline, liquid and powdered sample
investigations. At the time of the experiments presented in this thesis, the incident neutron flux
on MARI was rather low, due to the absence of neutron guides in the path of incoming neutrons.
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Figure 2.8: Illustrative diagram of MARI experimental setup showing the nemonic, disk, and
Fermi choppers and a large underground detector bank. The lower part of figure shows 3D
simulated sketch of actual MARI instrument, taken from the MARI web page [107].

The instrument is currently being upgraded to include neutron guides which will significantly
enhance the neutron flux. The underground position of MARI detectors makes it an instrument
with very low background noise with respect to all the other chopper spectrometers at ISIS, and
it also compensates for the lower flux mentioned before. MARI uses a 10 - 100 Hz nimonic
chopper and a 50 Hz Boronated resin single hole disk chopper for the background suppression
which may include very high energy neutrons and gamma rays, produced as a result of neutron
hitting the spallation target.

Three counter monitors at 7 m, 10.297 m, and 17.559 m distance from moderator are also
included in the MARI setup for the time-of-flight analysis. A conceptual layout of MARI is
shown in the upper part of figure 2.8, with the lower part showing the 3D graphical representation
of the actual instrument. Depending on the setting of Fermi chopper, the energy resolution
(Ahw/E;) varies from 1.5 to 8 %. There are 4 chopper setups available to achieve various
energy ranges and resolutions, e.g. using G-Chopper we can get E; =7 - 200 meV, and AE/E; =
2 - 5 %, whereas using high resolution A-Chopper gives us the incident energy E; = 100 - 1000
meV, and resolution AE/E; = 1.5 -3 %.

Spectrometer: LET

LET is a direct multi-chopper spectrometer, at ISIS Target Station 2, which can measure multiple
incident energies in a single run. LET uses cold neutrons with incident energies between 0.5 -
20 meV, especially suited to study low-energy excitations. Neutrons coming from the target are
cooled down by high efficiency solid methane moderators which emit neutrons of a wide range
of wavelengths. These moderators consist of a pre-moderator (thin water layer) surrounding the
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half liquid Hydrogen/half solid methane inner moderators at T = 18 K. Along the moderator-to-
sample distance of 25 m (Dg + D), neutrons are directly transported by the super-mirror guides
avoiding the loss of neutron flux. The guides start at 1.7 m from the moderator with 94 mm X
40 mm wide opening, whereas they start gradual vertical diminution after chopper 4, affording
a beam of 50 mm x 40 mm at the sample position [108].

There are five disk choppers employed at LET following the moderator, allowing for pulse
shaping, background/contaminant removal, and energy selection of the incident neutrons. All
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Figure 2.9: Schematic diagram of LET instrumental setup, indicating the multi-chopper config-
uration, wide detector bank and super-mirror guides installed at LET (both top and side view are
depicted); taken with permission from [108].

the choppers are made of composite carbon fiber coated with Boron (1°B) as neutron absorbing
material. Chopper 1 at 7.83 meters distance from the moderator, effectively controls the moder-
ator pulse width as seen by the detectors, while chopper 5 calibrates the energy resolution. Apart
from these two high-speed choppers, other three choppers installed on LET are slower. Chopper
2 and 4 function as the background removers, whilst chopper 3 ensures the appropriate spacing
between the pulses to avoid time-of-flight overlap. A schematic diagram of the LET instrument
is shown in figure 2.10, depicting a side and top view configurations.

A sample can/holder is placed inside a 110 m® vacuum box without any windows between
the sample and the detectors positioned at a distance of 3.5 meters. The position sensitive detec-
tors filled with 3He at 10 atm pressure use nuclear reactions to detect neutrons. The detectors,
1 inch diameter each, form a 4 m high cylindrical curtain around the sample. The detectors
cover 180° plane horizontally and £30° vertically with a smallest angle of 3° [108]. As already
pointed out, one distinctive feature of LET is that thanks to its multi-chopper configuration, it
can measure multiple (up to five) incident energies (E;) in a single experiment, saving a lot of
beam time in the process.

In view of all the aforementioned features, LET can boast a high flux (5 x 10* n-counts
m~2s~! at E; = 2 meV), high energy resolution (AE,/E; ~ 2 %), low flat background, and
large Q-E space. Overall, LET is ideal for low energy excitations in magnetic materials, but
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the resolution advantage quickly diminishes for relatively higher energy needs (i.e. crystal field
excitations in MNMs).

Spectrometer: IRIS

IRIS is an indirect geometry, high resolution time of flight, quasi- and in-elastic neutron scat-
tering spectrometer with a fixed final energy, situated at ISIS Target Station 1. At IRIS, after
the neutrons are scattered from the sample, they are energy analyzed using Bragg’s law from
either one of the two large single crystal array analyzers made of pyrolytic graphite or mus-
covite/fluorinated mica — geometrically oriented close to the back-scattering profile. Primary
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Figure 2.10: Schematic diagram of IRIS analyzer vacuum tank showcasing the neutron guides,
graphite and mica analyzers, detector banks and the diffraction detectors; taken from [109]

spectrometer consists of the white neutron beam transport setup, from moderator to the sample.
The liquid hydrogen based moderator is at 36.37 m from the sample, and uses converging super-
mirror neutron guides (starting at 1.7 m from the moderator) to focus the beam onto the sample
while preserving the maximum flux along the path. Two disk choppers are also part of the pri-
mary setup at IRIS, serving the purpose of defining the neutron wavelength range impinging on
the sample while avoiding the frame overlap.

The secondary spectrometer consists of a 2 m diameter stainless-steel vacuum vessel con-
taining both of the crystal analyzers, two ZnS based 51-element scintillator detector arrays span-
ning 25 to 155 degree angular range, and *He gas based detector bank for diffraction at 26 = 170°
which can also be used as a diagnostic tool for the samples (see figure 2.10). The graphite an-
alyzer accessible energy range is extendable up to ~10 meV using a beryllium filter at 25 K;
moreover the analyzer is cooled down to 10 K for reducing the background contributions com-
ing from the diffuse scattering events. Two neutron beam monitors are present before and after
the sample. With indirect geometry spectrometers like IRIS, energy loss studies enable to ac-
cess a larger dynamic range than direct ones, while preserving higher energy resolutions, thanks
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to the partial decoupling between energy transfer and energy resolution. Another advantage of
the IRIS spectrometer is that it is possible to simultaneously record the diffraction pattern and
inelastic spectra of a sample.

2.2.4 Data analysis tools

INS experiment raw data must be processed in order to be manipulated, visualized and further
analyzed. In the following subsection all the software applied to the data analysis of the INS
data presented in this work will be briefly introduced.

Mantid

Mantid is a versatile, open-source, software package written in Python programming language
for neutron scattering and muon spectroscopy data analysis and manipulation [110]. The aim
of the Mantid framework is to provide a single platform for the data reduction and analysis of
the neutron scattering and muon relaxation/resonance data, across the instruments and facilities
around the world. Mantid takes raw TOF data from the instrument detectors as an input and
transform them into .nxspe and .sqw format i.e. files ready to be plotted as Q-E transfer data. It
already contains all the instrumental parameter information for various spectrometers to perform
these conversions. In the following paragraphs we outline the data operations performed inside
the Mantid in order to obtain the scattering function S(Q, w) starting from the raw experimental
data.

Detector calibration Since different detectors do not have the same efficiency and they do
not subtend the same solid angle with respect to the sample, a calibration measurement must be
carried out at the beginning of each experimental cycle run using white beam on a vanadium
sample. Vanadium has an incoherent cross section of 5.08 barn but a coherent cross section of
just 0.02 barn so the experiment results in the uniform neutron diffusion in all directions with
a known energy. The number of neutrons counted by a detector with the vanadium sample is
proportional to the solid angle subtended by the particular detector and its intrinsic efficiency.
The number of neutrons counted at each detector during the actual experiment is divided with the
ones from the vanadium measurement to get correct relative intensity. The detector calibration
data of every instrument is stored in Mantid repository after the measurements at the start of
each run. These data are utilized during the data reduction step, vide infra.

Data reduction The experimentally collected data are normalized for the incident neutron flux
which may vary during the measurement. In the absence of availability of the absolute value of
the neutron flux, one can use a proportional quantity like the proton current in the spallation
source. The data reduction is then performed using pre-written routines in the Mantid project
by inputting relevant information e.g. the experimental run numbers, incident energies, white
beam vanadium run data, and the sample mass. For a powdered sample measurements, like
those performed at MARI, the software automatically assigns an angle 26 to each pixel of the
detectors. All pixels within a certain Debye-Sherrer cone would be identified by the same angle,
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as each 26 is associated with a value of |Q| vector. This yields the energy transfer in terms of
|Q|, which is taken as equivalent to the aforementioned angle. It is also possible to mask specific
detectors after performing the experiment, during the data reduction step in Mantid, so that if
any detector is malfunctioning/out-or-order, its pixel will be removed from the experimental
data. There are special ‘masking files’ present in the repository path for this purpose.

Mantid also performs simple algebraic operations on the S(Q, w) data (like addition, sub-
traction, multiplication, fitting etc). Among the numerous functionalities and modules available
inside Mantid project, we will just comment on one, the Crystal-field (CF) python interface, as
we will be using this in the later part of this thesis. With this module it is possible to calcu-
late CF Hamiltonian by inserting the CF parameters, rare-earth ion name and the symmetry of
molecule from a list of allowed entries available Mantid project website [111]. It is also possible
to specify which CF parameters to consider, together with the sample temperature, peak-shape
and FWHM for the calculation of the INS spectrum. The Mantid CF module can calculate en-
ergy eigenvalues, eigenvectors, and the Hamiltonian matrix while plotting the simulated INS
spectrum.

Background subtraction The magnetic contribution to S(Q, w) can be determined by the
subtraction of the phonon contribution, which can be achieved by measuring the non-magnetic
analogue of the magnetic sample in similar experimental conditions. The non-magnetic analogue
should ideally be isostructural to the magnetic sample and should have similar atomic weight of
the substituting atoms. Once the non-magnetic compound measurement is done, the magnetic
scattering function (S,,44(Q, w) for the magnetic sample can be obtained using

Smag(Qv OJ) = S(Q,W) - pSph(Qaw) (250)

where S, is the phonon contribution (scattering law for non-magnetic sample analogue), and
p is an appropriate scaling factor which ensures that there are no negative intensities after per-
forming the background subtraction.

The relation (2.50) is a standard method for phonon background subtraction. However, in
some situations due to disparities between the phonon energies of the compounds, the subtrac-
tion is not adequate to remove phonon background contribution. The discrepancy in the phonon
energies could arise from various factors, e.g. the difference in the exact amount of samples, the
difference in the neutron absorption cross section for magnetic and non-magnetic samples, or
any difference in the experimental conditions. Therefore, an alternative way to perform back-
ground subtraction is then to take an integration cut of S(Q, w) and S,4(Q, w) over both low |Q|
region (S;o,q) and high |Q| region (Spigng), for both the magnetic sample and non-magnetic
analogue, respectively. Further assumption is made for both the compounds, that the phonon
contribution has the same |Q|-dependence whereas the magnetic contribution to Sp;gn¢ is neg-
ligible. This is reasonable as the phonon background contribution increases with |Q| and the
magnetic scattering falls due to form factor F?(Q) dependence. Finally the magnetic contribu-
tion can be calculated as

St
Smag = SlowQ - TshighQ (2-51)
highQ
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here S} owgl and St gnolt are the low |Q[ and high |Q| region integrations for the phonon con-
tributions.

The background subtraction in all of our experimental data analysis was carried out using
Mantid or Mslice programs, by employing the background subtraction method described before.

Mslice

Mslice is a program written in MATLAB environment for displaying the single crystal and
powder time of flight experimental data [112]. It has a simple graphical user interface (GUI) for
visualization of a single data-set at a time, but a more powerful use is possible through Matlab
command prompt. It accepts .nxspe files as an input and shows 2D graphs of the respective
S(Q, w). Mslice further provides the option of taking 1D-cuts from the 2D (|Q|, E) dataset, by
integrating along a chosen interval in |Q| or E, and plotting the results as I(E) or I(Q). One can
also perform basic analysis functions like subtracting background, plotting multiple graphs in
the same window for comparison, and saving the results as text files.
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3.0 Introduction

Building a quantum computer, a machine based on quantum mechanical phenomena like su-
perposition and entanglement, is one of the hottest topics of current research, attracting huge
investments from many important companies and focusing efforts of researchers from very dif-
ferent areas. The basic units of such devices are the quantum two-level systems (the qubits),
which can be realized using a variety of physical systems, including trapped ions and neutral
atoms, infrared photons, nuclear spins in liquid molecules, electron spins in quantum dots, ni-
trogen vacancy centers in diamond, and so on [113, 114]. After the first proposal of exploiting
the distinct energy levels present in MNMs to implement Grover’s database search algorithm
by Leuenberger and Loss in 2001 [25], the molecular magnets based on transition metal spins
emerged as truly promising systems for the QIP applications, with remarkably long coherence
times, thus enabling their coherent manipulation using EPR [28-35] and the demonstration of
single-qubit gates [36-39].

Ln-based MNMs are a relatively new entry among MNM qubits, which has shown great
promise in recent years [47—49]. An advantage of Ln-MNDMs lies in their multilevel energy struc-
ture, which can be employed as the so-named qudits, where d is the number of levels, providing
a larger Hilbert space for the quantum information and communication operations [115, 116].
Larger computational resources of qudits enable one to optimize the construction of quantum
logic gates [117, 118], simplify quantum algorithms [119] and quantum simulations[120], im-
plement quantum error correction [121, 122], enhance the security of quantum cryptography

52
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[123] and realize bipartite entanglement [124]. Recently, a four-levels nuclear spin of a lan-
thanide ion (Tb) was employed to implement the Grover’s quantum search algorithm for the first
time in a molecular transistor [125].

Magnetic nuclei have recently emerged as a promising resource for the molecule-based QIP
offering long coherence times [125—-128], mostly because they are essentially isolated from the
environmental sources of noise. This can however result in long manipulation times [129]. Still,
this limitation can be surmounted by using the magnetic nucleus hosted by the magnetic ions,
where the resulting electronic-nuclear hyperfine coupling results in a significant shortening of
the quantum gate operation times [130-132].

Among various examples of Ln-MNMs, a very promising qubit system is the Yb(trensal)
MNM of the Ln(trensal) series[133], in which coherent Rabi oscillations of the electronic spin
were recently reported by Pedersen et al. [50]. Pedersen et al used the pulsed EPR technique
to study selectively on the ions of the 172Yb isotope, the electronic spin transitions, spin-lattice
and spin-spin relaxation dynamics on the single crystals of Yb(trensal) [50]. We decided to
unravel a new aspect of the Yb(trensal) MNM system , namely its multi-level patterns of nuclear
spin transitions. Based on that , we propose an implementation of a coupled nuclear qudit —
electronic qubit as error protected qubit.

The chapter is organized as follows. Starting with a brief description of the structure of the
[Yb(trensal)] molecule, in section 3.1, we will systematically show that the '">Yb isotope of
[Yb(trensal)] provides the basis for the realization of a prototypical coupled electronic qubit-
nuclear qudit system. For that, we will start by detailing the unconventional pulsed NMR ex-
periments by spin-echo pulse sequences to measure '"3Yb spectra, and determine spin-lattice
relaxation and spin-coherence times. A sizable enhancement of coherence times will be demon-
strated by implementing Carr-Purcell-Meibum-Gill (CPMG) sequences. We will show that this
six-level qudit that can be rapidly manipulated thanks to its strong hyperfine interaction with
the effective electronic spin S = 1/2. Driving fast Rabi oscillations of the nuclear magneti-
zation will explicitly demonstrate our capability to coherently manipulate the !”3Yb qudit. For
the sake of completeness a possible encoding into a qudit, realized by the multi-level struc-
ture of [Yb(trensal)], of an error-protected logical qubit coupled to an electronic ancilla, will be
presented in the last part of this chapter. In particular, we will show that a minimal code pro-
tecting against amplitude or phase shift errors can be implemented by the combined qudit-qubit
available in this MNM system.

The author of this thesis performed all the NMR experiments and data analysis presented in
this chapter, under the supervision of Prof. Giuseppe Allodi. The samples used were prepared
and characterized by Prof. Stergios Piligkos’s group in the Department of Chemistry, University
of Copenhagen (Denmark). The Hamiltonian modeling and error-protected qubit implemen-
tation proposal were carried out by Prof. Stefano Carretta’s group. Prof. Roberto De Renzi
supervised the whole project.

3.1 Material Synthesis and Characterization

Single-crystals of Yb(trensal) doped into the isostructural Lu(trensal), were synthesized and
grown using a mixture of Yb(CF3S503)39H20 (1 mol%) and Lu(CF35503)3.9H20 (99 mol%).
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The as-synthesized single crystals were pencil-shaped and yellowish in color. For the detailed
synthesis, procedures and exact amounts of compounds/solutions, readers are referred to the
references [134, 135].

The identity of the single-crystals was confirmed by single-crystal and powder (crushed
single-crystals) X-ray diffraction experiments[50, 135]. The Inductively Coupled Plasma Mass

4

Figure 3.1: Molecular structure of [Yb(trensal)] molecule. Color code: purple, Yb; red, O; blue,
N; gray, C; white, H.

Spectrometry (ICP-MS; Bruker Aurora Elite) was used to determine the actual doping concen-
tration of Yb (in Lu). The analysis result revealed the mass percentages of 0.59% and 27.16%
for Yb and Lu, respectively, giving a Yb/Lu ratio of 2.14%. For comparison, the theoretical
mass percentages are calculated from Y by g2 Lug.9sCa7 Ha7 N4Os, respectively to be 0.55% and
27.20% for Yb and Lu.

As shown in figure 3.1, Yb(trensal) crystallizes in the trigonal P3cl space group in which the
Yb3* ion and the apical tertiary amine nitrogen atom both lie on the crystallographic C3 axis.

3.2 NMR Experimental Details

All the NMR measurements were performed at T = 1.4 K on a single-crystal of Yb(trensal),
doped at 2% with Yb into the isostructural diamagnetic Lu(trensal) host as described above.
The dilution is often used in MNMs to suppress the dipolar coupling between the electronic
spins. Different orientations of the static field with respect to the crystallographic 3-fold rotation
axis were explored, to probe the hyperfine coupling tensor anisotropy against the static magnetic
field. For the purpose, a custom-designed sample holder was used to ensure the desired crystal
orientation as well as keeping the single crystal fixed during the measurements.
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The electronic ground Kramers doublet of the J = 7/2 multiplet of Yb’!! is well isolated

in energy from the excited crystal-field states (by about 464 cm™!) [135], henceforth we treat
Yb(trensal) MNM as an effective electronic spin S = 1/2 system coupled to a nuclear spin L.
The natural composition of Yb includes several isotopes, however only the '"1Yb (with 14%

Table 3.1: NMR Properties of Yb Isotopes with non-zero nuclear spin 1.

Isotope Natural Abundance Nuclear Spin Gyromagnetic ratio
% I MHz/T

Myp 14.31 3 7.526

173yp 16.13 g 2.073

abundance) and 1"3Yb (16% abundance) have a non-zero nuclear spin. We will only focus on
the 173Yb isotope (with I = 5/2), that can encode a qudit with d=6. As presented in table 3.1,
17Yb has much larger gyromagnetic ratio and therefore its nuclear-magnetic transitions occur
at very different (higher) frequencies and do not influence our study.

The NMR measurements were carried-out using the home-built HyResSpect spectrometer
[102], introduced in section 2.1.11. The NMR spectra were recorded point-by-point by exciting
and detecting spin echoes by a sequence of two equal pulses of 500ns duration and power opti-
mized for maximum signal. The rationale for using equal-pulse sequence is already narrated in
last paragraph of section 2.1.11. Both frequency scans, i.e. varying the frequency while keeping
the external magnetic field fixed, and field sweeps, i.e. measuring the spectra with small-step
field variations at constant frequency, were performed. To measure the intrinsic To, which es-
sentially is the coherence time of the nuclear spin system, the Hahn-echo sequence was applied
repeatedly while gradually increasing the time 7 between the first and the second pulse. The
recorded integrated echo intensity plotted against 7 gives the spin-spin decay profile of nuclear
spin (T2), which can be fitted with a single exponential decay. A CPMG pulse sequence, used
to suppress extrinsic sources of decoherence (like e.g. spin diffusion) by repeatedly refocusing
spins, will be detailed in the results section.

The spin-lattice relaxation was always measured using the saturation recovery method. An
aperiodic pulse train was applied to saturate the system to achieve (almost) zero net polarization.
The system was then allowed to evolve freely and re-polarize by the exchange of energy with
the thermal bath. A usual spin-echo detection sequence was then used after a variable delay (D)
to measure this re-polarization. Since '"Yb is a multi-level system, the experimental curve for
the saturation recovery law was observed to be multiexponential (more on this to follow in the
appropriate section).

In order to observe Rabi oscillations in a spin-echo sequence, we fixed a properly calibrated
detection pulse (180° or ), and changed the first pulse (¢gqp;) duration systematically while
recording the echo amplitude. The Fourier transformed and phase corrected echo amplitude as
a function of £ p,y; resulted in the Rabi oscillation cycles.
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3.3 NMR Spectra and Hamiltonian Modeling

The NMR resonance spectra probe the static magnetic fields at the nucleus, either internal or
externally applied. The former is proportional to the expectation value of the electronic moments
(i.e. a static property of the electronic spin ensemble) through the hyperfine and dipolar coupling.
Since the resonance spectra are rather broad in [ Yb(trensal)] (the overall spectral width reaching
up to few hundred MHz), as is typical of magnetic materials, it was not possible to excite the
entire NMR spectrum by a single echo and the spectra was therefore constructed point-by-point
at discrete frequency steps. Similarly the field-dependent spectra were constructed at discrete
magnetic field steps while keeping the frequency fixed. Furthermore, as the !™®Yb is an I =
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Figure 3.2: Representative examples of measured and fit-reconstructed NMR spectra of
Yb(trensal) as a function of frequency, at T = 1.4 K for the §# = 0° and 6 = 90° orientations
w.r.t the static field at two applied magnetic fields Hy = 0.3 T and 0.2 T, respectively.

5/2 nucleus and it is interacting with an effective electronic spin S= 1/2, we expect to see ten
transitions at most, five for each of two electronic multiplets, in the presence of a large-enough
external magnetic field, i.e. in the Paschen-Back limit where the AS, =0, I,=+1 selection rule
applied.

Two example of typical !™>Yb frequency sweep NMR spectra are presented in figure 3.2 for
0=0°, and 6=90° orientations at 0.2 T and 0.15 T applied fields. The effective spectral width
observed by the individual spin echoes was limited by the Fourier transform of a pulse (£ 1
MHz wide), which is further filtered by the finite bandwidth of the tuned probehead. This was
comparable or slightly smaller than the width of the individual resonance lines. Therefore, each
resonance peak was reconstructed by a merger of the Fourier transforms of a few echoes (typi-
cally 5) recorded with a frequency offset of 200-300 kHz relative to each other. The peak position
and width are determined by fitting a Gaussian component to each transitions. The Yb(trensal)
MNM system is modeled by our colleagues in Parma using the following Hamiltonian:

H=AS.I, + Ay (SpI, + Sy1,) + pI? 3.1
+pupS-g-Ho+ ungrl-Hp

where the first two terms describe the electron-nuclear hyperfine coupling, the third represents
the nuclear quadrupolar interaction to a cylindrical EFG (in agreement with the molecular sym-
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metry) and the last two terms are the electronic and nuclear Zeeman terms, respectively. The
nuclear dipole interactions are conveniently ignored in the presence of a strong hyperfine cou-
pling, whereas the electronic orbital moment contribution in the hyperfine term is quenched by
the ligand field and does not participate in the magnetism to the first order perturbation approx-
imation. The hyperfine coupling tensor Ais anisotropic and has different components along
and perpendicular to the external field, denoted by fl” and A, respectively. In the electronic
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Figure 3.3: Red scatter (filled circles) represent the peak positions obtained from NMR spectra,
measured at T = 1.4 K for § = 81° and 6 = 90° orientations of the applied static fields w.r.t
main (C3) crystal axis. Spectra at various magnetic field strengths in the accessible frequency
range were recorded. Results from both the frequency-scan (fixed field) and field-scan (fixed
frequency), measurements are reported in these figures. Black Scatter are the transition frequen-
cies calculated from the Hamiltonian in equation 3.1. Only those transitions whose probability
is higher than a given threshold are reported on the graph.

Zeeman term, the values for the axial g tensor components, g, = g,= 2.9 and g.= 4.3, were taken
as determined from the EPR measurements in reference [135].

The parameters of Hamiltonian (3.1) were obtained from a fit of peak positions (obtained by
the single-Gaussian fit of the resonances lines mentioned above) as a function of the magnitude
and orientation of the applied field. In figure 3.3, we present the sets of observed NMR peak
frequencies for the orientations § = 81° and 90°, while the peak frequencies for the § = 0°
orientation of the magnetic field Hy with respect to the main crystal (C3) axis are reported in
figure 3.4. Spectra were recorded at various magnetic field values (frequency scans) or the at
various frequency values (magnetic field scans), in the accessible frequency/field range. From
the calculations point of view, only the transitions whose probability is higher than a given
threshold are reported in these plots. All the theoretical calculations also take into account a
possible small error in the orientation of the crystal with respect to the applied magnetic field. We
have labeled the detected NMR transitions (F1, F2, ..., F9) in the increasing order of frequency
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Figure 3.4: Red scatter (filled circles) represent the peak positions obtained from the NMR
spectra, measured at T = 1.4 K for # = 0° orientation of the applied static fields w.r.t main crystal
axis. Spectra at various magnetic field strengths (frequency scan) or the at various frequency
values (magnetic field scan) in the accessible frequency/field range are reported. Black Scatter
are the transition frequencies calculated from the Hamiltonian in equation 3.1 with only the
transitions whose probability is higher than a given threshold reported on the graph.

at the magnetic field 0.6 T. This labeling convention will be followed throughout this chapter.
Experimental frequencies (filled red circles) are very well reproduced by the model (black
scatter plot), with hyperfine coupling coefficients values A = —0.02993 ecm~'and A = —0.0205
cm™! (sign determined from the Pedersen et al., see below) in good agreement with the EPR de-
termination [135]. The nuclear g-factor value is known from the literature as gr = —0.2592
[136] whereas the quadrupolar term is determined by our fit as p = —0.0022 cm™!, in the
range typical for 173Yb [137]. The sign of the hyperfine coefficient A| (and thus of A\|) cannot
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Figure 3.5: Energy level diagram as a function of the applied field for = 90° and 6 = 81°
orientations of the main crystal (C3) axis. The colored lines indicate the experimentally detected
transitions with our labeling convention is described in the text.

be determined from the NMR spectra modeling, as the transition frequencies are independent
of the sign of A, . For the sign estimation of the hyperfine coefficients, a detailed analysis of
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the relative NMR peak intensities was required, which was not feasible due to the extremely
broad spectrum and the difficulty of a reliable calibration of the instrumental sensitivity over a
wide frequency span (due to the frequency response of the probehead, the receiver stage of the
spectrometer, etc.). Despite this, here we have tried to optimize the signal intensity for each indi-
vidual transition by fine tuning the transmitted pulse parameters, namely rf power and duration.
Nonetheless the estimated uncertainty in the NMR signal intensity could be as high as 20% in
some cases, rendering the intensity profile analysis in these spectra impractical.

We further note that the quadrupolar term p is essential to reproduce the NMR data and it
is also allowed by the symmetry of molecule. This term could not be extracted from the EPR
results and was not reported previously. Another confirmation of the presence of a quadrupolar
term for 173Yb comes from the fact that the shift of the transition frequencies is not uniform
across the variation of angle # w.r.t the static magnetic field, figures 3.3 and 3.4. Whereas, in
the absence of a quadrupolar term, a variation of ¢ should only lead to rigid vertical shifts of all
the transition frequencies (at a fixed, sufficiently intense magnetic field). The nuclear Zeeman

Energy (GHz)

000 005 010 015 0.20
Magnetic Field (Tesla)

Figure 3.6: Level diagram as a function of the applied field for #=0° orientations of the crystal
Cs axis. The colored lines indicate the experimentally detected transitions with our labeling
convention is described in the text.

term in the Hamiltonian (3.1) was also included as the splitting of the nuclear Zeeman levels
that it produces (approximately 2MHz/T), though much smaller than the hyperfine frequencies,
is not completely negligible. Some of the calculated transitions were not experimentally visible
either due the very short To especially at low magnetic field values, or they were out of the
experimentally accessible frequency band in a particular setup. In all the explored frequency
ranges and crystal orientations, we were not able to detect any measurable NMR signal below
0.05 T (500 Gauss). Furthermore, we detected an intense, magnetic-field independent, signal in
the 215-225 MHz frequency interval, upon further investigation it appeared to be spurious, and
we ascribe it to the impurities (possibly Cu) inside the NMR probehead.

The field dependence of the Zeeman-hyperfine energy levels can be calculated from the
diagonalization of (3.1). If we focus on parallel (C3 || Hp) orientation, an analytical expression
for the eigenstates can be obtained in the limit gupHy >> | A} | (here fulfilled for Hy 2 0.1
T). Neglecting the nuclear quadrupolar and Zeeman interactions for simplicity, we can arrive at
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an analytical expression for the systems’ wave-function correct to the first order in A :
A (ms F1,my £ 15,1, + Sylyms,mr)ms F1,mr £1
gupHo + (mp £1/2)4
al)|
gupHo + (mr £1/2)A

where mg and my are the eigenvalues of S, and I,, respectively. The + signs depend on the
value of mg, while a4 is the matrix element of the transverse hyperfine interaction. The

|¢msm1> = ‘mSv m1> +
(3.2)

= |mg,mr) + ms F1,m; £1),

coefficient «v can be given as « = (my £ 1|1,|m; = %\/% — mj(my £ 1) (in the order of unit),
and |mg, my) is the unperturbed wave function.
The matrix element of the detected nuclear transitions is given as:

|¢m5m1 |gIMNIx + 92 1tBSe |7;Z)msm1i1>

A
_ Llms+1)+

grun ([ Izlmr £ 1) g=upHo + (mr £1/2)4
ALQJL’:“’B

:t :l: g
=« S¥e}
grun 2. H, (2 r 1) ]” grkn 2H, )

gzpp{ms F 1|Sz/mg)

(3.3)

where the last equality only holds for large magnetic fields and g,, =~ g.. The so-obtained NMR
transitions for various nuclear energy levels ¢y, ¢ m;) — |¥mg m,+1), are indicated by colored
vertical lines in the figures 3.5 (0 = 81°, # = 90°) and 3.6 (# = 0°). The level diagrams evidence
large anti-crossings at smaller magnetic field values resulting from the electronic and nuclear
spin states entanglement, induced by the component of the hyperfine tensor perpendicular to
Hp.

As we have shown in equation (3.3), the matrix element of these transitions is approximately
proportional to grun £ QATLO, the first term there corresponds to a pure nuclear transition and the
second one emerges from the electron-nuclear mixing. It is worth noting that even a small
mixing (~ 0.02 at 0.15 T) of the wave-function will induce a huge enhancement in the matrix
element when A =0, since 2ATL0 ~ 103 grpn. Consequently, a relatively fast manipulation of
the nuclear Zeeman levels maybe attained by moderate rf power, vide infra.

3.4 Spin-spin Relaxation (T5)

In order to investigate the coherence times of the Yb nuclear qudit, the spin-spin relaxation
time Ty was measured systematically for each measured frequency point (the red bullets) in
the figures 3.3 and 3.4 by recording spin echoes as a function of a variable delay t between
pulses.The relaxation times To were determined by fits of the echo decay vs. delay t to an
exponential law

=2
A(t) = A(0)e T2
which is obeyed by all the transitions. We stress that static inhomogeneities do not contribute to

the echo decay, therefore the time constant T2 may me regarded in a first approximation as the
(de)coherence time for the given nuclear transition.
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Figure 3.7: Phase memory time (T2) measured by applying varying delay Hahn-echo sequence
for the transitions indicated in figure 3.3 and the magnetic field orientations of § = 81° and § =
90° w.r.t crystal Cs axis. The labeling scheme is same as in the energy level diagrams.

The resulting coherence times Ts are reported in figure 3.7, as a function of the static mag-
netic field, for the § = 81° (right) and 90° (left) orientations of Hy w.r.t Cs axis. Figure 3.8 on
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Figure 3.8: Phase memory time (T9) measured with the decay-varied Hahn-echo sequence for
the transitions indicated in figure 3.4. The magnetic field orientation was parallel to the crystal
axis in this case i.e. #=0° w.r.t C3. The labeling scheme is same as in the energy level diagrams.

the other hand, presents the coherence times T, for field applied along the main crystal axis (6
=(°), as a function of the static magnetic field.

It is clear that the observed values of T5 increase with the increasing magnetic field. This can
be easily understood, as in our diluted sample, inter-molecular dipole-dipole interactions with
ligand nuclei are negligible, and the decay of the Yb nuclear spin coherence should be caused
by the interactions internal to the '7Yb nuclear spin bath. Therefore, this decay can be related



62 3.4 Spin-spin Relaxation (Tz)

to the entanglement between the Yb nuclear spin and the nuclear spin bath, mediated by the
electron-nuclear mixing (equation 3.2). The latter decreases linearly with Hy, thus explaining
the observed field dependence of Ty. Moreover, the electronic polarization increases with Hy,
thus reducing the probability of energy-allowed electronic spin flop events [138]. By comparing
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Figure 3.9: Phase memory time enhancement using the CPMG pulse sequence as a function of
the number of applied pulses at # = 0° orientation for transitions a) F3 and b) F4, following the
same labeling scheme.
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the Ty values detected in transitions for the orientation angle 81°, against the ones for 90°, we
can state that the coherence times are affected by the direction of applied magnetic field against
the main crystal axis. Furthermore, we can qualitatively say that the Ty decreases with the
misalignment of Cz-axis w.r.t Hy direction, although further experiments at different magnetic
field orientations are required to test and quantify this hypothesis.

34.1 CPMG pulse sequence

The spin coherence times of the various transitions can be further enhanced by employing a
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences [89]. The CPMG pulse profile is a con-
catenation of n refocusing pulses that dynamically decouple the system from the environment
[139]. The sequence consists in an initial 7/2 — 7 — m echo sequence, followed by a train of
N-1 7 pulses at times 37, 57, ..., 2N - 1)7 from the initial 77 /2 pulse (times are indeed measured
from pulse center to pulse center), as described in a detailed way in the section 2.1.7. This pulse
scheme results in a clear linear enhancement of the observed coherence times with the number
of applied pulses [140-142], as shown in figure 3.9 for the transitions F3 and F4 at the 6 = 0°
orientation.

Experimentally, we paid special attention to avoid any distortion of the decay profile due e.g.
to uncalibrated 7 pulse. However, such a distortion may be compensated for by applying the /2
pulse with a rf field H; along the x direction in the rotating frame, followed by either i) 7 pulses
alternating along the +x direction, or ii) 7 pulses along the y direction [89]. We tried both the
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4z and the y sequences, and also checked the tolerance to pulse un-calibration by changing the
rf output level by -1, £2 dB, obtaining the same CPMG echo profile in all cases.

The T constant defined here in the case of CPMG, is conceptually the same that could be
measured by varying the delay in a single spin echo sequence. In liquids, however, the echo
decay may be affected by spin diffusion, leading to a faster non-exponential decay (e_[“t]s),
while a slower exponential decay, governed by true To processes, is recovered by a CPMG
sequence with an arbitrarily small echo delay t. The CPMG sequence therefore gives rise to an
extended spin coherence time. Although spin diffusion cannot be at play in the present system,
we observed a qualitatively similar coherence enhancement effect by applying multiple pulses
in a CPMG sequence. The CPMG profile was modeled with a relatively faster exponential
decay component (results reported in figure 3.9) up to 50us, while a slower component with
a much longer Ty emerged at longer times, which has been often attributed to the presence of
‘non-equivalent’ nuclei with varying relaxation mechanisms (like rotational, diffusional, etc).

3.5 Spin-lattice Relaxations (T)

The spin-lattice relaxation time is the mean recovery time of the longitudinal nuclear magne-
tization (M,). The T; relaxation process of 73Yb arises, in principle due to a combination
of magnetic and the EFG fluctuations, whereby the magnetic part of the fluctuations is con-
tributed for by fluctuations in the electron spin and conduction electron interactions. While
the EFG fluctuations depend upon the charge fluctuations and dynamics lattice distortions (e.g.
phonons). Thereupon, an experimental measure of T; will provide useful insight on all of these
dynamics in the Yb(trensal) MNM. The spin-lattice relaxations were measured using the sat-
uration recovery method. Therein, a series of pulses were used to saturate the spin system to
achieve virtually zero net polarization (i.e. an infinite spin temperature). The spins were then
allowed to freely evolve and re-polarize before applying a usual spin echo detection sequence
systematically, with varying delays between the last saturating pulse and the beginning of detec-
tion sequence. This gave us the experimental curve for the saturation recovery law. Since '">Yb
has I = 5/2 and non-degenerate Zeeman levels, a multiexponential recovery was expected and
observed experimentally in the spin-lattice relaxation profile.

The spin lattice relaxation time T in this case is defined more generally as 1/T1=2W, where
W is the transition rate between two adjacent nuclear levels m; and m;4;. The quantity ac-
cessed here experimentally, is the population difference of the level pairs involved in the ob-
served nuclear resonance, rather than the entire nuclear magnetization. Such a behavior can
be accounted for in detail by rate equations for the nuclear populations in the framework of
the Redfield theory, as it was commented earlier in the last part of section 2.1.4. Further, the
rate equations for the nuclear populations then lead to multi-exponential decay/recovery laws
for each resonance even in the case of a single transition probability W [89, 98], with up to 2I
exponential components exhibiting enhanced rates 2W, 6W, 12W, 20W, 30W, ... and weights
depending on the preparation (i.e. saturation) method for the nuclear ensemble, namely, whether
just the populations of the observed transition are altered, or the preparation pulse sequence is
long enough to allow for a recovery to the thermal equilibrium for the other nuclear levels, or
any intermediate case between these two. Clearly, a precise control of the initial conditions and
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Figure 3.10: Few examples of saturation recovery curves (T;), measured as described in the
text, for the @ = 0° field orientation at various values of Hy as labeled. Black lines are the
bi-exponential law fits to the experimental points and a guide to the eye.

a detailed theoretical modeling in the framework of the Redfield theory, would be required for a
quantitative determination of the spin lattice relaxation rate 1/T;.

At the time of this writing, we can just provide an estimate for its order of magnitude as
well as its relative dependence on the applied field. Figures 3.10 shows few recovery curves for
the polarization of a selected transitions after a fast saturation of the resonance line, performed
by a short pulse train of overall duration ~12 us followed by a usual spin echo measurement
sequence. Notoriously, the relative weight of the faster relaxing exponential components is
enhanced by the fast saturation method [98]. Nonetheless, we can conclude from the figure 3.10
that i) the slowest exponential components recover to their asymptotic values with characteristic
times t < T in the order of several milliseconds, and ii) relaxation rates decrease with increasing
magnetic field, as a consequence of field-induced decoupling of the nuclear and electronic spins.
Furthermore, from this analysis, we can assert that the spin-lattice relaxation takes place on a
relatively long time scale in the [ Yb(trensal)] MNM, and it is not of concern for spin decoherence
and the quantum computation operations which we are going to propose later in this chapter.

3.6 Rabi Oscillations

The periodic nutation of the net nuclear magnetization driven by a resonant field, whence the pe-
riodic absorption and release of the Zeeman energy by the nuclear spin, is called Rabi oscillation
and the frequency of this oscillation is called the Rabi frequency. Driving several Rabi oscilla-
tion cycles demonstrates the ability to coherently manipulate the spins over a sufficiently long
time scales, a basic requirements in the QIP. The Rabi oscillations were observed using a ¢ — 7
spin-echo sequence by systematically changing the first pulse (¢) duration (f gap;), While record-
ing the echo amplitude at each step. The 180° (or 7) detection pulse was properly calibrated and
kept fixed during this process. The so-obtained echo amplitude was Fourier transformed, phase
corrected, and plotted as a function of tg,;;, yielding the Rabi oscillations.

Our analysis procedure compensated for the fact that at large ¢ values, corresponding to
relatively small spectral widths irradiated by the first pulse, a fraction of nuclei of the inhomoge-
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neously broadened resonance line (namely, those with a shift larger than the spectral width of the
pulse) were not being effectively excited and did not participate in the echo. Figure 3.11—(a-c)

(@) | | | (b)

Integrated echo intensity (a.u.)
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Figure 3.11: (a-c) Rabi oscillations for the three transitions (F1, F3, F4), at parallel Cs vs.
field orientation, necessary to operate the error-protected qubit (see text below). NMR pulses of
different duration are used to induce Rabi oscillations, detected by a final 7-pulse for refocusing.
Continuous lines are a fit with the damped function oc e~*/7sin[27vr(t — to)]. Different rf
powers are reported for F3 (b). Inset of (c): measured (dots) and calculated (line) enhancement
of the Rabi frequency v (with respect to the case A | = 0) as a function of magnetic field. (d)
Fourier transform, evidencing the monochromatic character of the oscillations reported in panel
(b). The inset shows the linear scaling of vy (indicated by the position of the peak) with the
oscillating field H.

reports the measured coherent Rabi oscillations for the three transitions F1, F3, F4 respectively,
at a parallel C3 vs. field orientation.

As discussed before, even a small mixing of the wave-function (~ 0.02 at 0.15 T), induces
a large enhancement of the matrix element, since 2’%0 ~ 103 grpn. Therefore, manipulations
of the nuclear qudit are actually very fast in [Yb(trensal)]. In particular, we have found an
enhancement of nearly 103 in the observed Rabi frequencies compared to the A; = 0 case,
shown in the inset of figure 3.11-c, in an excellent agreement with the calculations based on
(3.1). The empty circles are experimental points while the blue line represents the calculated
enhancement at various magnetic field values.

Rabi oscillations are damped by T, relaxations or the inhomogeneities of the driving rf field
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H,, whichever of the two is stronger. For sufficiently large powers, however, this damping/decay
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Figure 3.12: The damping rate of the Rabi oscillations for transition F3 (at § = 0 field orientation)
as a function of the oscillating field ;. The experimental points are overlaid to the modeling
described in the text.

is dominated by the inhomogeneities of the oscillating H; field. This Rabi damping rate can be

modeled as

1
= 7 +mHy, (3.4)

where the first term is the measured To of the particular transition whereas the second one
accounts for the inhomogeneities in the rf-field and is therefore proportional to H;. The ex-
perimentally observed damping rate, overlaid to the modeling, is presented in figure 3.12 for
transition F3 at the C3 || Hy orientation. The increase in the damping rate with the applied

18dB
13dB

Intensity (a.u.)
FT (a.u.)

0 2 4 6 8 10 0 5 10 15
t (us) vg (MHz)

Figure 3.13: Left: Rabi oscillations for transition F4, for two different attenuations (13 and
18 dB). Right: corresponding Fourier transforms of the signal, evidencing the monochromatic
character of the oscillations.

power, points towards the dominance of the inhomogeneities of the applied rf field Hj.
In order to ascertain that the amplitude wiggles that we have driven are indeed Rabi oscilla-
tions, we undertook a standard procedure to see if such oscillations show a linear dependence of
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their frequency vr on the applied rf field strength. Indeed we observe a linear scaling of vg with
the oscillating field amplitude H;, for both the F3 and F4 transitions at parallel field orientation
(figures 3.11-(d) and 3.13). This check unambiguously confirms that in our experiments we are
manipulating the populations of the nuclear spin states. The detected echo intensity shows that
we are able to perform many coherent oscillations before the signal is lost. This is vital for the
potential implementation of QIP in this system.

3.7 Error-protected Qubit Proposal

Quantum error correction techniques are based on the redundant encoding of information. This
implies embedding a quantum information unit (a qubit), belonging to a two-dimensional Hilbert
space into a larger one. Standard quantum information algorithms are based on block-encoding
of the logical qubit into a set of several physical qubits (three at least) in order to extract the
error syndrome by majority voting. Here we pursue a different approach, i.e. we exploit the
extra space available in the d = 2I+1 dimensional Hilbert space of "3Yb nucleus to obtain a
qudit-encoding of the logical qubit. The observed values of Ty, the important enhancement in
the Rabi frequencies and the fact that transitions are well resolved (figures 3.3, 3.4, 3.5 and 3.6)
make [Yb(trensal)] a promising coupled electronic qubit-nuclear qudit system.

In the following we show that the multi-level structure (d = 6) of the 173Yb nucleus can
be used to encode a qubit protected against amplitude or phase shift errors [122], whereas the
electronic qubit provides a fast ancilla to detect errors and help efficient qugate implementation.
The possible errors acting upon a single qudit can be expanded in terms of a unitary operator

Am; = -1 |d_) &

B
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Am; = +1 |dy) & \
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Figure 3.14: Encoding of a qubit protected from amplitude shift errors in the nuclear levels
of [Yb(trensal)], corresponding to the mg = -1/2 manifold. Possible amplitude shift errors are
indicated by arrows.

basis with d? elements the “generalized Pauli operators”: X*Z b with a,b=0,1,...,d— 1, where
X|j)=1j + 1 mod d) and Z|j) = e |7). These operators represent the basic quantum errors
which a quantum correcting code must correct [122]. They can be distinguished into amplitude
shifts X (which we will briefly discus in this section) and complementary phase shifts Z°. It
can be shown [122] that the smallest qudit which protects against a single amplitude (X) or phase
(Z) shift is characterized by d = 6. In general, we need d = 2(2k + 1) to correct k shifts. This
should be compared with the corresponding exponential scaling of the Hilbert space dimension
required by block-encoding d = 22+1. Hence, block-encoding algorithms are exponentially
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more demanding that shift-resistant codes based on qudit-encoding. In our Yb(trensal) based
physical system |j) are the nuclear levels.

Considering the experimental scope of this thesis, we will focus only on the amplitude shift
errors, i.e. unwanted Amj; = +1 transitions, further details on the error-protected qubit imple-
mentation can be found in reference 143.

Following reference [122], the qudit states can be relabeled according to |mg = —1/2, m) —
|mr+5/2) =10),]1),]2),3), |4),]5). By encoding the logical qubit in the generic state «|0) +
BI1) in [®) = a|Ypg——1/2m;=—3/2) + Blmg——1/2,m,=3/2) (With Hy along z-axis), the ef-
fect of an amplitude shift is to induce a transition to a state outside the computational ba-

sis. In the relabeled scheme this means to encode the generic state into «|1) + /|4), which
protects from an amplitude shift X. Therefore, the error can be detected using microwave
pulses in ancilla and then corrected [122]. In the case of a Am; = 1 shift |[®) — |[P,) =
alth_12,—1/2) + BlY)_1/2,5/2)- This state conserves the superposition and has no overlap with
|®) (see figure 3.14). Thus, by two simultaneous and fast microwave 7 pulses resonant with
the [t)_1/2 172) = |¥1/2,-1/2) and [¢_1/25/2) — [11/2,5/2) gaps, (echo detected in refer-
ence 50), it is possible to rotate the electronic spin only if the molecule is in |® ). Therefore,
a measure of the electronic spin after the pulses detects and identifies the error, without af-
fecting the qubit state (i.e., without collapsing the nuclear wavefunction). After restoring the
ancilla in mg = —1/2 (by repeating the microwave pulses), the error can be corrected by radio-
frequency pulses. An analogous procedure detects and corrects Am; = —1 errors leading to
|®_) = alth_1/2,_5/2) + Bl1)_1/2,1/2)- It is important to note that the minimal number of qudit
levels to implement this code is exactly 6 as in the present case (I = 5/2), because it enables
|®), | @) and |P_) not to overlap. Remarkably, this quantum error correction code requires less
levels than the textbook 3-qubit repetition code [55].

An important point is to implement a universal set of single-qubit gates with the present
error-protected encoding. In particular, rotations around x and y of |®) = ali_; /2,—3 /2> +
Bltb_1/2,3/2) can be implemented by a sequence of radiofrequency pulses resonant with the
-3/2 = —1/2,-1/2 — 1/2and 1/2 — 3/2 gaps, i.e. F1, F3 and F4 in figure 3.6. Figure 3.11-
(a-c) reports the corresponding measured coherent Rabi oscillations, showing that few hundreds
of ns are sufficient to implement 7 rotations, whereas the echo intensity shows that we are able to
perform many coherent oscillations before the signal is lost. Rotations around z of the encoded
qubit state can be easily implemented by a single microwave 27 pulse semi-resonant with the
[Y_1/2,372) = |¥1/2,3/2) gap. We finally note that the complementary phase-shift code could be
implemented in the same way by encoding in the conjugate basis [122].

3.8 Conclusions

In this chapter, [Yb(trensal)] molecular nanomagnet was studied using the pulsed nuclear mag-
netic resonance spectroscopy. The lowest transition of the hyperfine coupled '"Yb-Yb3* 1
=5/2, S = 1/2 spin system, essentially nuclear in nature, were probed by exciting them and
observing their coherent evolution by means of a pulsed NMR apparatus. These nuclear transi-
tions were distinctly resolved using both the frequency and field sweep measurements. A spin
Hamiltonian approach was then used to model this system and the energy level diagrams were
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obtained. The spin-spin relaxation time (T9) was measured to exhibit long enough coherence
times for potential applications of [Yb(trensal)] in quantum computation. Using the CPMG
pulse sequence it was demonstrated that the coherence times can be further enhanced by apply-
ing short refocusing pulses at frequent intervals to decouple the system from the environment.
The spin-lattice relaxation was measured and shown not to be a limitation for quantum computa-
tion operations. Several Rabi oscillation cycles were driven for some of the detected transitions
to demonstrate our ability to coherently manipulate the nuclear spins over a sufficient long time
scale. The observation of Rabi oscillations was made possible by a huge enhancement, of the
order of few thousand, from the electron-nuclei wave-function mixing.

The observed relatively long values of Ty, the important enhancement in the Rabi frequen-
cies and the fact that transitions are well resolved enabled us to show that the [Yb(trensal)]
MNM behaves as a nuclear qudit coupled to an electronic qubit. Using these unique experi-
mental evidences we showed that the [Yb(trensal)] MNM can be exploited to define a quantum
error protected qubit system, where any error can be detected and corrected inside the proposed
algorithm using the electronic qubit as an ancilla. The encoded algorithm protects against both
amplitude and phase shift quantum errors. These results open new perspectives in the relatively
new field of f-electron molecular qubits, by exploiting a multi-level structure from both the
nuclear and electronic degrees of freedom in a coupled system.



Chapter

Lanthanide (4f) Dimers

Reproduced, in part, with permission from “Measurement of Magnetic Exchange in Asymmet-
ric Lanthanide Dimetallics: Toward a Transferable Theoretical Framework” Marcus J. Gian-
siracusa, Eufemio Moreno-Pineda, Riaz Hussain, Raphael Marx, Maria Martinez Prada, Petr
Neugebauer, Susan Al-Badran, David Collison, Floriana Tuna, Joris van Slageren, Stefano Car-
retta, Tatiana Guidi, Eric J. L. Mclnnes, Richard E. P. Winpenny, and Nicholas F. Chilton:
Journal of the American Chemical Society 2018 140 (7), 2504-2513 DOI: 10.1021/jacs.7b10714
Copyright (©2018 American Chemical Society.

4.0 Introduction

The unique magnetic properties of Ln-MNMs arise from their large magnetic anisotropy, which
originates from the strong spin-orbit coupling and the crystal field (CF) effects, whereas role
of inter- and intra- molecular dipolar interactions and magnetic exchange is also important
[19, 144]. Intra-molecular magnetic interactions, although they are usually much weaker than
CF splitting in lanthanides, can still significantly affect the magnetic properties of a MNM by
providing alternative relaxation pathways via the intermediate states, mixing of the low lying
states, and increasing the quantum tunneling of the magnetization (QTM). Alternatively, they
can lift the ground state degeneracy in Ln-MNMs by exchange interactions, resulting in a shift
of resonant QTM relaxation steps away from zero-field, known as the exchange bias, thus in-
creasing zero-field magnetic remanence [145, 146].

Barring some examples of magnetic exchange interaction mediated via radial species[147—
149], the super-exchange interactions are usually very weak for Ln-ions due to the contracted
nature of 4f orbitals, rendering the thermodynamic techniques entirely insensitive to their pres-
ence [150]. Therefore the spectroscopic techniques, such as inelastic neutron scattering (INS)
and electron paramagnetic resonance (EPR), become much more significant to probe these in-
teractions. Recently, INS spectroscopy has quite often been employed to investigate the CF
excitations in Ln ions [151-155]. The INS spectroscopy is a powerful probe with neutron en-
ergies ranging from below 1 meV to over 1 eV (8 - 8000 cm™!), elucidating interaction from

70
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smaller energy exchange to larger CF energy splittings in MNM systems. The technique was
extensively used to study simple Ln dimers by Giidel and coworkers, during 80’s and 90’s, for
the direct probing of the exchange manifold [156-161]. Moreover, the INS does not rely on
the application of an external magnetic field and thus yields zero-field information unlike field
dependent techniques such as EPR.

The magnetic moments of Ln ions are large and usually accompanied by the significant
magnetic dipole interactions, many times comparable in magnitude to the superexchange inter-
actions, while both being highly anisotropic. Furthermore, even if the exchange states can be
probed directly using spectroscopic techniques, there is no transferable microscopic Hamilto-
nian available at present for modeling the magnetic interactions between Ln ions, with recent
results suggesting a case-specific formalism for the modeling of the exchange coupling between
J multiplets might be required [162—-164]. Information on the magnetic exchange between Ln
ions, both from experimental and theoretical point of view, is seldom available in the literature
due to aforementioned reasons. In the current chapter, we employ the INS, EPR and far-IR
(FIR) spectroscopies, magnetometry and complete active space self-consistent field spin-orbit
(CASSCEF-SO0) calculations, in order to obtain a comprehensive picture of the CF states for each
of the molecular sites in the Ln-dimers and subsequently arrive at an accurate quantification of
the magnetic exchange interactions between the Ln ions.

The chapter will start by outlining the structural information of the all Ln-dimers. The next

section outlines the INS experimental instrument settings and sample details. Following the first
two sections, experimental results, calculations and interpretations are arranged in one section
each for the Er, Yb, and Dy dimers. Each of these section starts with the magnetic characteriza-
tion followed by the CF excitations INS results along with CASSCF-SO calculation modeling.
Exchange interactions probed with low energy INS and EPR spectroscopy are presented later in
all sections (the latter only for Ery and Yby).
All the samples used in this chapter were synthesized by Professor Richard Winpenny’s group
in the Department of Chemistry, University of Manchester (UK). Magnetic measurements, EPR,
and CASSCF-SO calculations were also performed there. Far-infrared (FIR) spectroscopy was
handled by Professor Joris van Slageren’s group in Stuttgart (Germany). The author of this the-
sis and Dr. Tatiana Guidi (ISIS, STFC) performed all the INS experiments and data analysis.
Prof. Stefano Carretta also helped and guided in INS data analysis. The effective point charge
modeling for Dys is being carried out in collaboration with Dr. Michael L. Baker in the Depart-
ment of Chemistry, University of Manchester and the Diamond Light Source, Harwell Campus
(UK).

4.1 Material Synthesis and Characterization

The pure dimers were prepared using proper amounts of 8-hydroxyquinoline and LnNOs- zH20
salt (Ln = Y//I, Dy /1 Er//1 Yb!!! and Lu’!’) and performing synthesis as detailed in refer-
ences [165, 166]. The Ln-dimer family crystals are block-shaped and yellowish in color. The
compounds are isostructural and crystallized in the in the monoclinic space group P2;/c and
with the chemical formula [hqH2][Lns(hq)4(NO3)3].MeOH (hq = 8-hydroxyquinoline). Sam-
ples were characterized by CHN microanalysis and powder XRD (PXRD) measurements to
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Figure 4.1: Crystal structure of [Lnz(hq)4(NOs3)3]~ (Ln = Er, Yb, Dy, Lu) showing two asym-
metric coordination environments. Upper metal site is the hq pocket, lower metal site is the NO3
pocket. Color scheme: green, Ln; red, O; blue, N; gray, C; white, H.

establish the consistency and phase purity of the bulk samples [165]. The choice of diamagnetic
host (Y or Lu), enabled us to spatially isolate the paramagnetic Dy(III), Er(III) or Yb(III) dopant
ions and while the probing of exchange-free properties of each site were possible within the
molecule.

Site selectivity in these dilution experiments arises from the small differences in the ionic
radii across the lanthanide 4f series. In the asymmetric molecule, the smaller Ln site coordinates
four hq ligands (from now onwards, the hq pocket) making an N4O4 environment, whereas
three of the oxygen donors also bridge to the second pocket, which is capped by three NOg3
anions (the NOs pocket), generating an Og coordination environment, figure 4.1. The spatial
arrangement of the capping NOs ions is not rigidly fixed and thus they can host the larger Ln-
ions than the hq pocket. Indeed, on average the volume of the NO3 pocket’s initial coordination
polyhedron is ~8% larger than the hq pocket. Therefore in the diluted samples (not used in the
INS experiments), where the dopant ionic radius is smaller than the host, the dopant preferably
occupies the hq pocket, and vice-versa. Diluted samples were prepared using 5% dopant during
the synthesis, which will be referred to accordingly as Ln@Y or Ln@Lu depending upon the
dopant used. Crystal structure of Lng dimer series is shown in figure 4.1, with green spheres
represent the lanthanide atoms, red are the oxygen, blue nitrogen, gray carbon, and the white are
the hydrogen atoms.

Since there is no general model present and only the lowest-lying energy exchange states are
known, the best strategy seems to model the system interactions in a limited basis. The ground
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CF doublet state can be represented by pseudo-spin S = 1/2 for each individual lowest Kramers
doublet, and the magnetic anisotropy of the state is represented by the principal g-values. The
family of Ln-dimers studied in this thesis, is especially ideal because of the possibility of site
selective doping thanks to the different sizes of the hosting sites, as mentioned before. This
provided us with the possibility of studying each metal site individually, and then compare it
with the pure dimer results.

4.2 INS Experimental Details

All the INS spectra were collected at the ISIS neutron and muon facility using the LET, IRIS,
and MARI spectrometers. The IRIS and LET are the high-resolution instruments used for the
detection of low-energy exchange interaction while the MARI was employed for the study of
crystal field excitations. In the following paragraph, we outline the specific sample details and
the experimental settings used in the INS experiments. The general introduction of the INS
theory, instruments used, and the TOF technique was detailed in the section 2.2.

4.2.1 Sample description

The dimer samples used in the INS experiments have a chemical formula of Cyg H36X2NgO1s,
X= Er,Yb, Dy, and Lu). The Lu with a ground state of 4 F\4, have no unpaired electrons and
is non-magnetic, therefore it was used as a measure of the INS background signal.

The samples were non-deuterated and in the form of lightly ground powders. The sample
masses were 1.648 g, 1.788 g, 1.937 g, and 1.311 g for Ery, Ybs, Dys, and Lus, respectively. For
the IRIS, sample powder was inserted inside an annular cross-section generated by a cylindrical
aluminium (Al) can of 20 mm diameter and 1 mm thickness having another cylindrical insert of
18 mm diameter placed inside it. Sample height in this case was 26 mm. In case of LET, an Al
can of 20 mm diameter was used to hold the sample packed in an Al sachet of 34 mm height
placed inside the can making an inner cylinder. Similarly at MARI, a standard thin walled
(0.1 mm wall thickness) Al cylindrical can with 40 mm diameter and 64 mm height was used as
sample holder while the powder was packed in a cylindrical Al sachet of 34 mm height. Two Al
foil supports having 15 mm height each, were placed above and below the sample sachet, inside
the can, for making sure that sample’s center coincides with the incoming neutron beam center.

4.2.2 Instrument settings
In this section we outline the experiment specific description of the instrument settings employed
and the resolutions achieved, during the INS measurements.

MARI

All the MARI measurements were carried out at 5 K temperature using a closed cycle refrig-
erator. Four different incident energies (E7) of 15 meV, 25 meV, 50 meV, and 100 meV with
corresponding calculated resolutions of 0.4 meV, 0.6 meV, 2 meV, and 5 meV were measured
for the Ery and Ybs, while the Ei = 100 meV was not measured for Dy, sample. MARI data is
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Figure 4.2: The setting used at the MARI instrument showing resolution plotted against trans-
ferred energy. The gain in the incident energy cost in the form of lower resolution.

integrated from 0 < |Q| < 3 A~ for 15 and 25 meV (0 < |Q| < 2.5 A~! for Ei =15 meV Dyy),
and 0 < |Q| < 4 A=! for 50 and 0 < |Q| < 5 A~' 100 meV . The MARI resolution from the
elastic line was found to be 0.65 meV, 0.95 meV, 2.75 meV, and 5.79 meV for incident energy
of 15, 25, 50, and 100 meV, respectively. The Gd chopper setup was used with the frequency
of the chopper set at 150, 250, 200, and 250 Hz for the incident energies of 15, 25, 50, and
100 meV, respectively. The figure 4.2 shows the calculated relation between the FWHM (AE)
versus increasing energy transfer, for incident energies used at MARI.

LET

The temperature at LET was set at 5 K during all the measurements, using a closed cycle refrig-
erator. LET can access multiple energies in one go depending upon the selected chopper settings.
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Figure 4.3: The LET chopper configuration used with corresponding accessible energies vs.
neutron time of flight. Each of the five different dashed horizontal lines before the 25 m distance
indicate a disk chopper.

Therefore, we measured the incident energies (Ez) of 1.00 meV, 2.54 meV, and 15.3 meV, with
corresponding calculated instrument resolutions of 20 peV, 70 peV, and 0.9 meV. Low-energy
(1 meV ) LET data integration was 0 < |@Q| < 2 ~!. Chopper configuration for LET time-of-
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flight vs. accessible energies are depicted in figure 4.3. The measured instrument resolutions
from the elastic line is found to be 20 upeV, 70 ueV, and 1.02 meV, respectively. Since at the
higher incident energies, the MARI resolution was better than the LET, we did not use the
15.3 meV data from the LET.

IRIS

IRIS being an indirect geometry quasi- and in- elastic neutron scattering spectrometer, have a
fixed final energy of 1.845 meV, with the settings used in our experiments. Instrument analyzer
reflection settings are named PG002—OFFSET6. In the PGO02—OFFSET6 setup, calculated
instrument resolution is 17.5 peV, energy window is from — 1.0 to 2.0 meV, whereas the chopper
frequency is set at 50 Hz. The IRIS data integration range was 0 < |Q| < 2 A~ Experiments
were repeated at three different temperatures of 1.8 K, 20 K, and 50 K using a Helium flow
cryostat. Measured IRIS resolution from elastic line was measured to be 20 peV. Only the Ery
and Yb, were measured at IRIS. Incident energies, (final energy in case of IRIS), and energy
resolutions (both calculated and measured), for all three instruments used are summarized in
table 4.1. The INS data reduction, analysis and curve fitting was done using the Mantid and

Table 4.1: Summary of the INS Instruments’ Ei’s and F'W H M.

Instrument E; FWHM Calc FWHM (elastic peak)
meV meV meV

LET 1 0.02 0.02

LET 2.5 0.07 0.07

LET 153 0.9 1.0

MARI 15 0.4 0.65

MARI 25 0.6 0.95

MARI 50 2 2.75

MARI 100 5 5.79

IRIS (Ey) 1.845 0.017 0.018

Mslice softwares, as introduced earlier in the experimental techniques, subsection 2.2.4, while
the data plotting was carried out using the MATLAB (2017).

4.3 Er; Results

The Er®* ion ground state is 415 /2. and being a Kramers ion its J = 15/2 states are doubly
degenerate.
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4.3.1 Magnetic measurements

Magnetometry was carried out in the temperature range of 1.8 K to 300 K using a Quantum
Design MPMS-XL7 SQUID magnetometer, equipped with a 7 T superconducting magnet. The
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Figure 4.4: Experimental thermal dependence of the x ;T data for Er, measured at a field of 1
kOe. Inset: Magnetization data field-dependence up to 7 T collected at the 2 (black), 4 (red) and
6 K (blue) temperatures.

Ers has a room temperature ;T product value of 22.9 cm® K mol ™, in close agreement with
the value for the two isolated %1, /2 Er(Ill) ions (23.0 cm? K mol~1). The resulting curve shows
minimal features, with the depopulation of excited CF states resulting in the usual decrease
at lower temperatures, figure 4.4. The magnetization data measured up to 7 T at three different
temperatures of 2, 4, and 6 K does not saturate, pointing towards the strong magnetic anisotropy,
figure 4.4-inset. There is no direct evidence of the magnetic interactions visible from these data.

4.3.2 INS results

The exchange interactions are much smaller than the CF splitting in the Ery (as evidenced by
the featureless x5, T data), therefore we should expect to see the local CF transitions in the INS
spectra for each magnetic site, possibly broadened by the weaker exchange interactions, when
measured for the pure Erg species. The INS transitions for the diluted samples were not observed
in the INS experiments. This could be explained as the neutrons interact weakly with the matter,
so with diluted samples, signal from neutrons is not strong enough to be visible above phonon
background. The INS data after the measurement were normalized and corrected with white
beam vanadium sample measurements in order to account for the detector efficiency differences.
The individual detectors were also checked and any detectors not functioning properly were
masked using pre-written python routines in Mantid [110].

All the data we are going to present here have already been corrected for the detector effi-
ciency and normalized with vanadium measurement. The Q vs. E maps are used to distinguish
between magnetic and non magnetic (phonon) signals, as a first guess. The maps of the INS
intensity for the 15 meV and 25 meV incident neutron energies are shown in figures 4.5 left
and right panels, respectively. These 2D maps are plotted after the background subtraction, as
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Figure 4.5: The INS Q—E plot for E: = 15 meV (left) and 25 meV (right) after background
subtraction. The magnetic signals are clearly visible around 1.5 meV and 4.0 meV (in both
panels) while signals at 13 meV, 16 meV, and 18 meV are clearer in the right E;=25 meV panel.
All the magnetic signals fall off quickly with increasing Q, as expected from the magnetic form
factor’s intensity dependence.

explained in the next paragraph. Inelastic magnetic features are present around 1.5 meV and
4.0 meV energy transfer in both panels, whereas the signals at 13.5 meV,16 meV, and 18 meV
are more clearly visible in the right panel of incident energy 25 meV. The scattering intensity
is strongest at lower |Q| values and decays quickly with increasing |Q|, as is expected from
the magnetic form factor [F? (Q)] dependence of the magnetic scattering intensity. Figure 4.6
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Figure 4.6: INS spectra for Ers collected on MARI using incident neutron energies of a) 15 meV,
b) 25 meV, c¢) 50 meV, and d) 100 meV . The Ery magnetic signal in black dots is clearly visible
when plotted over the red dots of phonon (Lus) background.

shows the INS spectra of the incident energies of 15 meV, 25 meV, 50 meV, and 100 meV for the
Ero, filled black circles, and Lus in filled red circles. The data is integrated from 0 < |Q| < 3
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A=1 for both 15 and 25 meV, while for 50 and 100 meV integration is 0 < |Q| < 4 A~! and
0<1|Ql <5 A1, respectively. Since the Lu®™ ion has a completely filled f-orbital, it bears no
spin or orbital moment, and hence its nonmagnetic. Replacing the Er ion with Lu in the same
molecule and measuring it under exactly similar experimental conditions means that we will
only get the pure phonon background signal without any magnetic contribution. Therefore, the
Lu dimer molecule has been used as a phonon background measure and any signal above this
background (black dots and line) should be magnetic in nature (red dots and line). We can see
a shoulder at lower energy around energy transfer of 1.5 meV, both in the 15 and 25 meV data.
The peaks around 4 meV and 13.5 meV E: are more pronounced on top of the non magnetic
background data. Indeed, we loose the resolution by moving higher in Ez, but there are some
magnetic peaks visible around 18 meV and 37 meV .
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Figure 4.7: An example of the magnetic form factor comparison of Er calculated (red line) and
experimental data (green dots). The experimental data is from E7 = 15 meV spectrum, taking a
cut in E for the peak around 4 meV .

As anticipated above, another way to ascertain the magnetic nature of a particular peak
is via the magnetic form factor. The magnetic form factor F2(Q) governs the single ion Q-
dependence of the magnetic scattering amplitude. In the dipole approximation, where only the
lowest spherical harmonics is considered, form factor is independent of the scattering direction.
The dipole approximation is reasonable for the smaller momentum transfers. The magnetic form
factor is then defined in the formula for do/dS2, as the matrix element is normalized to unity at Q
= (. If the ground state of the ion is precisely known, the magnetic form factor can be calculated
using:
JJ+1)=S(S+1)+L(L+1)
3J(J+1)+S(S+1)—L(L+1)

where the (jo) and (j2) are the functions of the momentum transfer describing the spin and
current densities’ radial distribution. They usually vary significantly from one magnetic ion
to another and have been tabulated [167]. An example of magnetic form factor for Er, both
calculated with equation (4.1) by using tabulated values and from the 15 meV INS experimental
spectrum (peak around 4 meV ) by taking a cut in E, is shown in figure 4.7. The green dots

F(Q) = (jo) + (ja) 4.1
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(experimental data) are clearly in very good agreement with the red line (calculated), and both
decrease rapidly with increasing |Q)|.

Multi-configurational ab initio CASSCF-SO calculations were used to evaluate the CF pa-
rameters (CFPs) BY, which can be used in the CF Hamiltonian, as we mentioned in the Steven’s
formalism section in chapter 1. However, we rewrite it here for clarity

Hor = ZB,ZO,Z
k,q

B,Z are the Stevens’ crystal field parameters and the OZ are the Stevens’ operator equivalent of
CF potential. The Stevens’ CF parameters B} are always real. Both the metal pockets have low
symmetry in this molecule, so the reduction in the number of allowed crystal field parameters
(CFPs) using symmetry arguments, is not possible and we are left with no less than 27 free
(Stevens) parameters to describe each pocket.

Using these CFPs as an input, we simulated the INS spectra with Mantid CF python in-
terface [111]. Mantid can calculate the energy eigenvalues, eigenvectors, and the Hamiltonian
matrix while plotting the CF spectrum at the same time. We further re-scaled and subtracted
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Figure 4.8: INS spectra for Ers after phonon background (Lus) subtraction plotted with simu-
lated INS spectra for hq pocket based on CASSCF-SO CFPs. a) 15 meV and b) 25meV.

the background from magnetic data, while ensuring that there is no negative data value after the
subtraction, using following relation as mentioned before in the experimental procedures:

Smag(Q;w) = S(Q,CU) - pSph(Qyw)

where S, is the phonon contribution (scattering function for non-magnetic sample analogue),
and p is the appropriate scaling factor which is chosen to keep the intensity positive after back-
ground subtraction. Plotting the subtracted data over the simulated INS spectra for hq pocket
based on CASSCF-SO CFPs gives an excellent agreement for both 15 meV and 25 meV data,
as shown in the figure 4.8. Comparison with the calculations reveal that the experimental peaks
at 32.0 and 102 cm~! (3.97 and 12.6 meV) arise from the hq pocket. These features are well-
reproduced both in position and relative intensity and correspond to the transitions to the first
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Figure 4.9: INS spectra for Ery after phonon background (Lug) subtraction plotted with simu-
lated INS spectrum for NO3 pocket based on CASSCF-SO CFPs. The original unscaled spectra
(yellow) is not in good agreement with the experiment while a CFPs scaling factor of 1.5 brings
the agreement to an excellent level. a) 15 meV and b) 25meV.

and second CF excited states, respectively. However, it must be noted that there might a slight
error in the calculated intensity values among different peaks as we have not accounted for the
form factor effect while simulating, and different INS peaks have been measured in different Q
ranges. With the peaks at 32.0 and 102 cm ™! (3.97 and 12.6 meV ) ascribed to the hq pocket,
we can directly assign the features at 12.1, 130 and 148 cm~! (1.5, 16.1 and 18.3 meV, re-
spectively) to the NO3 pocket. However, a measurement at high resolution IRIS spectrometer
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Figure 4.10: INS spectra for Ery collected on the IRIS beamline at 2 (black), 20 (red) and 50 K
(green), integrated over 0 < |Q] < 2 At using the neutrons with final energy of 1.845 meV .

places the peak at 11.7 cm™! (1.45 meV) instead of 1.5 meV, when measured at three different
temperatures, figure 4.10.

The experimental energies do not agree perfectly with the simulated spectra of the CASSCF-
SO calculations for the NO3 pocket, as indicated by the orange line in figure 4.9. Nonetheless,
using a simple scaling factor of 1.5 on the CASSCF-SO CFPs dramatically brings the calcu-
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lated energies into agreement with the experimental peak positions, figure 4.9 blue line, where
the intensity ratios of the three transitions are also correctly predicted by the simulation. The

a) b)

-

Figure 4.11: Electrostatic potential energy calculated on a sphere of 1.5 Aradius centered at the
Er ion considering only the coordinating atoms with formal charges. The color scale between
the two pockets is the same and clearly indicates more uniform electrostatic surface for the NOg
pocket (b), as compared to the hq pocket (a). The vertical direction is aligned along the capping
oxide direction (single hg-O bond on top).

scaling factors are often required to improve the matching between ab-initio calculations and
the experimental data in lanthanide systems[152, 157, 166]. However, in order to understand the
reasons behind the need for the scaling factor only for the NO3 pocket, we performed the elec-
trostatic potential calculations around the Er ions for both pockets individually. The NO3 pocket
appears to present a near-spherical electrostatic potential, as shown in figure 4.11, thus making
the electronic structure particularly sensitive to the local environment. Therefore, the original
CASSCF-SO calculations considering the isolated gas-phase molecule may not have described
the electrostatic potential with sufficient accuracy. Compounding this sensitivity are the small
quadrupole moments of the Er(III) free-ion m; states, that are likely the origin of generally poor
agreement between CASSCF-SO calculations and experimental data for Er compounds. Inclu-
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Figure 4.12: INS spectra for Ery after phonon background (Lusg) subtraction plotted with simu-
lated INS spectrum for both pockets based on CASSCF-SO CFPs, with a scaling factor of 1.5
for the NOg3 pocket. a) 50 meV and b) 100 meV .
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sion of the two nearest counter-cations into the CASSCF-SO calculations shows a slight increase
in the energies of the CF states, and further inclusion of formal point charges within a sphere
of 25 Aradius from the active Er(IIl) site continues to raise their energies. These changes are
consistent with the experimental observations, that place three CF excitations at higher energy
than originally predicted. We can therefore safely assume that the three INS transitions at 11.7,
130 and 148 cm~! (1.45, 16.1 and 18.3 meV ) owe to the first three CF excitations of the NOs
pocket, and suggest that the discrepancy with theory is due to the subtle electrostatic potential at
this site.

We further note that the transition at 1.45 meV is much broader (FWHM= 200 peV ) than the
IRIS experimental resolution (18 ueV), which is likely the result of the exchange interactions,
vide infra. As we move higher in incident neutron energy, we lose the resolution advantage. Nev-
ertheless, CASSCF-SO calculations also reproduce experimental data at 50 meV and 100 meV
incident energies quite remarkably, as shown in figure 4.12. The NO3 pocket calculation data in
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Figure 4.13: INS spectra for Ers (black) with Lusy spectra (red) collected on LET using incident
neutrons of 1.0 meV . Q cuts are integrated as 0 < |Q| < 2 A~L.

figure 4.12 is also rescaled by a factor of 1.5, as before. The third excited state is now placed at
an energy of ~ 234 cm~! (~ 29 meV ), which seems in agreement with one of the weak features
observed at higher energy, figure 4.12.

We now turn to the exchange interaction between lanthanide centers to obtain an order-of-
magnitude estimate for the magnetic exchange interaction in the pure Ery species. We used the
power of high resolution LET spectrometer to directly probe the low-lying exchange manifold
with INS. Measurements with the LET used 1.0 meV incident energy neutrons and elucidated
a broad, cold transition centered at 0.56 cm~! (0.07 meV ), as clearly depicted in figure 4.13,
that we can assign to the transitions within the low-lying exchange manifold of Er dimer. Hence
the exchange interactions are expected to be of the order of 0.6 cm~"! from INS and should be
visible clearly in the EPR spectra of the pure Ers species.

In the next paragraph, we will concisely present the EPR measurements and discuss the results
for Er dimers.
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4.3.3 EPR spectra and discussion

The X- (~9.5 GHz) and Q-band (~34 GHz) EPR spectra were collected, in Manchester, using
a Bruker EMX300 spectrometer while the S-band (~3.8 GHz) spectra was measured with a
Bruker Elexsys580 spectrometer. The experiments were carried out on the lightly ground poly-
crystalline samples, at a temperature of 5 K. To determine the magnetic exchange, we aim to
find a model Hamiltonian in the basis of the ground Kramers doublets of the two ions that is
able to reproduce these EPR spectra. The anisotropic exchange Hamiltonian, and the Zeeman
contribution from the presence of external magnetic field, in the case of pure dimers can be writ-
ten using equation (1.8), and (1.5), with the underlying assumption that the EPR transitions are
induced in the ground multiplet, which can be represented by an effective Hamiltonian given as

Hee = —2Ing- T - INOs + 11B(Shq - Gng + SNoOs - Gnos) - Ho, 4.2)

where the 7 are the generalized exchange tensor and J are the total angular momenta encompass-
ing both the spin and orbit momenta part. The g in equation (4.2), is the effective spectroscopic
splitting tensor given by the g-matrices for each dimer site. From the dilute EPR experiments
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Figure 4.14: Ery in Luy EPR spectra (black) and simulations (red) for measured at the 5 K
temperature and (a) Q-band 34.055 GHz, (b) X-band 9.543 GHz and (c) S-band 3.875 GHz
frequencies. The simulations are performed with EasySpin using the parameters values reported
in the text.

we can define the three principal g-values of the Ln pockets. EPR spectra for Er@Lu2 show
the three distinct features in all three frequencies, figure 4.14, which were modeled simulta-
neously using the PHI [168] or EasySpin [169] softwares with a pseudo-spin S = 1/2 model,
equation (4.2), with g-values as g; = 9.5, go = 6.8 and g3 = 3.2.

From the calculations with CASSCF-SO the Kramers ground doublets are expected to be
markedly different in the two Ln sites. The ground doublet for the hg-pocket is isolated by
32.4 cm~! from the first excited state with the ground state g-values of 13.3, 4.3 and 0.6, whereas
alow-lying excited state at 7.3 cm~! for NO3 pocket could be mixed with the ground state having
g-values 11.8, 3.8 and 2.2. The electronic structure of Er(Ill) appears to be extremely sensitive
to even the minute variations in the molecule/site geometry, from the electronic structure cal-
culations. As we stated before that the exchange interactions are expected to be in the order of
0.6 cm™~! from the INS experiments, and should be visible in the EPR spectra. Indeed the pure
Er specie EPR spectra collected from S-, X-, and Q-bands, exhibit features that are not there in
the dilute spectra, indicating the presence of the magnetic interactions clearly, figure 4.15.
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Table 4.2: Various parameters optimized for the Ero EPR spectra simulation

Parameter Value(s)
Jolem™)  Jylem™)  Jaem™)
J — 0.057 0.45 0.72
g1 g2 gs
9hq 13.3 4.3 0.6
INOs 9.5 6.8 32
a(%) B(°) (%)
R(gnq) —54.9 —80.0 —110
R(gnos) 3.69 169 45.0
R) 54.5 (fixed) 81.3 (fixed) 8.85
Iw,(GHz) Iw,(GHz) Iw.(GHz)
Q-band 4.3 5.1 7.9
X-band 5.0 5.0 3.0
S-band 2.5 4.0 55
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Figure 4.15: Ery EPR spectra (black) and simulations (red) measured at 5 K temperature and
(a) Q-band 33.980 GHz, (b) X-band 9.5426 GHz and (c) S-band 3.8744 GHz frequencies. The
Simulations performed with PHI using the parameters values reported in table 4.2.

For modeling the exchange interaction, we used alternative parameters for the z-, y-, and
z-components of 7 in the range of -1 to 1 cm™!, which encompass the INS measured exchange.
Further allowing the flexibility in the local rotations of the principal g-values yielded the best-fit
showing an excellent agreement with the experimental EPR spectra for all three frequencies,
figure 4.15 and table 4.2, as well as reasonably good agreement with the magnetization data at
low temperatures. The simulations are not sensitive enough to determine the absolute sign and a
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simulation of equivalent quality yielded by the inversion of the exchange matrix. The exchange
manifold for the Ero has an overall energy span of 1.1 cm~! encompassing four singlet states
which are mixed to result in non-zero magnetic moment transition matrix element between each
pair. The relative intensity profile is generally in good agreement with the lowest energy INS
transition detected at ~0.56 cm™!, further supporting the proposed exchange model.

The expected dipolar interaction between the two Er(IIl) ions within Ery can be calculated
from the experimental g-values and the orientations. The exchange matrix resulting from these
fitted values is given as:

—0.159 0.108 0.011
TP =1 0376 0.269 0.186 4.3)

0.098 0.130 0.047
In the dipolar exchange matrix 7, Elp equation (4.3), the J,, and Jy, have the largest values; and
are of the same order of magnitude as the fit-determined exchange parameters. Therefore, the

dipolar exchange mechanism in Ers must be a significant component of the overall exchange
interaction.

—0.057 O 0
Tery = 0 045 0 (4.4)
0 0 0.72

In this frame of reference, the experimental exchange matrix which accounts for both dipolar and
superexchange interactions is dlagonal and J, is its dominant component, equation (4.4). The
marked differences between j Ers and Jg,, matrices also indicate that the dipolar interactions
alone are not enough to fully account for the interaction and the superexchange component is
also important.

4.4 Ybs Results

The Yb?* ion possesses a ground state of * F; /2, and being a Kramers ion its J = 7/2 states are
doubly degenerate.

4.4.1 Magnetic measurements

The Yb magnetometry was also carried out in the same experimental conditions/parameters as
described for the Ers in the previous section. The Yby has a room temperature x ;T product
value of 5.01 cm® K mol™!, in reasonable agreement with the value for the two *F /2 Yb(III)
ions (5.14 cm® K mol™'). The resulting curve gradually decreases with the temperature re-
sulting from the excited CF levels depopulation,as depicted in figure 4.16. The magnetization
data measured up to 7 T, at temperature of 2 K almost saturates to the values of 3.54 Nsup,
figure 4.16-inset, without any evidence of the magnetic exchange in magnetization or x5, T data.
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Figure 4.16: Experimental thermal dependence of the x ;T data for Yb, measured at an external
field of 1 kOe. Inset: Magnetization data field-dependence up to 7 T collected at the 2 (black), 4
(red) and 6 K (blue) temperatures.

4.4.2 INS results

The Yb dimer INS data after the measurements was corrected and normalized with white beam
vanadium measurements to account for the detector efficiency differences, as detailed for Er
dimer in previous section. The individual detectors were also checked and any detectors not
functioning properly were masked using python routines in Mantid [110]. All the data we are
going to present here have already been corrected and normalized with vanadium measurements.
Figure 4.17 shows the INS spectra of the incident energies of 15 meV, 25 meV, 50 meV, and
100 meV for the Ybs, filled black dots, and Lus in filled red dots. The data is integrated from
0 < |Q| < 3 A~ for both 15 and 25 meV, while for 50 and 100 meV integration is 0 < |Q| < 4
Aland 0 < Q| < 5 A1, respectively. Since the measurements with Ybg result in very
weak magnetic signals over the Lus background, figure 4.17, therefore its not easy to judge the
presence of any magnetic peaks this way. Indeed, the simulations of INS spectra using Mantid,
based on the CASSCF-SO CFPs predicted much weaker Ybo dimers absolute intensity by about
70% as compared to the Ers species, as shown in figure 4.18, explaining the results obtained in
these experiments.

Using the CFPs from CASSCF-SO calculations as an input, we simulated the Yby INS
spectra with Mantid CF python interface [111]. We re-scaled and subtracted the Lu-dimer back-
ground from magnetic data, similar to Ers case, while ensuring that there is no negative intensity
values after the subtraction. We used the same relation as mentioned before:

Smag(Q, UJ) = S(Q, W) - pSph(Q7 w)a

with S,;, being the phonon contribution i.e. scattering function for the non-magnetic sample
analogue, and p is the appropriate scaling factor used during the subtraction. Plotting the sub-
tracted data over the simulated INS spectra for both the hq and rescaled NO3 pockets based on
CASSCF-SO CFPs for both 15 meV and 25 meV data is shown in the figure 4.17, (rescaling is
explained in next paragraph). Unlike Ery in previous section, the experimental noise and less



87 4.4 Yby Results

a)2.5 b)
2t 3
2
(7) 15r 2+
g
E 1
1 F
0.5¢ b
0 0
- 0 5 10 5 0 5 10 15 20
c) 5 d) 6 T
4+
> ar
(7) 3 F
g
el 2 F
E 2 F
l F
0= - - - - - 0 - - - - -
-10 0 10 20 30 40 -20 0 20 40 60 80
Energy Transfer / meV Energy Transfer / meV

Figure 4.17: INS spectra for Ybsy collected on MARI using incident neutrons of a) 15 meV,
b) 25 meV, ¢) 50 meV, and d) 100 meV . The Ybs magnetic signal in black dots are not very
distinctly visible when plotted over the red dots phonon background (Lus).
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Figure 4.18: Simulations of the INS spectra using mantid, calculated from CASSCF-SO CFPs.
Ers hq pocket (red) and NO3 pocket (blue) are clearly much stronger in absolute intensity as
compared to the Ybo hq pocket (black) and NO3 pocket (green).

intense magnetic signal from Ybs MNM makes it rather difficult to assign distinct magnetic
peaks, nonetheless a broad signals is present between 24 — 80 cm™! (3 - 10 meV ).

We employed magnetic field dependent far-infrared (FIR) measurements on the Ybs species
for the possibility of getting information about the magnetic signal not resolved by the INS. The
FIR spectroscopy in the presence of a magnetic field yields a distinct separation between the
vibrational and magnetic excitations in a sample. FIR spectra showed a clear magnetic peak
at 64 cm~! (8 meV ), figure 4.20, which is in agreement with the broad signal from the INS.
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Figure 4.19: INS spectra for Yb, after phonon background (Lus) subtraction plotted with simu-
lated INS spectra for both pockets based on CASSCF-SO CFPs , with a scaling factor of 1.6 for
the NOs3 pocket. a) 15 meV and b) 25meV.
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Figure 4.20: Far-IR transmission spectra of the Yby normalized to the 6 T data at 9 K. The red
arrow indicates the position of magnetic peak.

The CASSCF-SO had predicted a transition around 40 cm~! emanating from the NO3 pocket.
However, in line with what we observed for the Ery specie, the calculated and experimentally
observed CF states for the NO3 pocket are not in excellent agreement. Once again using the exact
argument as for the Ero NOg3 pocket, we use a scaling factor of 1.6, giving a very good agreement
with the experiment. This scaling factor is nearly identical to the one for Ero. Therefore, we
once more speculate that the reason for the need of scaling factor stems from first principle
calculations poor description of the electrostatic potential in the gas-phase molecule.

The high energy INS data shows slightly better signal-to-noise ratio for Ybsq, figure 4.21.
The weaker magnetic signal might be present around the 160 — 240 cm~! (20 - 30 meV )
and a potential peak in the vicinity of 290 ! (36 meV ). CASSCF-SO CFPs simulations after
rescaling predict three peaks in the similar energy ranges, originating from the NO3 pocket. A
single magnetic peak at 160 cm~! (19.8 meV ) from the hq pocket is expected in the measured
energy range; which is consistent with the limited INS experimental data.

To get the order of magnitude estimate for the magnetic exchange interaction between lan-
thanide centers in the pure Yby species, we used the high resolution IRIS spectrometer and
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Figure 4.21: INS spectra for Ybs after phonon background (Lusy) subtraction plotted with sim-
ulated INS spectrum for both pockets based on CASSCF-SO CFPs, with a scaling factor of 1.6
for the NO3 pocket. a) 50 meV and b) 100 meV .
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Figure 4.22: The measured INS spectrum for the Ybs from the IRIS with final energy of
1.845 meV . The overlay of 5 K and 50 K data is plotted in left panel while their subtraction is
shown in the right. Data integration is over the full energy range 0 < |Q| < 2 A~1.

measured it at two different temperatures of 2 K and 50 K. As the temperature rises, phonon
background rise while the magnetic signal goes down. Consequently, temperature dependent
INS measurements have been used to ascertain magnetic nature of a peak/signal. The IRIS Yb
dimer spectrum shows a marked shoulder near the elastic line which disappears at higher tem-
perature, as expected from the magnetic peak, figure 4.22. The magnetic peak position after
background subtraction seems broadly comparable to the observed Ery exchange magnitude,
therefore we assumed that the Ybs exchange interactions are similar in the order of magnitude
to the Ery ones. From these arguments, the exchange interactions of the pure Ybs species should
also be visible unambiguously in the EPR spectra .
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4.4.3 EPR spectra and discussion

The X- (~9.5 GHz) and Q-band (~34 GHz) EPR spectra for Yby were collected on the lightly
ground polycrystalline samples. The experimental conditions and parameters were similar to
what described for the Ers. Once again the aim is to find a model Hamiltonian in the basis of
the ground Kramers doublets of the two Yb ions which reproduces the measured EPR spectra
and yields the exchange interactions. The anisotropic exchange Hamiltonian and the Zeeman
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Figure 4.23: Yby in Luy EPR spectra (black) and simulations (red) for measured at the 5 K
temperature and (a) Q-band 33.98 GHz, (b) X-band 9.543 GHz and (c) S-band 3.874 GHz fre-
quencies. The simulations are performed with EasySpin using the parameters values reported
in the text. The spike at g ~ 2 comes from the impurities in the EPR tube while the spurious
signals are observed at Q- and S-band near the zero field.

contribution from the presence of external magnetic field, in the case of pure dimers is given by
equation (4.2), with the assumption that the EPR transitions are induced in the ground multiplet.
From the diluted EPR experiments we can define three principal g-values for the individual
pockets. The EPR spectra of Yb@Luy clearly resolve two g; features, two go features and a
weak, broad g3 feature, while the hyperfine interactions for '"1173Yb nuclei were not resolved.
Modeling these spectra as two non-interacting effective spin S = 1/2 states, with g-values of
g1 = 5.0, go = 2.7 and g3 = 1.1 for NO3 pocket doublet, and g; = 5.9 and go = 1.7 for hq
pocket doublet, the results are in an excellent agreement with the experimental data, figure 4.23.
Although we have not observed g3 from the hq pocket in EPR measurements.

From the calculations with CASSCF-SO, the Kramers ground doublets are expected to be
markedly different in the two Ln sites as the ground doublet for the hq-pocket is well isolated
by 140 cm™! from the first excited state with the experimental ground state g-values of 5.9, 1.8
and third not observed. While the low-lying excited state at 30 cm~! from the ground state,
for NO3 pocket is also well separated with experimental g-values of ground state as 5.8, 2.4
and 1.0. The electronic structure of Yb(III) NOs pocket is appears extremely sensitive to even
minute variations in the molecule/site geometry, whereas the hq pocket seems relatively less
affected by these variations, from the electronic structure calculations. As we have noted before,
the exchange interactions are expected to be similar in order of magnitude as for Ery from the
INS experiments and should in principle be visible in the EPR spectra. Indeed the pure Yb
specie EPR spectra collected from S-, X- and Q-band at 5 K is highly structured, figure 4.15.
Like before, the parameters for the x-, y-, and z-components of 7 were alternated in the range
-1to 1 cm~! encompassing the INS estimated exchange. Moreover, allowing flexibility in the
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Table 4.3: Various parameters optimized for the Ybs EPR spectra simulation.

Parameter Value(s)

Jz(em™) Jylem™)  Ja(em™)

J —0.25 0.25 0.72

g1 g2 g3

Iy 5.9 1.8 0.5
a(®) 8(°) 7(°)

R(gny) 369 ~78.1 86.8
R(gno3) 16.6 —60.0 85.0
R{)) 54.5 (fixed) 81.3 (fixed) 8.5

Iw,(GHz) Iw,(GHz) Iw.(GHz)

Q-band 2.9 1.6 3.5
X-band 1.2 0.8 3.6
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Figure 4.24: Ybs EPR spectra (black) and simulations (red) measured at 5 K temperature and
(a) Q-band 34.074 GHz, (b) X-band 9.564 GHz and (c) S-band 3.875 GHz frequencies. The
simulations are performed with PHI using the parameters values reported in table 4.3.

local rotations of the principal g-values yielded the best-fit showing an excellent agreement with
the experimental EPR spectra for all three frequencies, figure 4.24 and table 4.3, as well as
reasonably good agreement with the magnetization data at low temperatures. The simulations
were not sensitive to the absolute sign and an equivalent quality simulation was obtained by the
inversion of exchange matrix. The exchange manifold for the Ybs has an overall energy span of
0.54 cm~! including two singlet states and one doublet state. The largest transition probability
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of magnetic moment is from second to the third excited state with calculated transition energy
in good qualitative agreement with the INS exchange shoulder for the Yby measurement at IRIS
spectrometer.

The dipolar interaction between the two Yb(III) ions within Yb dimer can be calculated from
the experimental g-values and the orientations, similar to what we did for the Ers. The exchange
matrix resulting from these fitted values is given as

—-0.034 0.014 —0.011

Jol =1 0034 —0.091 0.061 4.5)
0.007 —0.014 0.019

The elements of the calculated dipolar interaction matrix for Ybs, in the diagonal frame of
reference are much smaller than their Ery counterparts, due to the lower value of Yby magnetic
moment.

—-025 0 0
Jye, =] 0 025 0 (4.6)
0 0 —0.29

Thus the dipolar exchange interaction in the Ybs is significantly weaker than the total exchange
coupling from the fit, equation (4.6). Hence the magnetic interaction within Yby are dominated
by the superexchange interactions.

4.5 Dy, Results

The Dy3* ion ground state is 5 H 5 /2. and being a Kramers ion its J = 15/2 states are at least
doubly degenerate.

4.5.1 INS Results

While measuring INS spectra of the Dy dimer, a huge problem often encountered is the large
neutron absorption cross-section of Dy ion at the natural abundance. Indeed, from the table 4.4,

Table 4.4: Examples of some neutron absorption cross sections (in barns) for natural abundance.

H Cr Mn Fe Y La Nd

0.33 3.05 13.3 2.56 1.28 8.97 50.5

Tb Dy Ho Er Yb Lu

234 994 64.7 159 34.8 74
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it is clear that the neutron scattering experiments with compounds of Dy are even more difficult
than the other Ln ions due to its large neutron absorption cross section [170]. However, we
were able to measure INS spectra for the Dy-dimer MNM with reasonable magnetic signal
strength. As before, the Dy9 INS data after the measurements was also normalized and corrected
with white beam vanadium sample measurements for the detector efficiency differences, while
the individual detectors were also checked and masked when needed using the python scripts
in Mantid. All the data presented here onwards have already been corrected for the detector
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Figure 4.25: INS spectra for Dys and Lus collected on MARI using incident neutrons of a)
15 meV and b) 25 meV . The Dyy magnetic signal in black dots is visible over the red dots
phonon background (Lus).

behavior and the vanadium measurement normalization.

Figure 4.25 presents the INS spectra of the incident energies of 15 meV and 25 meV for the
Dys, filled black circles, and Lus in filled red circles. The data is integrated from 0 < |Q] < 2.5
A=land 0 < Q| <3 A~ for 15 and 25 meV, respectively. The magnetic peak around 3 meV is
clearer on top of the non magnetic background data, while the peaks around 5 meV and 7 meV,
though weak, are also present. In the 25 meV spectrum there seems to be a magnetic signal
around 15 meV as well. We loose in the resolution by moving higher in the incident energy
of neutrons and the magnetic peaks are not distinctly resolved in 50 meV data, figure 4.26.
Nevertheless, there are weak magnetic signals around 20 meV and 37 meV energy transfer. In
order to better illustrate the magnetic signal, we re-scaled and subtracted the background from
the magnetic data, while ensuring to avoid the negative intensity data post subtraction, using the
same relation as mentioned before

Smag(Qyw) = S(Q7W) - pSph(Q>w)a

with S, is the phonon contribution, the scattering function for non-magnetic sample analogue,
and p is the appropriate scaling factor employed, as previously for Er, and Yby data. Further-
more, we use the CFPs from CASSCF-SO calculations as an input to simulate the Dys INS
spectra with Mantid CF python interface. Plotting the subtracted data over the simulated INS
spectra for both hq and rescaled NO3 pockets based on CASSCF-SO CFPs for both 15 meV and
25 meV data, as shown in the figure 4.27, shows distinct broad peaks at 3.2 meV and 15 meV .



94 4.5 Dys Results
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Figure 4.26: INS spectrum of Dy, collected on MARI using incident neutrons of 50 meV plotted
over the Luy as background. The Dy, magnetic signal is in black dots while the red dots are the
phonon background (Lus).
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Figure 4.27: INS spectra for Dy, after the phonon background (Lug) subtraction plotted with
simulated INS spectra for both pockets (hq as red and NOj as the blue line) based on CASSCF-
SO CFPs, using a scaling factor of 1.6 for the VO3 pocket. a) 15 meV and b) 25meV.

While the peaks are 5.5 meV, 7 meV, and 10 meV are relatively weak. The scaling factor of 1.6
was used for the NO3 pocket from [166], using the same arguments as for the Ery and Yb,. The
speculation is that the need for the scaling factor arises from the poor description of the spherical
electrostatic potential at the NO3 pocket.

Clearly, the CASSCF-SO calculations are still not as helpful to simulate the Dy dimer CF
spectra as they were in the Er dimer case, as presented in section 4.3. The calculations could
not reproduce a good match in both the peak positions and intensity with the experimental INS
data. It is worth mentioning that the first-principle generated CF parameters used here were
further optimized and they are different than what our colleagues in Manchester used earlier
[166], although we checked with the published values and did not find a good match using those
parameters as well. Since the CASSCF-SO calculations are ab-initio, and though powerful, they
don’t take any initial parameters as an input, therefore if the simulations fail to produce a good
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agreement with the experiment, one is practically left helpless to improve the fit/match. Same is
the case for Dy dimer here, as due to the low symmetry of the molecule, we have to deal with no
less than 27 free (Stevens) parameters, and in practice we cannot do much to further optimize
the fit. In order to overcome the overparameterization problem and to understand the reasons

Intensity

-10 0 10 20 30 40
Energy Transfer / meV

Figure 4.28: INS spectrum for Dys at E; = 50 meV after the phonon background (Lus) subtrac-
tion plotted with simulated INS spectrum for both pockets based on CASSCF-SO CFPs, with a
scaling factor of 1.6 for the NOs3 pocket.

behind this discrepancy, a very simple but effective strategy we are using is the point charge
modeling approach, see below.

From the background subtracted 50 meV data in addition to a peak at ~15 meV energy
transfer, a magnetic peak around 37 meV is clearly resolved whereas a broad signal between
18 — 27 meV is also present, figure 4.28. Once again, CASSCF-SO generated CFPs when
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Figure 4.29: The measured INS spectrum for the Dyy from the LET with incident energy of
1 meV, after the background (Lug) subtraction. Data integration is 0 < |@Q] < 2 A~!. The red
line is the gaussian fit and a guide to the eye.

simulation does not reproduce both of larger magnetic signals.
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To get the order of magnitude estimate for the magnetic exchange interaction between lan-
thanide centers in the pure Dyo species we used the high resolution LET spectrometer at low
energy (1 meV ) incident neutrons. Figure 4.29 shows the Dyy exchange splitting after back-
ground subtraction, with a clear magnetic peak both on the neutron energy gain and loss sides.
From the gaussian fit, the peak position is placed at 0.97 cm™! (0.12 meV) and the peak width
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Figure 4.30: INS spectra of the Dy, after the phonon background (Luy) subtraction plotted
alongside the effective point charge modeling calculated spectra for both pockets, hq red and
NOj as the blue line, with a) 15 meV and b) 25meV.

is larger than the elastic line width. As mentioned before, our colleagues in Manchester have
previously studied Dy, MNM using the CASSCEF calculations, EPR and FIR spectroscopies, as
reported in [166]. INS determined exchange splitting is quite close to the value of what they es-
timated from EPR experiments and simulations. INS Crystal field data, however does not seem
to be in good agreement with the calculations, with or without rescaling.

4.5.2 Effective point charge modeling

We are employing a simpler approach than the first-principle calculations discussed above, for
the modeling of Dy, MNM. It is a semi-empirical approach to combine the spectroscopic data
with a simple point-charge electrostatic model (PCM) improved by semi-empirical models, for
the interpretation of the CF splittings [171]. As compared with the first principle based approach,
this method enables intuitive comparisons among various derivatives of same molecular families,
allowing for the extrapolation of CF effects of each specific type of ligand. Furthermore, the
effective PCM allows a better control at the computational parameters.

The PCM approach starts with taking into account the CF experienced by a lanthanide ion
due to the coordinated ligand atoms at a positions K. The effect of covalency is taken into ac-
count empirically by tuning just a couple of parameters, namely the effective metal-ligand dis-
tance D which in turn is controlled by changing R, and the effective phenomenological electric
charge q of the ligand. The goodness of the model then is judged by fitting it to the experimental
INS, x T and/or magnetization data. This model has been successfully applied to describe the
magnetic behavior of several lanthanide SMMs where the metal-ligand distance parameter D
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Figure 4.31: INS spectra of the Dy, at E; = 50 meV after the phonon background (Lus) subtrac-
tion, plotted alongside the effective point charge modeling calculated spectra for both pockets,
hq as red and NOs as the blue line.

and the effective charge q were found to be transferable between various lanthanide complexes
that share equivalent ligation [172]. In this model, we are employing a multi-step optimization
strategy for which several Matlab programs are written to help in running, fitting and visualizing
the calculations with SIMPRE software package [173].

Looking again at the structural diagram 4.1, there are three NOj3 ligands exclusively attached
to the Dy in the lower (NOj3) pocket, while three hq—O ions are shared between two Dy-ions
in both pockets. The upper Dy has four N ions coordinated to it in the equatorial plane while
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Figure 4.32: Experimental (black circles) and calculated (red line) x s T data is plotted as a func-
tion of temperature. The calculations are performed from the effective point charge modeling,
as described in the text.

a single hq—O atom is axially sitting on top of this Dy. From this description, we can separate
these ligands into several groups, and to model the PCM we must establish D and q for all of
them. This modeling strategy is still ongoing at the time of this writing, nevertheless, we present
a brief overview of the optimization procedures we have adopted. The displacement value of the
NOs ligand is already known from the literature and used as reported in [174], while hq-O was
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calculated using the relation [175]:

CN 1
D = 4.7
(VM> Ey(EL — En)’ @7

where CN is the coordination number, V,; the metallic valence, while E;; and Ej, are the
Pauling electronegativities for the metal and ligand, respectively. Next we systematically varied
the effective charge on the hq and NOs3 ligands for achieving a minimal deviation between
the calculated single ion energy levels of Dy at NO3 pocket and the experimental (INS) data.
Following the first step, a step-by-step variation of the exchange parameter (J) and the effective
charge on N ions (hq pocket), resulted in the minimum deviation between the calculated and the
experimental INS and the low temperature x /T data. Finally, taking into account the optimized
(Dy-Dy) exchange interaction, the effective charge on both the sites sequentially fine-tuned, to
get a best fit between the experimental and calculated INS and x /T data.

The preliminary results from this effective PCM are presented in figures 4.30 (for E; = 15
and 25 meV) and 4.31 (for E; = 50 meV). The CF parameters calculated by SIMPRE are used in
Mantid to simulate the INS CF spectra. Clearly, with a minimal computational cost as compared
to the ab-initio calculations, we have already achieved a reasonable agreement between two sig-
nificant INS peaks at ~4 meV and 13.5 meV emanating from NOs and hq pockets respectively.
Furthermore, our model also places a peak from NO3 pocket at ~37 meV, observed in the INS
50 meV incident energy spectrum. The weak features between 18-27 meV from INS are also
well reproduced by our modeling, figure 4.31. Using the same PCM parameters to simulate the
xm T data reproduces the observed experimental features quite nicely, as shown in figure 4.32.

Nonetheless, there are still features missing from INS data e.g. around 5 meV, and the fit is
to be performed on the y ;T data as well, although we suspect that we are not very far from the
correct model. The optimization of fit and improving the CF modeling are still underway at the
time of this writing.

4.6 Conclusions

In this chapter, a direct measurement and the modeling of the magnetic interactions between
highly anisotropic Ln-ions in the asymmetric dimer molecular nanomagnet, was presented.
Three different INS spectrometers were utilized to fully harness the power of inelastic neutron
scattering enabling us to elucidate the crystal field structure and the exchange interactions of few
Kramers analogues of this dimer family. INS results were aided by magnetization measurements
and FIR spectroscopy, the latter only in some cases.

For the Ery and Ybg, the CASSCF-SO calculations were used to compute the crystal field
parameters and simulate the initial estimates of the local magnetic properties of individual sites.
The high resolution INS provided the energy span of the exchange splitting while the exper-
iments and simulations of the multi-frequency EPR spectra of the pure and diluted species
enabled g-values determination as well as provided the direct measurement of the exchange
interactions. Our results reveal that the dipolar interactions are a significant component of the
magnetic interactions in Ery, although they do not account for all the experimental features.
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On the other hand, superexchange interactions are dominant in the Yb dimer and the dipolar
interactions are much weaker.

The Dys> crystal field and exchange interaction were also elucidated by the INS spectroscopy.
These results, along with x /T data, are being analyzed and modeled using an effective point
charge modeling approach. Preliminary results have been presented here, while this effort is still
going on at the time of this writing.



Chapter

Dysprosocenium SIM

5.0 Introduction

The progress towards the SMMs with high blocking temperatures, for storing information in
single molecules, has been rather slow since the advent of first SMM Mnj2Ac [4]. The discovery
that Ln-based single-ion systems can display an SMM behavior opened a new research direction,
with the synthesis of systems displaying magnetic hysteresis up to 14 K in a Tb-based SMM (or
SIM), at a stable magnetic field sweep rate of about 20 Oersted per second (Oe s~1) [147].
The situation changed abruptly in 2017 with the dysprosocenium SIM compound, for which
Goodwin at al demonstrated the record blocking temperature of 60 K [23]. They observed the
slow relaxation dynamics of the SIM up to 60 K for highly-diluted samples, demonstrating
that the hysteresis is indeed of molecular origin. Their investigations were supported by first
principle calculations and they tentatively ascribed the origin of hysteresis to intra-molecular
vibrational modes localized between the Ln-ion and the ligand. However, a detailed study of
relaxation dynamics and spin-phonon interaction was still missing.

Guo et al. independently reported the synthesis and magnetic properties of same dysprosium
metallocene, around the same time [24]. They recorded an anisotropy barrier reaching up to
1277cm~! (1837 K) in zero applied field at a magnetic field sweep rate of 39 Oe s~!. These
discoveries brought the state-of-the-art in the information storage at a molecular level based on
SMMs very close to liquid nitrogen temperature operation (77 K), which is considered the initial
target for the real-case applications. In a paper published in October 2018 Layfield group have in
fact reported the synthesis of a dysprosium metallocene complex displaying magnetic hysteresis
up to 80 K [22].

In the present chapter we outline the preliminary results of the ' H-NMR experiments carried
out on dysprosocenium SIM single crystals, mostly aimed at studying its relaxation dynamics.
The author of this thesis and Prof. Giuseppe Allodi performed all the NMR experiments and
data analysis outlined in this chapter.Since the analysis is still on-going, the modeling and inter-
pretations presented here are preliminary.

100
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5.1 Material Synthesis and Characterization

Synthesis and structural characterization of samples was performed by the Prof. D. Mills and
Dr. N. Chilton’s groups in Department of Chemistry, University of Manchester (UK). The dys-
prosocenium (Dy-cene) SIMs molecular formula is [Dy(Cp**)3][B(CgF5)4], where the Cp®* is
{ C5H§BU3— 1,2,4 } and the ‘Bu = C(CH3)3 [23]. The Dy-cene crystals were bright yellow, they
are air sensitive and must be stored below —30°C. Lanthanides with an oblate distribution of the
electronic clouds, which can be induced by placing organic ligands at axial positions, have been
considered particularly favorable for the generation of large magnetic anisotropy [147]. These
Ln-ions include the terbium, dysprosium, and holmium. However, often-encountered presence
of spherically distributed coordinating ligand atoms around the Ln-ions strongly reduces the
magnetic anisotropy of the Ln-SIMs. The uniqueness of Dy-cene molecular structure is the
absence of these ligands in the immediate surrounding of the Ln-ion, thus providing robust mag-
netic bistability up to temperature of 60 K. Structure diagram of Dy-cene is shown in figure 5.1.

Figure 5.1: Molecular structure of dysprosocenium SIM molecule with counterion shown on the
left. Color code: Cyan, Dy; yellow, F; salmon pink, B; gray, C; and white, H.

On left hand side in the figure, is the counterion used to maintain the net electrical neutrality
against the metallocenium cation. The counterion contains boron ion at the center surrounded
by fluorine and carbon atoms.

Using first principle calculations Goodwin and coworkers proposed that the unique cou-
pling of the atomic vibrations (phonons) with the molecular magnetic moment of the Dy-ion
inside the crystal lattice, could be a possible explanation for the remarkable properties of the
Dy-cene. Clearly, further studies to understand the phonon-induced relaxation dynamics are
required. NMR is an ideal probe to study the evolution of magnetization relaxation in MNMs,
as previously proposed [176], and successfully demonstrated by several studies e.g. the theses
[92, 93].

5.2 NMR Experimental Details

Conventional echo-detected NMR experiments were carried out on single crystals of dysprosoce-
nium SIMs employing the HyReSpect spectrometer applying a field of 4 T. The NMR spectra
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were recorded using the standard Hahn echo sequence with pulses, as detailed in section 2.1,
measuring the echo amplitude point-by-point at discrete frequency steps at a temperature of 4 K.
As mentioned before, the samples are air-sensitive and must always be kept below —30°C, each
single crystals was suspended inside the eicosane (CagH42) gel and sealed inside a glass tube
of about 1 cm length. However, because of the large presence of 'H in the eicosane, a high
unwanted NMR signal at the proton resonance (I = 1/2, gyromagnetic ratio 42.557 MHz/T) was
recorded in the first set of experiments. Therefore, in the second set of experiments deuterated
cyclohexane (CgD12) gel was used instead, which significantly reduced the unwanted 'H echo
signal. The samples were sealed inside a 3 mm quartz tube of length around 1-1.5 cm. Due to
the coupling of nuclear spins with the dipolar field of magnetic Dy ions, a broad proton spectra
was recorded. Moreover, a nearly as broad '°F spectrum from '°F nuclei (I=1/2, gyromagnetic
ratio 40.05 MHz/T) was detected, centered on the 'F reference frequency and partly overlapped
to the 'H spectrum. This was expected due to the presence of a large number of F atoms in the
molecule formula from the cation, as shown in the structural diagram 5.1.

For both sets of experiments, we recorded the 'H relaxation rates, 2 MHz away from the
'H central resonance frequency i.e. we sampled a fraction of nuclei experiencing a longitudi-
nal dipolar field of approx. 500 G, hence close enough to the magnetic ion (vide infra). The
relaxation rates were measured by using the saturation-recovery method, by applying a comb
of pulses to excite and saturate the system and recording the magnetization recovery with the
same standard echo pulse sequence as for the NMR spectra, against a variable delay time be-
tween the exciting pulse train and the measurement sequence. The longitudinal relaxation rate
measurements were carried out by varying both the magnetic field and temperatures. Spin-spin
relaxation rates (1/T2) were also measured above the temperature where the hysteresis disap-
pears. The T» time was obtained by fitting the amplitude of the spin echo, produced by the same
sequence employed for the NMR spectra, to a single exponential decay law as a function of the
varying delay between the two pulses, equation (2.11).

5.3 NMR Results

The nuclear species in dysprosocenium SIM which can be in-principle measured with NMR
include dysprosium, hydrogen (protons), fluorine (on the counter-ion), carbon and boron. How-
ever, in practice not all of these nuclei are ‘good’ candidates. dysprosium has two NMR active
nuclei, '*'Dy and 193Dy, both with a nuclear spin I = 5/2. At first, we attempted to measure
the Dy NMR signal up to our instrument limit of 800 MHz frequency but the absence of signal
indicated that Dy transition frequencies fall outside of the accessible frequency range for our
spectrometer. We then reverted to measuring the resonances of the other two available good
nuclei, 'H and 'F. These nuclei are coupled to the Dy electronic spin by the dipolar interac-
tion. The dipolar field intensities are in the other of 1 kG and several hundred G for 'H and '°F,
respectively. Their exact values and directions depend on the positions of the nuclear probes
relative to the magnetic ions. The presence of a large number of inequivalent H and F sites in
the crystal then gives rise to a broad field distributions. Such internal fields are too weak and
inhomogeneous to allow zero-field NMR (e.g. in MnFePSi compounds, chapter 6 of this thesis)
or NMR in the spontaneous field perturbed by a moderate external field (e.g. in Yb(trensal)
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chapter 3 of this thesis), and much stronger external fields must be applied. In this experimental
condition, broad 'H and '°F spectra centered around their reference frequencies in the given
external field are detected, with line shapes arising from the distributions of the secular (i.e.
longitudinal) components of the dipolar fields.

The sample was cooled down in an applied magnetic field of 4 T and measured at 4 K
keeping the field fixed. The resulting spectra is shown in figure 5.2. The large signal visible
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Figure 5.2: Spectrum targeted at 'H and '°F inside the Dy-cene SIM at 4 K temperature collected
using a standard Hahn sequence in an applied field of 4 T, with the sample vial in the first rotation

in the zy-plane. The strong peaks labeled in the figure are zero-shift 'H and 'F resonances, as
explained in the text.

at the 'H zero-shift resonance frequency in 4 T i.e. ~170.2 MHz, is due to protons that are
not affected by the dipolar field, whereas the signal from the protons coupled to Dy ions, is
highly broadened around this frequency (the spectral tails extend up to == 10 MHz). The high
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Figure 5.3: Vertical zooming of figure 5.2, showing the spectral components with shift, i.e. a
large dipolar coupling to the Dy ion.

number of protons in the eicosane gel (with chemical formula CogHys), are responsible for this
non-broadened signal in the spectrum. Furthermore, another intense signal is detected close
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to the '°F reference frequency, equal to 160.2 MHz in 4 T applied field. The '°F signal was
verified to be due to the sample itself by performing the measurements with an empty probe.
Nonetheless, vertical magnification of figure 5.2 reveals a broad and featured spectra of 'H and
19F overlapped to each other, spanning altogether the 155-180 MHz range, figure 5.3. The
features in this spectrum originate from protons or fluorine nuclei at specific sites in the crystal,
experiencing well-defined dipolar fields. In order to explore the easy-axis alignment of the Dy-
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Figure 5.4: Spectrum targeted at 'H and '?F inside the Dy-cene SIM at 4 K temperature collected
using a standard Hahn sequence in an applied field of 4 T, with the sample vial in the second
rotation in the xy-plane, as explained in the text.

cene, we rotated the sample by about 90° inside the measurement coil. The so-measured spectra
is shown in figure 5.4, skipping the central 'H resonance in the frequency step.

We chose a spectral point away from the unshifted 'H resonance by 2 MHz and measured
the spin lattice relaxations for this spectral component, corresponding to the population of ligand
protons experiencing a longitudinal dipolar field of ~ — 500G, i.e. close enough to the magnetic
ion. Spin lattice relaxations are presented in next subsection. Due to the coupling of protons to
the electronic spins, we can probe phonon-induced electronic relaxations in the Dy-cene SIM
using the 'H relaxation rate (1/T) as a probe.

5.3.1 'H relaxations

The longitudinal relaxation rates 1/T;, were measured at the target temperature and applied
magnetic field at a constant offset from the 'H reference frequency (—2MHz, as detailed above),
following various field and temperature cycles. The first cycle of measurements was started by
warming up the sample up to 120 K, a temperature safely above the blocking temperature for
this SIM, then the sample was cooled down to 4 K in an applied magnetic field of 4 T (pink
filled circles in figure 5.5), or 1.8 T (orange filled squares). Then we started the relaxation
measurement vs. temperature on warming from 10 K (4 T) or 4 K (1.8 T). After measuring up
to 67.5 K in the first cycle, the second cycle (dark drown filled circles) started by cooling down
to 32.5 K in the 4 T field and measuring once again from such a temperature. The T relaxation
rates measured in these cycles are shown figure 5.5. It is evident from the 'H relaxation rate
plot, that 'H relaxations do not (or only weakly) depend on the magnetic field. Furthermore, the
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Figure 5.5: Comparison of the Dy-cene 'H spin-lattice relaxation rates measured vs. temperature
in 4 T (dark brown and pink filled circles) or 1.8 T (filled orange squares), as detailed in the text.
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Figure 5.6: A comparison of the Dy-cene 'H spin-lattice relaxation rates measured in 2.5 T
or 5 T on cooling down (blue and and light green downward pointing triangles, respectively),
and 2.5 T or 5 T while warming up (cyan and red upwards pointing triangles respectively), as
detailed in the text.

relaxation rate peak is not visible in the measured temperature range.

In another set of experiments, measurements were performed while cooling down in an
applied field of 2.5 T or 5 T, to 10 K (respectively, blue and and light green downward pointing
triangles). The relaxation rate measurements have been then performed while warming up from
20 K, cyan and and red upward pointing triangles respectively as presented in figure 5.6. Once
again we do not see a strong field dependence in the 'H relaxation rates. A measurement at a field
of ~8 T (dark green filled circles in figure 5.7), plotted alongside all the measurements described
before, clearly shows only a weak field dependence of relaxation rates 1/T;. Furthermore, these
8 T measurements seem to display a shallow peak in 'H relaxation rates 1/T1 around 80 K, as
shown in figure 5.7. However, the slight downturn of 1/T; above 80 K is probably an artifact
due to a corresponding decrease in the number of 'H nuclei probed by this NMR signal (see
below). The signal loss (wipeout) is due to very fast and inhomogeneous spin-spin relaxations,
whereby only the signal components with longer spin-spin relaxation times To are detected.
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Figure 5.7: A comparison of the Dy-cene 'H spin-lattice relaxation rates measured in various
magnetic fields and temperatures in different cycles of experiments. Dark green filled circles are
the measurements in ~8 T applied field.

It is therefore plausible that this residual fraction of nuclei also exhibit longer T; times. The
signal was completely lost above ~95 K. The asymptotic amplitudes A of the recovery curves
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Figure 5.8: Temperature times asymptotic amplitudes of the recovery curves following satura-
tion, plotted as a function of temperature. The color code is same as described previously.

following saturation (whence T; was determined), multiplied by temperature T, are plotted as a
function of temperature in figure 5.8 for all the different applied fields. The same color code is
followed here as well. For a given temperature scan in a constant applied field, such normalized
amplitudes are proportional to the number of resonating nuclei. The figure clearly shows that the
product AXT is constant within error in each temperature scan up to 80 K, which demonstrates
that the various 7' L(T) curves in figures 5.5 to 5.7, probe a constant fraction of nuclei up to
such a temperature. Data at higher temperature (only available in ~8 T) show however a marked
decrease with temperature.

The explanation for the progressive disappearance of the NMR signal (a phenomenon often
referred to as “wipeout”) above 80K is provided by the temperature dependence of spin-spin
relaxation rates. The transverse relaxation rate 1/T5 rises sharply after 80 K, figure 5.9, and
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Figure 5.9: A measurement of the Dy-cene 'H spin-spin relaxation rates measured in ~8 T
external magnetic field as a function of temperature.

correspondingly the relaxation time T drops to values smaller than the experimental lower limit
of our setup (mostly determined by the dead time of the spectrometer receiver), in the order of
4-5 ps at 8 T. Echo signals with a shorter To than such a limit are almost completely decayed
when they are recorded, and hence they are not detected. However, due to the inherent inhomo-
geneities in this system, with a number of inequivalent protons participating in the NMR signal,
the T values of the various proton species are subject to a certain statistical distribution. There-
fore the drop of Ty below the minimum measurable value is not sharp, and the missing signal
fraction increases smoothly with temperature in qualitative agreement with 1/T (figures 5.8 and
5.9). For this reason, the spin lattice relaxation values at the highest temperatures are likely
correlated with the signal wipeout, in that they were measured out of an ensemble of nuclei
which is progressively depleted of its faster-relaxing components, namely protons which are
more strongly coupled to dysprosium spins.

Until now, we have only presented the experimental NMR results, with both the static and
dynamic probing of the nuclear magnetization provided by spectra and nuclear relaxations, re-
spectively. In the next section we will hint upon the way NMR can be used in theoretical formal-
ism, for the modeling and detailed explanation of these nuclear magnetization dynamics, which
our colleagues in Parma are going to use. This theoretical framework also allows to reproduce
the wipeout effect, by identifying the protons probed by the NMR.

5.4 Theoretical Formalism

In order to understand the relaxation dynamics in the Dy-cene SIM the rate master equation
formalism is going to be used. The molecular observables are affected by the electronic spin
interactions with the lattice vibrations (i.e. phonons) behaving like a heat bath. These inter-
actions result in the decoherence of the spins time-evolution leading to irreversible relaxation
dynamics towards the thermal equilibrium. The thermal fluctuations of the electronic spins are
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responsible for the fluctuations in the hyperfine dipolar field and thus for the nuclear spin-lattice
relaxation. The nuclear spin lattice relaxation rate 1/T;, measured experimentally and presented
in the previous section, is therefore a powerful probe of the electronic relaxation times.

This relaxation rate 1/T; can be computed by perturbation theory treatment of the hyperfine
interactions between electronic and nuclear spins [177]. Within this framework, 1/T; is propor-
tional to a linear combination of the Fourier transforms of electronic spin correlation functions
Spo(w,T, Hp), evaluated at the Larmor frequency wr,(Hp). We have [176]:

1< Xi(T, H)
— AN, T, H, 5.1
T Z_; ( ") N7, Ho) + o2 ©-

with \; (T, Hy) are the eigenvalues of the rate matrix W [176], and correspond to the charac-
teristic electronic relaxation rates, n being the molecules’ spin Hilbert-space dimensions, while
A(Ni, T, Hp) are the frequency weights of each rate \;. Hence, NMR can be exploited to probe
electronic relaxation. In many MNMs, for a substantially wide range of T and Hy values, a sin-
gle frequency A\o(T, Hy) i.e. a single Lorentzian dominates the spectrum. In these systems, the
calculated dynamical structure factor in equation (5.1) can be expressed by a single contribution

as
1 >\0 (Ta HO)
— =~ AN, T, H
T ( 05 0) )\%(T, Ho) +w%
The product of the magnetic susceptibility and the temperature (xT) is proportional to the sum
of these weights i.e. Y . A(\;, T, Hy) o< xT, from the linear-response theory. In the regime,
when wr,(Ho) > A\ (T, Hy), which is the case in our measurements, we can write equation (5.2)

as

(5.2)

1 Ai(T, Hy
L A 7 ) ML) (5.3)
1 wr,
Since we observe weak (or no) magnetic field dependence from the wy,, it points towards the
(Hp)? dependence of the A\(T, Hp).

5.5 Perspective

We have presented preliminary NMR experimental results, carried out on the Dy-cene single ion
magnet. Both the nuclear spin NMR spectra and the relaxation rates are measured. The initial
results reveal a weak dependence of the proton relaxation rates on the strength of externally
applied magnetic field. From the theoretical relaxation rate picture, it seems that this should be
due to the electronic relaxation rate increasing approximately as the square of the applied field.

Further analysis of the NMR results, magnetization experiments and the theoretical model-
ing is still ongoing.



Chapter

MnFePSi1 Alloys for Magnetocalorics

6.0 Introduction

Magnetic materials showing a fist order magnetic transition (FOMT) have been attracting sus-
tained research interest because of their inherent giant magnetocaloric effect (GME), origi-
nating from the large entropy change taking place at the transition. The GME is the key to
the employment of these compounds for the magnetic refrigeration applications, whereby the
vapor based thermodynamic cycles of traditional refrigerators are replaced by magnetization-
demagnetization cycles, which are environment-safer and potentially more efficient. To this
end, FeoP-based Mn,Feq g5 ,Si,P1_, alloys (1 < x < 1.95) are among the most promising
materials. Their paramagnetic (PM) to ferromagnetic (FM) FOMT is governed by a magneto-
elastic transition taking place at the Curie point, characterized by a sizable variation of the crystal
cell parameters without a symmetry change. By varying the composition, T¢ can be tuned over
a wide temperature interval including room temperature, which makes these systems eligible
for real case applications. Like their parent FeoP compound, the Mn-Fe-Si-P systems crystal-
lize in the hexagonal space group P62m, with a crystal structure characterized by the stacking
of 3g, 1b sites and 3f, 2c sites on alternate layers. The magnetic Fe, Mn ions occupy the 3 f
and 3g sites, with a marked preference of Mn for 3¢ site [78, 178], while the 1b and 2c sites
are occupied by the non metallic P and Si ions, with a partial preference of Si for 2c sites at
y > 1/3 [179]. The magnetism of the 3f ions exhibits an itinerant character witnessed by a
fractional magnetic moment < 1.5 pp at low temperature, as compared to > 2.5 up on Mn at
the 3¢ sites, which behave as nearly localized spins. The moment at the 3 f sites exhibits a steep
drop at T, in coincidence with a marked in-plane lattice contraction, partly compensated by an
expansion along c. The accompanying magneto-elastic transition at 7 fits into the scenario of
an enhanced chemical bonding of the 3 f atoms, and increased spin itineracy above the FOMT.
The coexistence of large 3¢ Mn moments with weaker and possibly vanishing 3 f moments
is referred to as the mixed magnetism. However, the exact nature of the electronic state of the
3f ions in the PM state is still controversial. X-ray magnetic circular dichroism (XMCD) exper-
iments indicated in fact that the moment quenching above T is incomplete, [180], in contrast
with earlier predictions for a total 3 f moment extinction by band structure calculations [181].

109
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The critical temperature and the character of the magneto-elastic transition are strongly affected
by the Mn/Fe and Si/Pi substitutions. An increasing substitution of P with the larger Si ions at
the 2c¢ sites gives rise to an in-plane expansion, accompanied by increased 3 f-3 f and decreased
3f-3¢g minimum distances. In agreement with the tendency observed on crossing the FOMT,
this leads to a relative localization of the 3 f moments and an enhanced inter-layer exchange
coupling whence a more robust ferromagnetism and an increased T are observed. Silicon-poor
compositions, on the other hand, yield lower 7>, an unsaturated magnetic moment and strong
magnetization hysteresis vs. both temperature and applied field. The latter are manifestations
of a kinetically arrested magnetic transition, i.e. a frozen-in metastable state separated from
thermodynamic equilibrium by a large free-energy barrier. The kinetic arrest can be however
mitigated and eventually suppressed by doping a few percent boron into the 1b sites, producing
a qualitatively similar, though more dramatic effect as the Si/P substitution. The progressive sub-
stitution of Fe by Mn at the 3 f sites at Mn concentrations x > 1, on the other hand, depresses T
and drives a decrease of the order moment [178]. However, the magnetoelastic transition cou-
pled to the FOMT is depressed as well, as witnessed by a smaller step in the lattice parameters.
As a consequence, the first order character of the magnetic transition becomes less pronounced.
In this chapter, we present the ®>Mn nuclear magnetic resonance (NMR) study of a represen-
tative set of Mn-Fe-Si-P compounds to address the nature of the magnetic transitions and mixed
magnetism. The first order nature of the magnetic transitions in Mn-Fe-Si-P compounds is es-
tablished by ®®Mn NMR even at Mn-rich compositions where a nearly second order magnetic
transition (SOMT) was inferred from magnetization and magneto-caloric effect measurements.
The mixed magnetism of these systems is unambiguously ascribed to the vanishing of the spin
polarization at the 3 f sites in the PM phase, with a very stringent limit for the fluctuating 3 f
moment set by the comparison of NMR and magnetization data. Moreover, a sizable fraction of
diamagnetic manganese, independent of temperature, was found at the 3 f-site at z > 1 com-
positions. Such a diamagnetic fraction, never reported earlier, seemingly plays a role in the
decreasing average 3 f moment at increasing x reported by neutron scattering and the lower T
of the Mn-rich compounds.
The author of this thesis, Samuele Baldini and Prof. Giuseppe Allodi carried out all the NMR
experiments and analyzed the data. Synthesis and structural characterization of samples was
performed by the Prof. E Briick’s group in Delft (NL), while the magnetization measurements
were handled by Prof. M. Solzi’s group in Parma. Prof. Roberto De Renzi supervised all the
project.

6.1 Magnetic Measurements

There are four representative compositions used in magnetization and NMR experiments, includ-
ing two higher than unit Mn samples, Mn; 27Feq 68Sig.52P0.48 and Mn; 7Feg 25Sip 5P 5, as well
as two other with Mn = 1 in the formula, Mn;Feq 95Sig.209Po.71 and MnjFeq 95Si.33P0.67B0.03,
referred to hereafter as S1-S4, respectively. The magnetic characterization of the samples was
carried out by a superconducting quantum interference device (SQUID) magnetometer (Quan-
tum Design MPMS-XL) in the 2-330 K temperature range and by a magnetic balance (Manics
DSM8) magnetometer equipped with an oven in the 300-800 K range. The magnetization curves



111 6.1 Magnetic Measurements

150 ———————
L [—— 51 HoH=1T
120 | ¢ S2 -
—v— 83
— | |—*—S4 e
“'_g, 90 + \. ‘\. -
E 50 % T \.l :
= 3 . il
30} | .
¢
0

0 50 100 150 200 250 300
Temperature [K]

Figure 6.1: Magnetization curves vs temperature of the four (S1-S4) samples, measured in an
applied field of 1 T on both cooling and warming.

of the four samples, recorded as a function of temperature in an applied field of 1 T, are shown
in figure 6.1. Sample S1 shows a sharp transition close to room temperature with negligible hys-
teresis, making this compound of interest for applications. The Mn-richer S2 shows a reduced
Tc and a smoother M (T') curve suggesting a SOMT. The Si-poor S3 exhibits a strong tem-
perature hysteresis and an unsaturated magnetic moment characteristic of a kinetically arrested
magnetic state. The full magnetization is recovered and thermal hysteresis is nearly suppressed
in S4, similar to S3 but for a slight B doping. The transition temperatures of the various

Table 6.1: Composition and critical temperatures of the investigated samples.

Sample Composition T g (K)! Té (K)?
S1 Mn; 27Feq 68Sio.52P0.48 286.6(2) 285.2(2)
S2 Mn; 7Feq.25Si9.5P0 5 178.5(3) 175.5(3)
S3 MnFe.95Si0.29P0.71 199(1) 73(3)
S4 MnFe( 95Si0.33P0.67B0.03 261.7(3) 242(1)

samples, determined as the inflection points of M (7T'), are summarized in Tab. 6.1.

"From M (T') on warming (figure 6.1) .
2From M (T") on cooling (figure 6.1).
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6.2 NMR Measurements

The NMR experiments were carried out by means of a home-built phase-coherent spectrometer
[102] and a helium-flow (in the 5-80 K range) or a nitrogen-flow cryostat (70-360 K) on finely
powdered samples, in order to maximize the penetration of the radiofrequency (rf) magnetic
field. Whenever an intense signal with a large rf enhancement was present, namely in ZF or in a
moderate external field applied as a perturbation of the much larger spontaneous hyperfine field,
measurements were performed by using a small coil (< 50 nH) wound around the sample and
terminated onto a 50 €2 resistor as a probe. The sensitivity penalty of a non-resonant circuit was
in fact compensated by the enhancement of the NMR arising from the hyperfine coupling of nu-
clear and electronic magnetization, characteristic of ferromagnets, [182, 183] while the untuned
probehead allowed automated frequency scans. A conventional LC resonator was however em-
ployed for the weaker 3 f resonance lines very close to T, in order to improve sensitivity, as
well as in all the other cases.

In zero applied field (ZF), ®Mn nuclei resonate in a hyperfine field essentially proportional
to the ordered component of the on-site Mn electronic spin, thus probing locally the magnetic or-
der parameter and the electronic configuration of the Mn ions. To this end, > Mn NMR provides
complementary information to °”Fe Mdssbauer spectroscopy, [184] with a benefit for NMR due
to its simpler spectra, yielding a precise determination of the order parameter even in the pres-
ence of a broad distribution of hyperfine fields. As seen by a local probe of magnetism, a FOMT
appears as a truncated transition, [185] i.e. a non-vanishing local moment probed by the hyper-
fine field and, rather, a phase-separated magnetic state with a vanishing volume of the ordered
phase at the transition temperature.

The NMR spectra were recorded by means of a standard P — 7 — P spin echoes pulse
sequence, with equal rf pulses P of intensity and duration optimized for maximum signal, and
delay 7 limited by the dead time of apparatus. Each spin echo, representing one frequency point
in the spectrum, was analyzed by taking the maximum magnitude of the Fourier-transformed
signal, as detailed elsewhere [185].

6.3 Mn NMR Results

The ®>Mn spectra detected at low-temperature in zero and in a perturbing field, their evolution
with temperature, the distinct behavior of the spontaneous field at the two Mn sites on approach-
ing T¢, and the detection of non-magnetic Mn fractions from >Mn NMR in applied fields, are
presented for clarity in separate subsections. Each one addresses specific issues: the assign-
ment of the spontanteous *>Mn NMR peaks to corresponding crystal sites and the local moment
probed therein; the order of the magnetic transition and the kinetic arrest phenomenon in silicon-
poor compounds; the nature of mixed magnetism; and the electronic state at the 3 f site above
Tc, respectively.



113 6.3 >>Mn NMR Results

6.3.1 Mn moment and site occupancy

Very intense spontaneous °°Mn NMR signals were detected below T by very low tf excita-
tion power, thanks to a sizable enhancement n ~ 400 [182], a value compatible with nuclei in
domain walls. The ZF spin echo amplitudes at low temperature (5 K), divided by the frequency-
dependent sensitivity oc 2, are plotted vs frequency in figure 6.2 for all of measured samples.
After such a correction, the plotted quantities correspond to the distributions of hyperfine fields
at the > Mn nuclei. The spectra exhibit two broad peaks with composition-dependent positions
and relative weights. The more intense resonance is found in the 260-320 MHz frequency inter-
val (24-30 T in field units), whereas the minority peak, increasing in intensity with increasing Mn
concentration, is located in the 150-220 MHz range (14-21 T). Assuming an isotropic hyperfine
coupling term in the order of -11 T/up as in manganites [185] and in other magnetic compounds
[186], and neglecting transferred contributions to the contact hyperfine field by neighboring ions,
which are known to be very small in these systems, we estimate electronic spin moments of ap-
proximately 2.2-2.7 up and 1.3-1.9 up at the corresponding Mn sites. These values and the
relative amplitudes of the two peaks are in qualitative agreement with the determination of the
magnetic moment and the Mn occupancy at the two sites by neutron scattering [178]. The low-
and high-frequency °>Mn resonance peaks are therefore unambiguously assigned to Mn nuclei
at the 3 f and 3g sites, respectively.

The best-fit mean frequencies of the two resonance peaks and the ratios of their integrated
amplitudes, corresponding to the relative occupancy of the 3 f and 3¢ sites by Mn, are listed for
each sample in table 6.2. The amplitude ratios are compared with the values expected for a
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Figure 6.2: ZF ®>Mn NMR spectra of the S1-S4 samples at 7" = 5 K. Spectral amplitudes are

corrected for the frequency dependent sensitivity oc /2.
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total preference of Mn for the 3¢ site, whereby only Mn atoms in excess of 1 per formula unit
(FU) occupy 3f sites. It is apparent from samples S3 and S4 (x = 1), showing however a small
but finite 3 f-Mn fraction, that the preferential occupation of 3g sites by Mn is not perfect, and
some spillage of Mn and Fe to the disfavored sites occur. The Mn-rich sample S2 (x = 1.7), on
the other hand, exhibits a low-moment 3 f-Mn fraction significantly smaller than the expected
0.7 value. The missing 3 f-Mn ordered fraction in this sample will be commented again in
section 6.4, along with the detection of a sizable amount of non-magnetic Mn ions.

The mean spontaneous NMR frequencies of the 3 f and 3¢ peaks are plotted vs. Mn concen-
tration z in figure 6.3, overlaid to the 3 f, 3¢g and overall moment per FU determined by neutron
scattering, and to the macroscopic saturation moment per FU reported in the literature for similar
compounds [178]. In the figure, NMR frequencies are scaled to moments by assuming a mean
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Figure 6.3: Low-temperature 3 f, 3g and overall ordered moment per FU vs Mn concentration
z, determined by neutron scattering (squares) and macroscopic magnetization (stars) in various
Mn-Fe-Si-P compounds from the literature, [178] compared to the 3f and 3¢ *®Mn ZF NMR
frequencies and their sum in the present samples (bullets). NMR frequencies are scaled to mo-
ments by assuming a 11 T/u g hyperfine coupling constant.

hyperfine field of 11 T/up, as stated above. The total moment p3, + p3y assessed by 55Mn
ZF-NMR is in good agreement with its determinations by the other techniques. The agreement
of the 734 and 3y NMR frequencies with the individual 3g and 3 f moment values refined by
neutrons is however poorer. In particular, NMR shows a similar relative decrease with increasing
x for the U34 and 35 resonance frequencies, while a constant yi3, and a more rapidly decreasing
p3r moment were estimated from neutron data.

The attribution of both the resonance peaks to >Mn nuclei (rather than 3'P, which also
experience a large transferred hyperfine field in the parent FesP compound) [187] is further
demonstrated by the application of moderate external fields acting as a perturbation of the much
larger internal field. Typical spectra in external fields up to a few Tesla (T) are shown in figure 6.4
for a representative sample (S1). Both the 3g and 3 f mean resonance frequencies shift to lower
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Figure 6.4: ®>Mn NMR spectra of sample SI at 7" = 5 K, in zero and in perturbing applied
fields. Inset: mean positions of the 3f and 3¢ lines as a function of the external field. The
dashed lines are fits to equation (6.1).

frequency following a linear dependence on the applied field (a = 3g, 3f), where B }(la) is the
isotropic component of the hyperfine field and /27 = 10.5 MHz/T is the gyromagnetic ratio
of ®®Mn (figure inset).

_ Y ple _ (@)
va(H) = o= B + no| = o= (1B{7| = woH) ©.1)

The shifts with H without line splitting or appreciable broadening, along with their absolute rate
tio *|d /dH| equal to the full ®>Mn gyromagnetic ratio /2, prove the collinear composition
of the isotropic hyperfine field, which is collinear in turn to the on-site electronic moment, and
the external field, namely the full FM order. Notably, the latter also warrants that two reso-
nances at 34 and v34 are both from 55Mn nuclei rather than 3'P, which also experiences a large
transferred hyperfine field in the parent FeoP compound.[187] The sign of dv,/dH indicates
that the hyperfine field is negative (i.e. antiparallel to the electronic spin), in agreement with
the core-polarization mechanism dominant in the contact hyperfine coupling of transition metal
ions. [188]

Similar field-dependent spectra were recorded in all samples. In particular, they were de-
tected also in the kinetically arrested S3, which shows a M (H) curve saturating in two steps
(figure 2b of Miao et al. [189]), with the full saturation taking place in a field H as high as
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uoHs ~ 5 T, and a large hysteresis in M (H) below H [189]. The field dependence of the
mean frequency 3, of the majority peak is plotted vs field in the inset of figure 6.5, overlaid to
a plot of the v(H) law of equation 6.1 (with slope ~y/27 set equal to the 10.5 MHz/T value of
°>Mn). It is apparent from the figure that, above an external field of 2 T corresponding to the
saturation of the magnetically ordered domains, the colliner composition of the internal with the
external field as of Eq. 6.1 is obeyed by ©3,(H ). The local magnetic order probed by NMR is
therefore fully FM in sample S3 as well. In the main panel of figure 6.5 two low temperature

70

> Hup
< Hdown{

(o2}
o
T
©
/
’
/

a
o
T

S3

N
o

w
o
T

NMR amplitude [arb. units]
N
o

=
o
T

200 250 300 350
Frequency [MHZz]

Figure 6.5: ®®Mn NMR spectra of sample S3 at T = 5 K in an applied field B.,; = 1 T, applied
after ZFC to the working temperature (blue right triangles) and after ZFC to 5 K, followed by a
isothermal field cycle 0 — 5 T — 1 T (red left triangles). Inset: mean position /3, of the 3¢
line vs Bey¢. The dashed line a fit of the two highest-field points 734 (B¢ ) to equation 6.1, with
~ constrained to the ®>Mn value.

spectra are compared, recorded in the same field poH = 1 T < poH; applied after zero-field
cooling (ZFC) and after a isothermal field ramp up to H followed by a ramp down to the mea-
suring field, respectively. Clearly, only the signal amplitude is hysteretic vs field cycles, while
the spectra are identical but for a vertical scaling relative to each other. This indicates that the
microscopic properties of the magnetically ordered phase are unaffected by the applied fields,
and only its volume is increased.

Therefore these results provide evidence that the unsaturated magnetization of this sample
is due to the coexistence of spatially segregated FM and non-FM domains, and that the full
moment saturation develops as a field-induced nucleation of FM domains from the competing
phase.

6.3.2 First order transitions and Kinetic arrest

The temperature evolution of the ZF 5*Mn NMR spectra could be recorded up to 7¢ in all sam-
ples. The temperature dependence of the centers of gravity /3, and /35 of the two resonance
peaks, proportional to the mean local moments at the two Mn sites, is plotted in figure 6.6 and
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figure 6.7 for samples S1-S2 and S3-S4, respectively. In the figures, the warming-up higher
transition temperatures Tg of table 6.1 are marked by vertical dashed lines for reference. It is
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Figure 6.6: ZF 3g and 3f mean °®Mn resonance frequencies vs temperature in samples S1

(squares) and S2 (bullets). The lines overlaid to symbols are guides to the eye. Vertical dashed
lines mark the upper transition temperatures Tg of the two samples.

apparent from the figures that the 73,4(7") order parameter curves do not vanish at 7¢ in any
sample. The reduced order parameter at the 3¢ site 34(7") /34(0) is approximately 0.8 at T
and extrapolates to zero at a significantly higher temperature. This holds true also for samples
S2, showing a comparatively small thermal hysteresis and a magnetization vs temperature de-
pendence resembling that of a SOMT (figure 6.1). These fruncated order parameter curves (i.e.
not vanishing at 7¢-), as seen by a local probe in direct space like NMR, indicate that the mag-
netically ordered phase does not collapse on warming due to critical spin fluctuations but, rather,
to an independent mechanism which abruptly breaks down exchange coupling. The truncation
effect is therefore a clear indication of a FOMT.

In FeoP-based alloys, the driving mechanism for the magnetic transition is known to reside
in the concomitant magneto-elastic transition at 7. Similar truncated transitions have been
observed e.g. in manganites [185, 190], where they have been ascribed to the breakdown of
half-metallicity and the onset of a polaron phase [191]. In order to reconcile the seeming SOMT
from magnetization data in sample S2 with the marked first order character apparent from °Mn
NMR, it is worth noting that spontaneous **Mn resonances are detected in this sample several
kelvin above T without noticeable anomalies in 3, (1") and o3¢ (T") (figure 6.6). This behavior
indicates the coexistence of a FM and a PM phase over a wide temperature interval across the
transition, with the FM fraction surviving above T as a minority phase. Therefore, it is volume
fraction of the ordered phase which tends continuously to zero on warming, as a consequence
of broad distribution of critical temperatures for the driving magneto-elastic transition. This
interpretation is actually corroborated by X-ray diffraction data, showing a smoother variation
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Figure 6.7: Top: ZF 3¢ and 3f mean 5°Mn resonance frequencies vs. temperature of samples
S3 on cooling (crosses) and warming (empty symbols), and of S4 on warming (filled symbols).
The upper transition temperatures Tg of the two samples are marked by vertical dashed line.
Inset: normalized 3¢ resonance frequencies 34(T") /734(0) vs. T of the two samples. Bottom:
integrated 3f and 3g peak amplitudes times temperature 7', as a function of 7T". For clarity, the
3f data are scaled by a vertical factor of 4.

of the lattice parameters in this sample, as compared to the step-like jump observed in the other
ones [192].

The 3¢ and 3 f order parameter curves of sample S3, showing a marked thermal hysteresis
and the kinetic arrest phenomenon, are plotted vs temperature on both cooling and warming in
figure 6.7. Very small and negligibly small differences in the values of 37 and 734, respectively,
are detected between the cooling and warming scans, and only close to the lower transition Té.
In the figure, 734(7") and 3 ¢(T") of S3 are overlaid to the corresponding quantities of sample S4
containing the same nominal amount of Mn but showing in contrast higher T(-, a much narrower
hysteresis and the full saturation moment. Notably, the spontaneous NMR frequencies of the
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two samples follow the same relative dependence of temperature and can be made to overlap by
a vertical scaling factor of ~ 1.02 (figure inset). The near coincidence of the & absolute values in
these macroscopically very different samples is in essential agreement with the reported finding
that the local 3¢g and 3 f moments depend to leading order only on Mn content [178, 179]. Their
slight difference is probably related to the larger amount of misplaced Mn atoms at the 3 f sites
found in S4 (table 6.2).

The integrals of the NMR signal amplitude of S3 over the 3g and 3f peaks, normalized
by the sensitivity proportional to 2 and the Boltzmann factor 1/T", are plotted vs 7" in upper
figure 6.7—inset. Here the signal loss due to the spin-spin nuclear relaxation is negligible, i.e.
far enough from T, the plotted quantities are proportional to the number of resonating nuclei,
hence to volume of the ordered phase. In contrast to o37(7") and 73,4(T"), the normalized signal
amplitude is strongly hysteretic vs 7', and its temperature behavior closely reproduces that of
M(T). The thermal hysteresis of the magnetically ordered volume agrees with the onset of a
FM moment by the nucleation of fully FM domains, as indicated by the similar hysteresis vs
H reported above. Notably, a spin density wave (SDW) was detected in this sample by neutron
scattering across 1 ¢, and identified with the competing phase of the FM one [189]. However, no
NMR signal component distinct from the two-peak spectrum of figure 6.2—c could be detected
down to the lowest temperatures. Such a discrepancy may be understood in view of the different
timescales of the two techniques. Either the SDW is dynamic in nature as probed by the slower
NMR probe, making it indistinguishable from the PM phase, or ®®Mn nuclei therein are subject
to exceedingly fast relaxations which wipe out their NMR signal.

6.3.3 Mixed magnetism

A careful examination of 734(7") and 5¢(T’) in the various samples reveals that the two quanti-
ties, probing the ordered Mn moments at the 3¢ and the 3 f sites, do not scale with each other as
a function of temperature and seemingly behave as independent order parameters. In particular,
v37(T') decreases faster than 34(7") on warming. This is apparent from figure 6.8, showing a
continuous increase of the 34(T)/37(T') ratio with temperature in all the four samples and a
clear upturn at 7 in samples S1 to S3. The steeper temperature dependence of the 3 f ordered
moment on approaching T, in agreement with previous reports by other techniques [178, 180]
and [181], is a clear manifestation of the weaker magnetism of the 3f ion, possibly evolving
into a non-magnetic 3 f state. Its coexistence with the larger and more localized 3g moment is
referred to altogether as mixed magnetism, and it is believed to play an important role in the
FOMTs of this class of materials. [189, 192—194]

Nevertheless, it is clear from figures 6.6 and 6.7 that also v57(T), with the sole possible
exception of sample S2, maintains a finite value at Tz, as in a truncated order parameter curve.
This is particularly evident in the kinetically arrested S4 sample, showing just a moderate in-
crease with temperature in 3, (1") /3¢ (T") (figure 6.8). Such a quantitatively different behavior
may be understood in view of the more marked truncation effect in this sample, whose mean
hyperfine frequencies 3,4(T"), 37 (T") closely follow those of S3, in spite of the large difference
in the transition temperatures of the two compounds. It seems therefore that the FOMT and the
drop of the 3f moment are decoupled to some extent, especially at compositions showing the
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Figure 6.8: Mean frequency ratio i3, /35 of the 3¢g and 3f ZF 55Mn NMR peaks in the four
samples, as a function of temperature.
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Figure 6.9: Spin-spin ®>Mn relaxation rates of sample S1, measured in ZF on the 3¢ (filled
circles) and 3 f peak (empty circles) as a function of temperature, and their ratios (triangles).

kinetic arrest like that of S4, and that a non magnetic state of the 3f ion (discussed below) is
achieved at a higher temperature than 7.

The nature of the observed drop of the 3f ordered moment on approaching T is demon-
strated by nuclear relaxations. Spin-spin relaxation rates 75, ! measured in ZF on the two reso-
nance peaks, are plotted against temperature in figure 6.9 for a representative sample (S1). Far
enough from T, T, 1is smaller at the 3 site by a factor of 2, in qualitative agreement with the
smaller v37. This experimental ratio is smaller than the (773,/737)? & 3 value expected from the
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isotropic hyperfine couplings of the two sites. Such a discrepancy is probably accounted for by
anisotropic couplings, which also produce nuclear relaxations without a net effect on the mean
resonance frequencies, and which are comparable for the two peaks as indicated by their similar
absolute linewidths. Nevertheless, the ratio of T, ! at the 3g over the 3f site increases on warm-
ing. This rules out enhanced spin fluctuations (due e.g. to weakened exchange interactions) as
the origin for the loss of the 3 f ordered moment, as the latter would lead to relatively stronger
nuclear relaxations on the 3 f peak, contrary to evidence. The 3 f moment drop is therefore due
the vanishing of the spin polarization and the tendency to a non-magnetic state of the 3 f ions, in
agreement with ab initio band calculations [181].

6.3.4 Vanishing 3 f moment and diamagnetic Mn

The PM phase at temperatures well above T; was investigated by > Mn NMR in an applied
field Begt = 7.96 T mostly in sample S2, featuring both a large 3 f fraction and relatively low
T which matches the temperature range of our No-flow cryostat. A set of ®>Mn NMR spectra
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Figure 6.10: The 5> Mn NMR spectra of sample S2 in an applied field of 7.96 T (**Mn reference
frequency vof = 83.998 MHz) at several temperatures.

recorded at several temperatures above T is shown in figure 6.10. The highest temperature
spectrum (357 K) consists of two well resolved resonance peaks: a sharper line with a small
positive shift with respect to the ®Mn reference (83.998 MHz), referred to hereafter as line 1,
and a much broader resonance with a negative shift K ~ —4.5% (—4 MHz in absolute units),
referred to as peak 2. The two peaks exhibit comparable integrated amplitudes from the raw
data of the plot. However, line 2 is strongly relaxed, and its measured transverse relaxation time



122 6.3 >>Mn NMR Results

Ty = 12(1) ps is shorter than the dead-time-limited duration of the spin-echo pulse sequence
employed to excite the resonance. The signal loss due to relaxation, on the contrary, is negligible
for line 1 (75 = 85(1) us). When the T relaxation is accounted for, the corrected amplitude of
peak 2 is estimated 4 times larger than that of line 1, which is therefore a minority signal.

The evolution of the >Mn NMR spectrum on cooling down to 250 K, a temperature still
well above T, is summarized by figure 6.11, showing the shifts K (7") (panel a) and widths
o(T) (b) of the two lines as a function of temperature. The spin lattice relaxation rates 7; ' (T)
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Figure 6.11: Top: line shifts, plotted with reversed in sign (filled symbols) and spin-lattice rela-
tions T~ ! (open symbols) as a function of temperature, for the two resonance lines in the 5>Mn
NMR spectra of sample S2 in the PM phase (figure 6.10). Bottom: Gaussian NMR linewidths o
vs. T of the two ®>Mn resonance lines (symbols) and dc susceptibility measured in H = 10 kOe
(line). For clarity, the o(7") data of the narrower line 1 are magnified by a constant factor 2.5 in
the plot.

are also plotted in figure 6.11-a, overlaid to the K (7') data. The larger linewidth of peak 2
and T} ! relaxation rates higher thereon than on peak 1 by nearly an order of magnitude, in
agreement with a similar ratio observed in 75, ! (see above), indicate stronger interactions with
electronic spins for the *Mn nuclei of peak 2. The magnitude of its Gaussian linewidth oo(7T)
is much larger than the dipolar contribution, for which a limiting value of approximately 2 MHz
is calculated in the FM phase, while its temperature dependence mimics that of the of the mag-
netic susceptibility x(7") (overlaid to the o(7") data of figure 6.11-b for reference). These two
features of o42(7") demonstrate therefore a sizable anisotropic hyperfine coupling term for the
corresponding nuclei.

The isotropic hyperfine contact term proportional to the on-site spin density, on the other
hand, is probed by the line shift K (7") after the subtraction of possible temperature-independent
chemical shift terms. Figure 6.11a clearly shows that the sizable shift K 4o(T") of line 2 is nearly



123 6.3 >>Mn NMR Results

independent of temperature, and it is therefore dominated by a chemical shift in the order of -4%.
Such a large value demonstrates its origin from low-lying excited crystal field states via the van
Vleck mechanism,[195] and is comparable to the values found in the non-magnetic ground state
of transition metal ions, like e.g. low-spin cobalt [196]. The isotropic hyperfine coupling of these
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Figure 6.12: Opposite lineshift —K 4o and linewidth 045 of line 2 in the %>Mn NMR spectra of
sample S2 of figure 6.10, plotted as a function of the macroscopic magnetic moment calculated
from the x(7") data of figure 6.11.

%5Mn nuclei, probed by the residual temperature-dependent component of K. 42(T), can be bet-
ter estimated by comparison with magnetometry data in the K vs M plot of figure 6.12, where
temperature is the implicit parameter. The linear fit in the figure extrapolates to a maximal spin-

dependent component in AKE;; - (0K 42/0M )M = —0.04(2) for a saturation moment

M ~ 3up, i.e. a hyperfine field B}(LZ;O) = AK;;;t) Bezt = —300 £ 150 mT in the virtual mag-
netically saturated state which would be attained either in much larger magnetic fields or at lower
temperature while preserving however the high-temperature electronic and structural properties
of the material. Assuming an on-site origin for the electronic polarization at the nucleus, the lat-
ter corresponds to a saturation Mn moment of just ~ 0.03 up, according to the core-polarization
coupling constant of circa 11 T/up demonstrated above by comparing NMR with neutron scat-
tering data. For reference, the extrapolation from the analogous linear dependence of o4 on M

(shown in figure 6.12 as well) yields an asymptotic linewidth a;fg H— 25(2) MHz, whence a rms

anisotropic hyperfine field B ,S‘}ms) =3 07(;‘2”)277 /v = 4.1(3) T. Such a large value of B ,(;}ms)
cannot arise from the tiny on-site spin moment estimated above,[197] and must be therefore a
transferred contribution from neighboring magnetic ions. Given the presence of a large, though
anisotropic, transferred hyperfine field at the corresponding Mn site, a transferred origin cannot
be ruled out for its much smaller B,(f;o) as well. Therefore, this majority > Mn NMR signal is
compatible with a strictly spinless Mn species.

In view of the mixed magnetism detected in these materials by several techniques, including



124 6.3 >>Mn NMR Results

the ZF 5*Mn NMR experiments on this exact sample reported in this paper, this resonance is
undoubtedly assigned to Mn ions at 3 site, and it proves that the drop of the 3f spontaneous
resonance frequency observed below T evolves into a truly non magnetic in the PM phase. To
this end, it is worth noting that the limiting linewidth O'ifg D of peak 2, defined above, coincides
numerically with the experimental linewidth of the 3 f peak in the low temperature ZF spectrum
(figure 6.2). Such a coincidence suggests the same transferred origin for the inhomogeneous
broadening of the spontaneous 3 f resonance as well, in spite of the transition of the 3 f ions to a
magnetic state at low temperature.

We now focus on the sharper minority line 1. It is apparent from figure 6.11-a and 6.10) that
its shift K41, much smaller than K4, and opposite in sign, is practically independent of temper-
ature. Moreover the magnitude of its linewidth o (7"), also much smaller than 042 (7"), agrees
with a dominant dipolar origin from classical electronic moments. These two facts indicate,
respectively, vanishing isotropic and a small anisotropic hyperfine couplings, i.e. a diamagnetic
behavior. Indeed, this Mn species does not develop a magnetic ground state on cooling, unlike
the majority fraction probed by peak 2, as it is witnessed by the detection of the corresponding
resonance safely below T, broadened (041 ~ 3 MHz at T' = 140 K) but essentially unshifted
(figure 6.10). Though a minority diamagnetic Mn fraction, however, its belonging to a non mag-
netic impurity phase can be safely ruled out. Its amount is estimated in fact as large as 0.12(2)
atoms per FU from the amplitude of its > Mn NMR peak relative to peak 2 probing 3f Mn. A
spurious phase in such an amount would have been detected by X ray diffraction, contrary to
experimental evidence. Moreover its nuclear relaxations, though weaker than on peak 2, are
however in the typical range of nuclei of non magnetic ions in magnetic materials, like e.g.
139La in lanthanum manganites [198, 199] and cobaltates [196]. This proves that these nuclei
experience electronic spin fluctuations and therefore belong to the proper MnFeSiP phase.

An indication on the origin of this so-called diamagnetic Mn fraction is provided by its
systematic search in the other samples. Resonances perfectly similar to lines 1 and 2, except for
a larger chemical shift of the former (K4 ~ 1.3) and overall broader spectra due the vicinity of
T, were found in sample S1 as well above 290 K up to he highest available temperature (360 K).
In such a temperature range, the very large linewidth of peak 2 makes a reliable assessment of its
position and amplitude, hence a cross-calibration of the amplitudes of the two peaks, impossible.
Qualitatively, the intensity of peak 1 in S1 appears comparable or just slightly smaller than in
S2. Its origin from diamagnetic Mn atoms which retain their non-magnetic character down to
the lowest temperature is confirmed by the 5° Mn resonance peaks detected at 7' = 5 K in the
frequency scans of figure 6.13 in moderate applied fields (so that the corresponding frequency
intervals safely do not overlap to field-shifted 3 f spontaneous resonance). The common origin
of these peaks with the high-temperature line 1 is proven by their shift with field by the 5 Mn
gyromagnetic ratio y (times a small correction for the chemical shift K1) and a small positive
internal field By s = 0.7 T, according to the relation

V(H) = 5= [Bus + no(1 + Ky H] (6.2)
As illustrated in the figure 6.13 inset. The positive sign of By ¢, in contrast with the negative

spin hyperfine coupling of transition metal ions arising from the core polarization mechanism,
warrants in fact its transferred origin, compatibly with a spinless Mn state. ~ The search for
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Figure 6.13: ®®Mn NMR resonance lines from the diamagnetic Mn fraction of sample S1 at
T = 5 K, in various applied fields. Inset: mean resonance frequency  vs. applied field.

Table 6.2: Low-temperature mean *>Mn ZFNMR frequencies and relative amplitudes of the
main peaks in spectra of the various samples.

Sample U3g Usf Asyp/Aszg Agf/Aggl
(MHz) (MHz) (measured) (expected)

S1 289.4(2) 166.2(2) 0.32(3) 0.27

S2 258.0(2) 154.2(2) 0.50(4) 0.7

S3 320.0(1) 224(1) 0.04 (1) 0

S4 312.6(2) 216.2(5) 0.10 (2) 0

signals from non-magnetic Mn at both room and low temperature, on the contrary, was unsuc-
cessful in samples S3 and S4. Based on the estimated sensitivity of our NMR measurements,
the missed detection of such signals poses an upper limit to a possible diamagnetic Mn fraction
not exceeding 1% per FU. Its practical absence in these two samples, incidentally with the same
x = 1 Mn content and hence with a small, if not vanishing, concentration of Mn atoms at the
3f sites (Tabs. 6.1, 6.2), as opposed to its sizable amount found in the Mn-richer S1 and S2
samples, suggests that diamagnetic Mn atoms are located at 3 f sites.

'Assumed equal to z — 1 (see text).
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6.4 Discussion and Conclusions

ZF °®Mn NMR proves that the magnetic transition of FeoP based Mn-Fe-Si-P alloys is strongly
first order even at a Mn concentration as high as * = 1.7 (sample S2), where a SOMT was
inferred from a smoother M (T") magnetization curve and a shallower magnetic entropy peak at
Tc[78]. At this composition, however, the truncation effect on the magnetic order parameter,
probed locally by the spontaneous °®Mn resonance frequency 73,(T'), is as severe as at other
compositions. As already discussed above, the magnetic transition in this compound is actually
characterized by a PM-FM phase coexistence over a wide temperature interval, indicative of
broad distribution of T driven by a blurred magnetoelastic transition. Although the overall
effect of such inhomogeneities on the macroscopic magnetism accidentally mimics a SOMT,
it is clear that here the continuous parameter at T is the ordered volume instead of the local
moment, and that this magnetic transition is not driven by critical fluctuations. Based on this
finding for this compound, whose macroscopic response shows the closest resemblance to that
of a SOMT, we conclude that no real SOMT can be found in the composition phase diagram of
Mn-Fe-Si-P alloys, and therefore FOMTs are a general property of these materials.

Similarly, a phase-separated state, rather than a weak FM structure, is responsible for the
kinetically-arrested magnetic order of the Si-poor S4 compound, apparent from its unsaturated
and strongly hysteretic magnetization. *>Mn NMR demonstrates that the macroscopic magnetic
moment develops by the nucleation of fully FM domains, while only the magnetically ordered
volume is hysteretic vs. both temperature and applied field. The missed detection of any other
magnetic phase, including the SDW reported by neutron scattering, indicates that the competing
phase to the FM fraction, as seen by a comparatively slow probe like NMR, cannot be distin-
guished from the PM phase.

The mixed magnetism of the Mn-Fe-Si-P systems is detected by NMR through the inde-
pendent temperature dependence of the ordered moments at the 3f and 3g sites. The drop of
the spin polarization at the 3 f site on warming up to 7T, and not just its ordered component,
is demonstrated by the steeper decrease of the 3, NMR order parameter not accompanied by
excess spin fluctuations, as it is witnessed by relatively weaker nuclear relaxations on the 3 f
resonance peak. The extinction of the 3 f moment develops as a progressive reduction over a
wide temperature range on warming and it is still incomplete at T, as it is apparent by the non-
zero 34(T¢) value (sample S2, featuring the highest T, is a possible exception to the latter
behavior). This suggests that the FOMT of these materials, though related to the weakening of
the 3f magnetism observed with increasing temperature, is not simply triggered by it. This is
particularly evident in the kinetically arrested S4 compound, showing only a moderate reduction
of the 3f moment at its upper transition temperature Tg. As already pointed out in Sec. 6.3.3,
the stronger truncation effect on its order parameter curve might be the clue to the decoupling
of the 3f moment quenching from the magneto-elastic transition of this sample. Nevertheless,
the drop of the 3 f moment proceeds up to a spinless state of the 3 f ions at temperatures high
enough. This could be verified directly by >Mn NMR well above T¢ in a strong applied field
whenever it was applicable, namely in the Mn-richer sample S2 (and, with much lower accuracy,
S1) showing a significant fraction of 3f sites occupied by Mn ions. The direct detection of a
non-magnetic 3 f Mn state confirms the prediction of a vanishing spin density at the 3f sites
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by band structure calculations, [181] later challenged, however, by XMCD, [180] thus solving a
long-standing controversy.

Besides the majority fraction of “normal” 3f Mn atoms that develop itinerant magnetism
below T, a Mn species with even weaker interactions with the surrounding magnetic ions
and preserving its character down to the lowest temperatures, is revealed by the same NMR
experiments at the same Mn-rich compositions. Though minority, such a so-called diamagnetic
fraction, which is reported in this work for the first time, is sizable (= 12% per FU in S2)
and °°Mn nuclei therein experience spin fluctuations. This rules out its belonging to a non
magnetic manganese-based impurity phase, whose possible nature is however unclear. Unlike
e.g. cobalt, whose Co3* ion exhibits a low-spin (i.e. spinless) ground state in a octahedral crystal
field, [196, 200] we are not aware, indeed, of any non-magnetic ionic state of manganese. The
disproportionation of Mn into high-spin and low-spin species at distinct sites, on the other hand,
is possible in intermetallic compounds, including metallic manganese itself (c.-Mn), [201] whose
Mn-1V atoms exhibit a nearly spinless state. [202] We argue therefore that the diamagnetic Mn
state found in these compounds may be driven by a similar spontaneous electronic segregation
within the proper Mn-Fe-Si-P phase. To this end, the lack of a significant diamagnetic Mn signal
in the Mn-poorer S3 and S4 compounds where no Mn occupancy of 3 f sites by Mn is expected
(and a small one is detected by ZF NMR) indicates that diamagnetic Mn as well occupy 3 f sites.
In this view the electronic segregation, still to be identified, should involve two slightly different
states of the 3 f ion, weakly magnetic and strictly non magnetic, respectively.

The relevance of a diamagnetic Mn fraction at the 3f sites for the magnetic and magne-
tocaloric properties of the materials where it is present in a significant amount is unclear so far.
However, it accounts qualitatively for some discrepancies found from the ZF °>Mn NMR spectra
of the Mn-richer S2 compound (z = 1.7), namely, a 3f to 3g peak intensity ratio smaller than
expected (Tab. 6.2) and, on the contrary, a larger estimate for 3 f moment than neutron scatter-
ing (figure 6.3). Notably, the estimated diamagnetic fraction of sample S2 nearly equals within
experimental errors its missing fraction of 3 f ordered moments. In sample S1 (z = 1.27), also
showing a significant diamagnetic Mn fraction, the 3f ZF NMR peak amplitude in fair agree-
ment with its expected value may the results of a compensation by off-site Mn atoms spilled
over from their preferential 3¢ site, as in sample S4. In the presence of a disproportionation
between a magnetic and non-magnetic species at the same crystallographic site, on the other
hand, a probe in reciprocal space (neutron scattering) yields an averaged moment between the
two sites, while a probe in direct space (NMR) probes only the moment of the magnetic species.
This observation qualitatively explains the steeper decrease vs the Mn concentration of the 3 f
ordered moment determined by neutrons than by NMR. We have however no explanation for
the opposite relative dependence observed by the two techniques at the 3g site, where a moment
decrease is detected by NMR only.
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Summary and Outlook

In conclusion, we characterized several classes of materials by applying two powerful spin spec-
troscopy techniques, nuclear magnetic resonance (NMR) and inelastic neutron scattering (INS).
There have been several key results from this thesis, which we summarize in the following para-
graphs, while also commenting on the future outlook for each.

The lowest-energy spin excitations of a lanthanide-based molecular nanomagnet, namely
the Yb3*t ions with a '™ Yb-nucleus of [Yb(trensal)], were thoroughly characterized by the
NMR spectroscopy, as illustrated in chapter 3. The spin transitions in this system exhibit a
mixed electronic-nuclear character, due to the hyperfine coupling, although electronic and nu-
clear degrees of freedom are progressively decoupled by an increasing external field. The lower-
frequency resonances which, in a large enough applied field, may be regarded to many respects
as the NMR of a I = 5/2 nuclear spin in a hyperfine field, were distinctly resolved using both
the frequency and field sweep measurements. The system was successfully modeled using the
spin Hamiltonian approach, yielding the energy level structure. The phase memory times (T2)
were measured to show that the coherence times of the [Yb(trensal)] are long enough for its
potential applications in quantum computation as a nuclear qudit (d = 6). Furthermore, the
application of CPMG pulse sequences demonstrated that the coherence times can be further
enhanced by applying intense refocusing pulses at continuous intervals to decouple the system
from the environment. The spin-lattice relaxation times were also found to be long enough for
the quantum operations. In addition, driving several Rabi oscillation cycles for selected tran-
sitions established our capability to coherently manipulate the nuclear spins over a sufficiently
long time scales. These observations were only made possible by the huge enhancement, of
the order of few thousand, from the mixing of electron-nuclei matrix-element. Finally, these
unique experimental results enabled us to show that the [Yb(trensal)] MNM can be exploited to
define a quantum error protected qubit, where any error can be detected and corrected inside the
proposed algorithm using electronic qubit as an ancilla. The encoded algorithm protects against
amplitude or phase shift quantum errors. These results open a new perspective in the field of
f-electron molecular qubits, where the multi-level hyperfine coupled structure of the Ln-MNMs
can be exploited as a powerful tool for quantum information processing. In particular, the next
step would be to investigate a dimer of interacting and inequivalent Ln-molecular units enabling
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an error-resilient two-qudit gate.

In chapter 4, a direct measurement and the modeling of the magnetic interactions between
highly anisotropic lanthanide ions in a family of Kramers asymmetric, dimetallic molecular
nanomagnet was carried out using three different INS spectrometers. INS results on 4f dimer
MNMs (Ln= Er, Yb, Dy) elucidated the crystal field structure, enabling the distinct assignment
of crystal field transitions from each inequivalent lanthanide site. Furthermore, high resolu-
tion INS experiments provided the magnitude of the exchange interactions in the dimer family.
Combining our results with other experimental techniques and ab initio calculations, we showed
that the dipolar interactions were a significant component of the magnetic interactions in Era,
although they do not account for all the experimental features. On the other hand, the superex-
change interactions are dominant in the Yb dimer and the dipolar interactions are much weaker.
The Dy crystal field and exchange interaction are being analyzed and modeled using an effec-
tive point charge approach. Preliminary results were presented in this chapter. These results are
also important for the progress towards obtaining a transferable Hamiltonian for the exchange
interactions in Ln-MNMs.

Chapter 5 presented the NMR experiments carried out on the dysprosocenium single ion
magnet. This single ion magnet belongs to the family of molecules which holds the record for
the highest blocking temperatures, but their slow magnetic relaxation is still not understood. The
NMR spectra measurements targeted the 'H and '°F resonances, broadened by dipolar interac-
tions between the ligand and the magnetic ion electronic spins. The 'H relaxation rates were
measured to probe the fluctuations in the hyperfine field induced by the dipolar interactions be-
tween molecular electronic spins. Modeling of these results will provide valuable information
on the latter’s relaxation mechanisms. At this moment, our results have revealed a weak depen-
dence of the proton relaxation rates on the strength of external magnetic field pointing to the
approximate increase of the electronic relaxation rate as the square of the applied field. Further
analysis of the NMR results and the theoretical modeling is ongoing. These results will be useful
for tailoring single ions magnets with higher blocking temperatures.

Finally, several compositions of the FeoP based Mn-Fe-Si-P alloys were studied in chapter 6
with zero- and applied-field >Mn NMR. There are two metal sites in their crystal structure, 3¢
and 3 f, where Mn prefers to occupy the former. Our results proved the strong first order nature
of the magnetic transition in all these compounds, even where a second order magnetic transition
was inferred from a smoother M(T) magnetization curve and a shallower magnetic entropy peak
at Tc. Our experiments revealed that the first order magnetic transition in these materials is not
simply triggered by the weakening of the 3 f magnetism, observed with increasing temperature,
though they both are related. Besides the majority fraction of normal 3f Mn atoms that develop
itinerant magnetism below T, a Mn species with even weaker interactions with the surrounding
magnetic ions and preserving its character down to the lowest temperatures, is revealed by the
NMR experiments at the Mn-rich compositions. These results have settled some long standing
questions about this family of magnetocaloric compounds. Indeed the deeper understanding of
the magneto-structural transitions in the MnFePSi alloys will be helpful in tailoring even better
compounds for the magnetic energy conversion applications.
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