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ABSTRACT

A COMPLEX OF INTERACTIONS IN RARE-EARTH BASED
QUANTUM HONEYCOMB MAGNETS

Quantum spin liquids (QSLs) represent an exotic state of mtdr characterized by long-
range quantum entanglement and fractionalized excitatian Although predicted theoreti-
cally by models such as the Kitaev honeycomb model, experintally verifying these states
in real materials remains a signi cant challenge in condead matter physics. This disser-
tation investigates the magnetic interactions in rare-eéin honeycomb materials as potential
candidates for realizing QSLs, with a focus on the exchangeeamanisms governing their
magnetic properties.

Through a combination of magnetization, heat capacity, anthelastic neutron scattering
experiments, this work systematically explores the magrietphase behavior of YbSi,O-
and ErClz, two rare-earth compounds with e ective spin-1/2 degreesfdreedom on geo-
metrically frustrated lattices. The rst part of this dissertation examines Yk, Si,O7, which
exhibits eld-induced quantum phase transitions. Magnetiation measurements reveal strong
anisotropy consistent with spin-orbit coupled physics, wle neutron di raction and inelas-
tic spectroscopy provide insight into the formation of a BasEinstein condensate (BEC)
of triplons. However, the absence of staggered magnetization eld-dependent neutron
scattering data challenges prior theoretical models and ggests a more complex underlying
exchange mechanism.

The second part of this work focuses on Ergl a material whose honeycomb lattice
structure and strong single-ion anisotropy make it a promisg candidate for realizing bond-
dependent exchange interactions. Single-crystal neutr@tattering experiments, performed

in a controlled air-free environment, reveal deviations fra conventional isotropic exchange,



indicating the presence of anisotropic interactions. A stematic analysis of spin wave exci-
tations enables the extraction of exchange parameters, sieg experimental constraints for
theoretical models describing Kitaev-like interactionsni this system.

By integrating experimental results with theoretical modss, this dissertation advances
the understanding of rare-earth-based quantum magnets. €hndings underscore the impor-
tance of strong spin-orbit coupling and crystal eld e ectsin stabilizing anisotropic exchange,
while highlighting key challenges in the experimental vedation of QSL behavior. These
results provide critical insights for the ongoing search fanaterials that host quantum spin
liquid states and topological excitations, paving the wayadr future investigations into the

realization of quantum matter in real materials.
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Chapter 1

Introduction

The pursuit of new materials that could serve as platforms fdopological quantum com-
puting remains one of the most ambitious goals in modern coaased matter physics. Among
the various exotic states of matter that have been proposed potential candidates, quantum
spin liquids stand out due to their intrinsic long-range quatum entanglement and fraction-
alized excitations. These properties make them ideal for $ttng non-Abelian anyons, which
could, in principle, be used to perform fault-tolerant quatum computations. While theoret-
ical models, such as the Kitaev model, predict that certain aterials with bond-dependent
anisotropic interactions could realize this state, experiental veri cation has remained elu-
sive. This dissertation contributes to the search for quaom spin liquid candidates by
investigating the complex interactions present in rare-edh honeycomb magnets, with a
particular focus on the exchange mechanisms that govern thenagnetic behavior.

The study of quantum magnetism has undergone signi cant adncements in recent
decades, driven by the desire to understand unconventiomahgnetic states that defy classical
descriptions. Rare-earth-based quantum materials have enged as particularly promising
candidates due to their strong spin-orbit coupling, crystaeld e ects, and bond-dependent
anisotropic exchange interactions. These features credtee conditions necessary for real-
izing highly anisotropic magnetic interactions, which in tirn stabilize exotic ground states
such as quantum spin liquids. Recent studies on rare-eartloieycomb systems, particularly
those involving ErCk and Yb,Si,O-, suggest that these materials may provide a viable plat-
form for exploring such physics. Understanding the fundamtal exchange interactions in

these materials is critical for determining their suitabity as quantum spin liquid candidates



and, more broadly, for uncovering new forms of quantum magnsfn.

A key objective of this dissertation is to identify and charaterize the dominant exchange
interactions in rare-earth honeycomb magnets. By combingnneutron scattering, magneti-
zation, and heat capacity measurements, this work exploréise role of spin-orbit coupling
and crystal eld e ects in shaping the low-temperature magetic properties of these systems.
A particular focus is given to the search for signatures of gpfractionalization, dynamic cor-
relations, and bond-dependent anisotropic interactionshallmarks of quantum spin liquid
behavior. Additionally, the study investigates how these iractions in uence the formation
of ordered or disordered magnetic states, providing insigghinto the underlying mechanisms
that drive quantum magnetism in these materials.

This dissertation follows a structured approach, beginnmwith an extensive background
on rare-earth magnetism, including spin-orbit coupling, rystal eld e ects, and exchange
interactions. The theoretical framework surrounding bondlependent anisotropic exchange
is discussed, with emphasis on the Kitaev model and its impétions for quantum spin
liquids. The subsequent chapters focus on experimental @stigations, including the study
of Yb,SLO7 as a potential quantum dimer magnet, followed by the synthés preparation,
and characterization of ErC§. Experimental methodologies, including neutron scattemng
and magnetization measurements, are detailed to provide amprehensive understanding of
the physical properties of these materials. The concludinghapters analyze the exchange
interactions governing ErCt and explore its deviations from conventional magnetic orde
These ndings contribute to the broader understanding of nee-earth quantum materials and
their potential realization of exotic quantum phases.

By combining advanced neutron scattering techniques withhermodynamic and mag-
netization measurements, this work establishes a detaileshderstanding of the microscopic
interactions governing rare-earth honeycomb materials. he methodologies developed here
provide a foundation for future studies on similar quantum raterials, guiding the search for

novel quantum phases. Ultimately, this research advanceseheld of quantum magnetism



by elucidating the complex interplay of exchange interaatns in rare-earth-based systems,
paving the way for further exploration of exotic quantum stées and their potential applica-
tions in next-generation quantum technologies. While the adization of a practical material
for topological quantum computing remains a distant goal, his work contributes to the

fundamental understanding necessary to move one step clogethat possibility.



Chapter 2

Background

Long before science provided explanations, humans beliévemagnets to be magical
stones, imbued with mysterious forces that could move iromd guide travelers across vast
oceans. This fascination with lodestones, rst documenteith the 6" century BC, sparked
an enduring curiosity that would evolve over millennia. By he 19" century, this wonder
transformed into rigorous scienti ¢ inquiry, as Faraday ad Maxwell uncovered the princi-
ples of electromagnetism, revealing that these \magic rogkwere windows into fundamental
forces of nature. Today, this journey has led us to the frordr of condensed matter physics,
where we seek to uncover exotic quantum states of matter. @fiamong these is the elusive
Quantum Spin Liquid (QSL), a state where magnetic moments ade conventional order
through entanglement and quantum uctuations|a modern manifestation of the mystery
that magnets once inspired.

In modern condensed matter physics, magnetism serves as aneostone for studying
intricate interactions at the atomic and electronic levelsAmong the most intriguing classes
of materials are those containing rare-earth elements, wé®unique electronic con gurations
give rise to an extraordinary diversity of magnetic behavis. This chapter explores the
theoretical and experimental underpinnings of the magnetin in a selection of rare-earth-
based systems. This chapter establishes the necessary th@oal background to understand
the exotic magnetism observed in certain rare-earth-basedaterials.

We begin by outlining the fundamental principles of rare-e#éh magnetism, including the
role of & electrons, crystal eld e ects, and spin-orbit coupling. These ingredients give rise to

highly anisotropic interactions that, when combined with gometric frustration, can stabilize



unconventional quantum states such as spin liquids. Buildg upon these foundations, we
examine how bond-dependent exchange interactions emergespeci c lattice geometries,
culminating in a discussion of the Kitaev model, a paradignt@ example of a quantum spin
liquid.

The second half of this chapter transitions to experimentaiechniques used to investi-
gate these theoretical models in real materials. The metholbgies covered include neutron
scattering, heat capacity, and magnetometry, which are em#tial for probing the presence of
bond-dependent anisotropic interactions and fractionaled excitations in quantum magnets.
These tools provide a means of distinguishing quantum spiigliids from more conventional
magnetic states and guide the search for materials that eXtii these novel behaviors.

By bridging theoretical models with experimental methodalgies, this chapter lays the
groundwork for the investigations presented in subsequenhapters, where we apply these
concepts to speci c rare-earth-based materials in pursuibf realizing and characterizing

exotic quantum states.

2.1 Rare-earth Magnetism

Rare-earth magnetism arises from the unique electronic gtiture of rare-earth elements,
characterized by partially lled 4f orbitals. These orbitals are spatially compact and shielde
by the lled 5s and 5 orbitals, leading to weak overlap with neighboring atoms. fiis shield-
ing can be quanti ed through calculations of the radial expetation (squared) value,hri?,
which shows that 4 orbitals are signi cantly more localized compared to @ or 5d orbitals.
Fig. 2.1 illustrates hri? for di erent electronic con gurations highlights the compactness of
the 4f orbitals and their limited spatial extent, emphasizing thé role in the localized nature
of rare-earth magnetism.

This localized nature has profound implications for the magetic behavior of rare-earth

ions, which is governed by localized electronic interactis such as spin-orbit coupling (SOC)
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Figure 2.1: Square of the radial wavefunctions for thef4 5s, 5p and 6s orbitals of Gd*,
calculated using the Hartree-Fock method (adapted from Ref&, 2]). The inset schematic
illustrates how the compact 4 orbital is spatially shielded by outer orbitals.

and crystal eld e ects. These interactions dominate over he itinerant mechanisms often
seen in transition metals, leading to large magnetic momentetermined by Hund's rules.
The compactness of # orbitals also enables rare-earth ions to adopt a nearly umksal
trivalent oxidation state (R3"), generally achieved by losing two $ electrons and one #
electron. This trivalent oxidation state ensures consisté bonding across di erent rare-
earth ions, making them interchangeable within a given hoshaterial. Such versatility is
a boon for studying magnetism, as one can systematically stibute di erent rare-earth
ions while maintaining the structural integrity of the mateial. However, the lanthanide
contraction|progressive reduction in atomic radii from La (2.50 A) to Lu (2.27 A)|limits
this interchangeability in some cases due to changes in lag strain, which can distort the
crystal eld environment and alter magnetic interactions| which can be interesting in its
own right.

The strong SOC inherent to heavy rare-earth elements couplespin (S) and orbital

angular momentum () into a total angular momentum (J ), yielding well-de ned multiplets



that dictate magnetic behavior. In systems with an odd numlreof electrons, Kramers
degeneracy ensures the ground state is at least doubly degeate [18]. Spin-orbit coupling
(SOC) produces degenerate multiplets, which are further Bjpinto doubly degenerate states
by the crystal electric eld (CEF). At temperatures lower than the energy gap between the
ground doublet and the rst excited doublet|typically tens to hundreds of Kelvin|the
system can be e ectively described as a sp%1-system, as only the ground state doublet
is thermally populated. This e ective spind2description not only captures the low-energy
magnetic properties but also simpli es theoretical modelg of these systems. A widely
studied example of this behavior is Y& ions in YobMgGaQ,, where the 41! electrons
exhibit a ground state Kramers doublet arising from CEF sptiing of the J = 7/2 multiplet,
with the energy gap to the rst excited state of 420K. Thus, for T where excited
doublets are thermally inaccessible, the system can be etieely described as spin%.

Interactions between rare-earth ions in a crystal lattice r@ mediated by superexchange
mechanisms, which depend sensitively on lattice geometrywdh bonding. Combined with
spin-orbit coupling (SOC) and crystal eld e ects, these ieractions result in highly
anisotropic exchange interactions. Such anisotropy plagspivotal role in de ning the mag-
netic ground state and the dynamics of excitations, partidarly in low-symmetry systems
like rare-earth chlorides. A hallmark of rare-earth magnem is frustration, often arising
from competing interactions in geometrically constrainethttices such as honeycomb or tri-
angular geometries. This frustration can suppress convémbal magnetic ordering, paving
the way for the emergence of exotic quantum states like spiiguids.

The interchangeability of rare-earth ions and their e ectve spin—; descriptions, coupled
with their strong SOC and intrinsic anisotropy, make theseystems prime candidates for
studying fundamental quantum phenomena. By investigatinghe interplay of SOC, crystal
eld e ects, and exchange interactions, we gain a deeper uatstanding of the mechanisms
driving their complex behavior and their potential for realzing novel quantum states like

guantum spin liquids. Rare-earth materials thus serve as ach platform for exploring the



frontiers of quantum magnetism.

2.1.1 Magnetic interactions

Magnetic interactions in rare-earth systems are governed, lihe coupling of magnetic
moments, which arise from the quantum mechanical properseof electrons, including their
spin and orbital angular momentum. In this class of insulats, unpaired electrons primarily
interact through two mechanisms: the exchange interactioand the magnetic dipole-dipole
interaction. The magnetic dipole-dipole interaction is adng-range force resulting from the
magnetic elds generated by the motion of charged particlesvhere the energy depends on
the relative alignment of the magnetic moments and their spial separation. In contrast,
the exchange interaction originates from the quantum mechaal principles of Coulomb
repulsion and the Pauli Exclusion Principle (PEP), which cllectively dictate the symmetry
of the electronic wavefunctions. In non-insulating systesy additional interactions, such
as the RKKY interaction mediated by conduction electrons, @uld play a signi cant role.
However, in the insulating rare-earth systems under consi@ddion, magnetic interactions are
primarily governed by e ects arising from the localized natre of the magnetic moments,
beginning with the long-range magnetic dipole-dipole intaction.

Dipole-Dipole Interaction: Magnetic dipole-dipole interactions in crystalline systas
arise from the semi-classicalmagnetic elds generated by the intrinsic spin of unpaired

electrons. For two magnetic dipoles, the interaction eneygs described by:

o iogostinmti
4 rs

Edipole dipole (2.1)

where ; and ; are the magnetic moments and is the distance vector from moment
to j, as illustrated in Fig. 2.2a. For a system of N moments, we camturally expand Eq. 2.1

to the many body Hamiltonian

LAlthough the dipole-dipole interaction originates from classical electomagnetic theory, in rare-earth
systems, the magnetic moments are quantum operators, making this intaction fundamentally semi-classical
in nature.



Dipolar Interaction Superexchange

Superexchange interaction can lead to ferromagnetic
or antiferromagnetic alignment, based on
the bond angles with the bridging O*

Dipolar interaction causes antiferromagnetic alignment
when spins interact perpendicular to their moment direction

R
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Dipolar interaction causes ferromagnetic alignment
when spins interact parallel to their moment direction
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Figure 2.2: lllustrations of two distinct magnetic interactons [3]. (a) The dipole-dipole

interaction, which arises from the magnetic elds producedy localized moments. This

interaction is long-ranged and strongly dependent on the legive orientation and distance

between dipoles. (b) The superexchange interaction, an imelct exchange mechanism medi-
ated by an intermediate nonmagnetic ion. Superexchange ckrad to either ferromagnetic

or antiferromagnetic coupling depending on orbital overfaand electronic con guration, and

it plays a crucial role in transition metal and rare-earth sgtems.
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where ; and ; are the magnetic moment operators of theth and j -th spins, rj; is the
distance between them, andy; is the unit vector pointing from momenti to momentj .

From the 1/r® dependence, it is evident that this interaction is relativiy long-ranged.

The magnetic moment operator is related to the angular momamm operators of the system

and is expressed as:

i= sJ] (2.3)

whereg; is the Lance g-factor, g is the Bohr magneton (equivalent to%‘e), and J; rep-
resents the total angular momentum operator for the-th spin. In rare-earth systems, the
compact nature of the 4 orbitals shields the magnetic moments, reducing overlap thi
neighboring electrons. As a result, the dipole-dipole intaction may become signi cant

over long distances, particularly in materials with sparsenagnetic ions or extended lattice



structures. While its strength is generally weaker than exemge interactions, it can play
an essential role in stabilizing certain magnetic con gutsgons and contributing to collective
behaviors such as long-range order or frustration in low+densional systems. For rare-
earth compounds with low symmetry, the dipole-dipole intexction can also introduce subtle
anisotropic e ects, in uencing the orientation of magnetc moments relative to the crystal
lattice. While the dipole-dipole interaction is often the mat signi cant semi-classical mag-
netic interaction, higher-order multipole terms, such asupdrupole and octopole interactions,
can also emerge in systems with localized 4lectrons. These higher-order contributions,
though generally weaker, introduce additional layers of agplexity, in uencing anisotropic
coupling, eld-dependent phenomena, and potentially alténg the favored magnetic order
under speci c conditions. This is exempli ed in the recent wik by Yahne et al., where
dipolar and octupolar contributions in pyrochloric CgSrn,O; are shown to be responsible
for its All-In-All-Out Neel ground state, as well as its nite -temperature quantum spin ice
states [19].

While these magneto-polar interactions provide a foundatial understanding of long-
range magnetic coupling from a semi-classical perspectithey are often relatively weak
compared to theexchange interactionswhich have a deeper quantum mechanical origin.
In rare-earth systems, exchange interactions arise fromehnterplay of Coulomb repulsion,
which sets the energetic scale of the interactions, and thea#li Exclusion Principle, which
imposes symmetry constraints on electronic wavefunctionsThese principles collectively
govern a broad spectrum of magnetic phenomena, from localiz ordering in conventional
magnets to exotic states such as quantum spin liquids (QSL-)nd arise through mechanisms
ranging from direct orbital overlap to indirect mediation ly intermediary particles or elds.

To reiterate|at their core, exchange interactions emerge a a consequence of the re-
guirement that electrons, as fermions, must occupy antisymetric total wavefunctions. This
symmetry requirement energetically favors certain spin agyurations, leading to magnetic

order. To see how these fundamental principles give rise tcagnetic ordering, we consider

10



the archetypal two-electron system. This idealized modelonsists of two electrons, each
primarily localized around a distinct lattice site, such aswo adjacent atoms or ions in a
crystalline material.

The behavior of this system is governed by the time-indepeedt Schmdinger equation

H tta = E ol (2.4)

whereH is the Hamiltonian of the system, 4, is the total wavefunction, andE is the total

energy. For two electrons, the Hamiltonian can be expressed a

2

3
— 2 2 .
H - zme(r l+ r 2)+ Jrl rzj + Ven(rler) (25)

where the rst two terms are the kinetic energy of each eleain, the third term is the
Coulomb repulsion between them, and the last ternVe,(r1;r,) serves as the interaction
between the electrons and nuclei/lattice The total wavefunction for this system can be

written as

otal = (r1;r2) (S1;S2) (2.6)

where is the spatial component and is the spin component. Since the electrons are

spin-1/2 particles, we can write their basis states as

R RN (2.7)

where we can then tabulate the appropriate linear combinains of these states (by solving
for the common eigenvectors of th&? and S, operators) in thejSmsi basis with total spin
S and spin quantum numbermsg [20, 21], as shown in Table 2.1. The PEP requires that the

total wavefunction be antisymmetric under particle exchage, i.e.,

2It can be noted here that this Hamiltonian does not explicitly depend onthe electrons spins; and s,.
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Table 2.1: Spin states of a two-electron system representedthe jSmgi basis, with their
expansions in the individual spin state basigs;s,i. Each state is identi ed by its singlet or
triplet nature and its symmetry properties.

jSmsi Spin State Description

j11 ™ Triplet, Symmetric

j100 | s5(j"#i + j#') | Triplet, Symmetric

J1-1i | ##i Triplet, Symmetric

joO | s(j"#i j#i ) | Singlet, Antisymmetric

(rora)= (rarg) (2.8)

This constraint imposes a symmetry relationship between éspatial and spin wavefunc-
tions: if the spatial wavefunction (rq;r;)is symmetric, the spin wavefunction (s;;s,) must
be antistymmetric (a singlet state). Conversely, if the spg&l wavefunction is antisymmetric,
the spin wavefunction must be symmetric (a triplet state). Fom this point, we can already
start to see how the spatial arrangement of the two moments cdead to di erent mag-
netic states (singlet vs. triplet)|owed directly to this fe rmionic principle. To understand
how Coulomb repulsion in uences magnetic states, we considthe energy contribution from
electron-electron repulsion, which can be expressed as

£ &
UC = (rl;rz)f (rl;rz)drldrz (29)
Jra ro

This integral depends on the symmetry of the spatial wavefation, (ri;r,), and the
distance between the two electrong; r,j. Symmetric wavefunctions lead to higher prob-
abilities of electron overlap due to constructive interfeance, while antisymmetric wavefunc-

tions suppress overlap via destructive interferente This di erence directly impacts the

3For example, one can expand the probability densitieg j? of the wavefunctions g = p%[ a(X1) p(x2)+

a(X2) p(X1)]and as = p%[ a(X1) b(X2) a(X2) p(X1)] in order to see the explicit di erence in how the
interference terms contribute.
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Coulomb energy,Uc, as regions with greater overlap will contribute signi catly more to
the repulsion term. Consequently, the symmetry of the spati wavefunction, enforced by
the Pauli Exclusion Principle, dictates the energy di ereges between the singlet and triplet
states, thereby determining the magnetic state of the syste In this way, we see that the
exchange interaction|arising fundamentally from the symmetry constraints and energetic
considerations of electron wavefunctions|is the driving brce behind the magnetic coupling.
This is one of the more simple cases of exchange interactiBnewn asdirect exchangewhere
electron orbitals spatially overlap, and demonstrates hothis quantum mechanical principle
governs the alignment of spins through the overlap of elecinic orbitals, establishing the
foundation for the more complex exchange mechanisms enctauad in rare-earth materials.
The exchange interaction can be formally described usingdiHeisenberg model. In this

framework, the interaction between neighboring spinS; and S; is expressed as

H= J S S (2.10)

Here,J represents the exchange interaction strength, determirgrwhether the coupling is
ferromagnetic § > 0) or antiferromagnetic J < 0). Typically, this sum is taken over all pairs
of nearest-neighbor spins, meaning the interaction dependnly on the relative orientations
of the two spins. WhileJ is often treated as isotropic, more complex anisotropic ietactions
can be incorporated by modifying thel term. In this context, J functions similarly to the
Coulomb energy integral discussed earlier, encoding theesigth of the magnetic coupling
by quantifying the overlap between the spatial wavefunctims of neighboring electrons. A
larger overlap corresponds to a stronger exchange interixct, as it enhances the probability
of nding paired electrons in favorable spin con gurations thereby lowering the system's
total energy. Conversely, smaller overlaps result in weakeoupling.

While direct exchange provides a straightforward mechanisfor spin coupling, it is lim-
ited in systems where electronic wavefunction overlap is gigible. In such cases, the inter-

action between magnetic ions can be mediated by an intermatk ion, such as O?. This
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mechanism, known asuperexchangedepends on the bond angle and orbital overlap between
the magnetic ions and the intermediate ion, which determinerhether the interaction is fer-
romagnetic or antiferromagnetic, as outlined by the Goodenigh-Kanamori rules [22, 23]
and illustrated in Fig. 2.2b. In the case of superexchange,dte ective exchange interaction
strength J can be calculated based on the orbital overlaps and the inteediary ion, following

a perturbative treatment of the electronic interactions. 8perexchange is particularly im-
portant for the rare-earth insulators in this work, where tle localized nature of # electrons
prevents direct orbital overlap but allows indirect couplng through intervening ligands.

For completeness, several other exchange mechanisms shdag mentioned, although
they are not central to the systems considered in this work. hle anisotropic Dzyaloshinskii-
Moriya (DM) interaction arises from spin-orbit coupling in systems lacking inversion sym-
metry, leading to asymmetric exchange and often resultingninoncollinear or chiral spin
structures. However, the materials in this study retain invesion symmetry at relevant inter-
action sites, rendering the DM interaction negligible. Thd&Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, which operates in metals through condution electrons, leads to os-
cillatory spin coupling. As this mechanism relies on a met&l conduction electron sea, it
is irrelevant in the insulating rare-earth systems under cwideration. Finally, itinerant ex-
change, where magnetic ordering arises from the collectivehavior of delocalized electrons,
is prominent in systems with high electronic mobility, suchas transition metals. However,
in rare-earth insulators with localized 4 electrons, this mechanism is similarly insigni cant.
These alternative interactions, while critical in other catexts, do not signi cantly in uence
the magnetic properties of the rare-earth systems discudseere.

At high temperatures, where the thermal energkg T exceeds the interaction energies
between magnetic moments, thermal uctuations dominate glading to random orientations
of magnetic moments and a paramagnetic state. As the systemot®andkg T < J, magnetic
interactions begin to dominate. At su ciently low temperatures, these interactions, shaped

by the crystal structure and the nature of the coupling mechasms, drive the system toward
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an equilibrium magnetic con guration. This equilibrium can result in a well-de ned ground
state magnetic order, such as ferromagnetic, antiferromagtic, or more exotic arrangements.
In some cases, however, competing interactions or geometonstraints lead to frustration,
preventing the system from reaching a unique ground state. his phenomenon, and its

implications for magnetic order, will be discussed in the mesection.

2.1.2 Frustrated magnets

Frustration in magnetic systems occurs when competing im&ctions prevent the system
from simultaneously minimizing all interaction energiesleading to a complex energy land-
scape with many nearly-degenerate low-energy states. Tlpisenomenon, known as magnetic
frustration, often suppresses magnetic ordering or drivesdering transitions to extremely
low temperatures. As a result, frustrated materials frequély exhibit unconventional phases
and exotic physical properties, making them a rich area of .sdly.

The origins of frustration can be broadly classi ed into twocategories: exchange frus-
tration and geometric frustration. Exchange frustration aises when competing interactions
between spins occur at comparable energy scales, such as¢hioetween nearest and further
neighbors or anisotropic di erences. Geometric frustratin, on the other hand, stems from
the spatial arrangement of spins in a lattice, where the geatry inherently prevents all
interactions from being simultaneously satis ed.

A classic example of geometric frustration involves antifiemagnetically (AFM) coupled
Ising spins on a triangular lattice Fig. 2.3a. In this systemthree spins on a triangular plaque-
tte cannot simultaneously achieve AFM alignment, resultingn a frustrated con guration.
When extended to a full lattice, this frustration creates ann nitely degenerate ground state
manifold. Other prominent examples of geometrically frusated lattices include the kagome,
pyrochlore, perovskite, and honeycomb lattices.

Exchange frustration is demonstrated in Fig. 2.3b, where AFM $ps are arranged on a

square plaquette. Without frustration, the system adopts aisple Neel con guration, as
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Figure 2.3: Examples of frustration in magnetic systems on agion of a lattice. (a) Canon-
ical example of geometric frustration of Ising spings on aiéngular lattice. (b) Exchange
frustration on the square lattice due to competing interagbns between anisotropic nearest
neighbors (0, J9) and next-nearest neighborsJ;,) leading to di erent con gurations based
on the relative strength of each interaction [4].

shown on the left. However, introducing competing interaabins with varying strengths (,,
J9, J,) creates frustration, potentially leading to complex congurations or even the absence
of a unique ground state, depending on the relative strengihof these interactions.

In real materials, both exchange and geometric frustrationften coexist, leading to rich
and complex behavior. Despite frustration, many systems entually achieve magnetic or-
dering at temperatures belowl , often facilitated by weaker interactions that can eventully
tip the balance into a local minimum. The degree of frustratin in a system can be quanti ed

by the frustration parameter:

f=1cwl 2.11)

where ¢y is the Curie-Weiss temperature (discussed later in Secti@i2.4). Essentially, this
is a ratio between the average interaction strength and thauppressed critical temperature,
so a higherf value generally corresponds to strong frustration within anagnetic material.
The suppression of magnetic order to ultra-low temperatusecreates opportunities to
study quantum e ects, including the potential emergence odQuantum Spin Liquids (QSLS)

[24]. Even in materials that do not host a true QSL ground sta&, proximity to these
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exotic states often stabilizes unconventional phases oatks to emergent behaviors. Studying
frustrated materials thus o ers a unique opportunity to expgore the boundaries of quantum

physics and discover new avenues for theoretical and expeental research.

2.1.3 Spin-orbit coupling and crystal eld e ects

The heavy rare earth ions forming the set of lanthanides arénaracterized by their 4
electron orbitals. Due to the large orbital angular momenton L of these orbitals and the in-
herently relativistic nature of spin-orbit coupling (SOC)in heavy elements, the total angular
momentumJ = L + S becomes the good quantum numb&rleaving the e ects of spin-orbit
coupling (SOC) impossible to ignore. Under this e ect, the agle ion ground states form
(2J + 1) degenerate energy levels which are then further split bgdditional perturbations.
In the crystalline structure of rare earth insulators, the nost prominent of these perturba-
tions is the Stark splitting of these states due to the crysthine electric eld (CEF), where
surrounding ligand ions of negative charge create an eldctreld seen by the rare earth ions.
The energy scale of these CEF interactions is typically smiadompared to the spin-orbit
coupling, thus allowing the use of standard perturbation teory in order to understand its
e ects °.

Starting with SOC as the dominant interaction, we use Hund'sules to determine the
degenerate manifold of (2 + 1) states that form the ground state multiplet. These rules
describe how electrons in thef4orbitals arrange themselves to minimize the total energy of
the ion, as illustrated with the example of the YB* ion in Fig. 2.4. The rst rule dictates that
the total spin angular momentumsS is maximized, as anti-parallel spins grouped pairwise

reduce electron-electron repulsion according to the Paudixclusion principle. Next, the

“Note that when the orbital angular momentum L=0, the total angular momentum J equals the spin
angular momentum S, making S and ms the relevant quantum numbers. In such cases, explicitly using)
and mj; becomes redundant.

5This is in stark contrast to magnetic materials utilizing transition m etal elements, as thosed orbitals
contain less orbital angular momentum. In this case, CEF< SOC, so we can tabulate states in the,S basis
and apply SOC as the small perturbation. This distinction is further ampli ed in lanthanide ions due to the
5s and 5p shielding of the 4 orbitals.
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Figur@ 2.4: Hund's rules lling of 4 %3 electrorgs in an isolated YB* ion. First, we maximize
S = ms = 1=2. Then we maximizeL = m_ = 3. And nally, since this is a more-
than-half- lled subshell, we obtaind = S+ L = 7=2. This can be compactly notated with
the spectroscopic term symbotF,-, (written in the form 2S*1L;).

total orbital angular momentum L is maximized within the constraints of the rst rule, as
electrons preferentially occupy orbitals that extend fuitter apart in space, reducing Coulomb
repulsion. Finally, the total angular momentumJ is determined by couplingL and S based
on the relative strength of spin-orbit coupling: for lesskan-half- lled orbitals, J = jL S,
while for more-than-half- lled orbitals, J = L + S. These rules de ne the ground state
multiplet of the free ion, consisting of (4 +1) degenerate states in the absence of additional
interactions, such as those arising from the CEF.

Since the CEF arises from the electrostatic potential creatl by surrounding ligand ions,
its e ect on the rare-earth ion is determined by the local symmetry of the crystal environ-
ment. The CEF Hamiltonian, Hcegr, must respect the point group symmetry of the ion's
site, meaning it can be expressed as a sum of terms that tramsh according to the irre-
ducible representations of the group. A convenient way to netruct such a Hamiltonian is
by expanding it in terms of Stevens operators, which are tessl tensor operators adapted

to the symmetry of the crystal eld. This expansion takes thegeneral form

X
Hcer = BmOM (2.12)

I;m
where B/" are material-dependent coe cients that parameterize the tsength of the CEF

interaction for a given symmetry environmerft, and O™ are the Stevens operators, which

6These are known as Stevens parameters or Crystal Field (CF) parameter Additionally, depending on
the particular source/convention, the rank/order of the operator tensor | and componentm may be instead
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are the tensor operators constructed to re ect the point gngp symmetry at the rare earth
site. Just as electronic orbitals in a central potential can é& expanded in terms of spherical
harmonics|since the potential exhibits full rotational sy mmetry|the electrostatic poten-
tial of a crystal, which conforms to the discrete symmetry of lattice, must instead be
expanded in terms of tesseral harmonics, which themselves #éhe real-valued expansions of
the spherical harmonics. In other words, while spherical haonics provide a natural basis
for spherically symmetric systems, the crystal environmeéracks full rotational symmetry
due to the periodic arrangement of ions. This requires a haonic expansion that re ects
the lower, discrete symmetry of the lattice.

Stevens formalized this approach by demonstrating that thenathematical formulation
of tesseral harmonics|originally expressed in terms of Caesian coordinates, y, z|could
be systematically rewritten in terms of the noncommuting agular momentum operators
3y, 3y, J%. This substitution allows the Hamiltonian to be expressed im basis of atomic
states labeled byJ, m;, rather than spatial coordinates. The Wigner-Eckart theora then
provides a systematic method for computing matrix elements these operators, signi cantly
reducing the complexity of solving the crystal eld problemcompared to the tedious nature
of keeping everything in Cartesian coordinates [25, 26, 228, 29].

From a purely mathematical sense, Eq. 2.12 would suggest amite number of Stevens
parameters and operators. However, physically relevant symetries require certain coe -
cients go to zero, drastically reducing the number of coe @nts to be calculated or t. Time
reversal symmetry restrictd to be even, while the allowed values oh are constrained within

I m | [30]. Furthermore, sincd is limited by | 2L, whereL is the orbital quantum
number, & rare earth ions whereL = 3 restricts the expansion to terms up to sixth order
at most. This leaves a potential of 27 possible non-zero cogents. This set of coe cients
is then further reduced depending on the spatial symmetry dhe crystalline lattice being

investigated. The lowest triclinic symmetries will retainall 27 parameters, while a higher

indexed with (k, g) or (n, m). These should be seen as equivalent.

19



0¢

Table 2.2: Possible local symmetries and corresponding rRpero CEF parameters. The sign indicates that both B and
B, M can be nonzero, but one of thesB™ can be set to zero by a proper choice of coordinate system.

Symmetry  Point Group BY B,' B,? BJ B Bg' Bg? Bg® Bg* Bg® Bg®
Triclinic Ci;Cy + * N

Monoclinic  Cy; Cs; Con + + *

Rhombic Cav; D2 Don + + o+ + + + *
Tetragonal  Cy4; S4; Cun + + +

Tetragonal  D4;Ca;Dog;Dan + + + *

Trigonal Cs; Se + + +

Trigonal D3; Cav; Dag + + + + *
Hexagonal  Cg; Can; Cen + + +

Hexagonal Dg;Cgy;Dan;Den + + + *
Cubic T;T4; Th; O; On + + *

Icosahedral |4, + "




symmetry|such as cubic|will reduce the complete descripti on of the electrostatic poten-
tial down to 4 parameter€. In a few situations, a proper choice of coordinate system or
mathematical similarites in the tesseral harmonics can ftiver simplify the number of terms
[31, 32, 33]. For example, for cubic symmeti2 = ng andB¢ = %Bg. A complete table
of crystallographic point-group symmetries and their coasponding non-zero CF parameters
is given in Table 2.2.

Determining the CF parameters in real materials is signi catly more challenging than
the mathematical formalism suggests. As a starting point, pat charge calculations provide
an initial estimate of CF energy levels by treating the ligad ions as xed electrostatic
charges surrounding the rare-earth ion. This approach, whi simplistic, is often useful
in the early stages of experimental planning, particularlyfor techniques such as neutron
scattering, where estimating expected CF excitation enagg can guide instrument setup
and data interpretation. The primary limitation of point charge models is their assumption
of static ligand charges, neglecting covalency e ects and/lridization, which can strongly
in uence the CF potential in real materials.

Extracting CF parameters directly from experimental data$ di cult for several reasons.
First, not all CF levels are necessarily resolvable within # energy resolution of the instru-
ment, especially in neutron and optical spectroscopies wieeclosely spaced levels may merge.
Second, some CF excitations may exhibit low intensity, makg them di cult to detect even
when they fall within the accessible energy range. A furthesomplication arises when CF
levels overlap with phonon modes, as both can exist on similanergy scales. However,
these contributions can often be distinguished by their moemtum transfer (Q) dependence.
Phonon scattering intensities generally scale &3? at low Q due to their coupling to nu-
clear displacements, whereas CF excitations follow the nraggic form factor jF (Q)j?, which

decreases gradually with increasin@. This di erence provides an experimental means of

’In theory, systems with icosahedral symmetry will further reduce the number of CF coe cients to 2
parameters, though this case is not compatible with translational symmety and is typically only relevant to
a class of isolated molecules.

21



separating phonon and CF contributions in neutron scatteng data. Even when CF transi-
tions are unambiguously identi ed, tting them to an appropriate Hamiltonian often results
in multiple degenerate parameter sets, making a unique det@nation of CF coe cients
challenging.

A re nement of the point charge approach is the e ective poihcharge model, in which
the ligand charges are treated as adjustable parameters nat than xed values. This
signi cantly reduces the number of free parameters in the ting process, making it easier
to constrain the CF potential. However, this method remains rm approximation, and in
some cases, the tted ligand charges may deviate signi cdgtfrom physically reasonable
values. As noted by Lea et al. [34], e ective point charge moliesometimes yield empirical
success, but they do not always provide a robust or univergahpplicable description of the
CF environment.

For rare-earth ions with an odd number of electrons, an addanal symmetry constraint
emerges from Kramers' theorem, which states that in the absee of time-reversal symmetry
breaking, all energy levels remain at least twofold deger¢e. This degeneracy is a direct
consequence of time-reversal symmetry, which ensures ttak states in a system with an
odd number of electrons remain at least twofold degeneratk the absence of external per-
turbations, such as a magnetic eld, these Kramers doubletsannot be lifted. Consequently,
in many Kramers ions, the lowest energy CF doublet can be acetely mapped onto an
e ective spin-1/2 system, allowing the interactions betwen moments to be described using
a simpli ed spin Hamiltonian instead of the full J-multiplet formalism.

This e ective spin-1/2 picture is particularly useful in modeling quantum magnetism,
as it allows for simpli ed descriptions of exchange interdions and collective phenomena
in rare-earth-based materials. However, the validity of tis approximation depends on the
energy separation between the ground doublet and excited Gfates. If excited CF states
lie at su ciently high energies, then at low temperatures, he physics of the system is well

captured by the e ective spin-1/2 representation. Convemdy, if the CF excitations are

22



on a similar energy scale to thermal uctuations, higher-aler multiplet contributions may

become signi cant, requiring a more complete treatment othe full J-manifold.

2.1.4 Bond-Dependent Anisotropy

Magnetic interactions in condensed matter systems are tyqally categorized based on
their symmetry properties. Conventional spin models, suchs the Heisenberg and Ising
models, rely on general symmetry arguments, where exchanigéeractions are typically
classi ed by spatial or spin rotational symmetries. These pdels assume that interactions
are uniform or, when anisotropic, vary in a manner dictated Yo global symmetries rather
than local bond-dependent rules. However, in systems withrehg spin-orbit coupling and
speci c lattice geometries, theoretical studies suggedtdt exchange interactions may become
bond-dependent, leading to distinct anisotropic magnetibehaviors [35]. This phenomenon,
known as bond-dependent anisotropy, is considered a poti&himechanism for realizing exotic
magnetic states, such as QSL's, though its direct experimtah con rmation remains an
ongoing challenge in condensed matter research [36].

The concept of bond-dependent anisotropy emerged from gastudies on spin-orbit cou-
pling and exchange anisotropies. Initially, magnetic intactions were largely understood
within the framework of isotropic Heisenberg exchange (Eq.1D), but the inclusion of rel-
ativistic spin-orbit coupling led to a broader perspectiveon anisotropic exchange. The
Dzyaloshinskii-Moriya (DM) interaction was one of the rst widely recognized anisotropic
terms, arising in non-centrosymmetric environments due tgpin-orbit coupling [37, 38]. How-
ever, even in centrosymmetric systems, researchers readizhat spin-orbit interactions could
generate exchange terms that are explicitly dependent ondldirection of the bond between
interacting spins [39]. This realization led to the develapent of compass models, which are
characterized by interactions that act selectively on di eent spin components depending on
the bond direction. That is, along one bond, one spin compamedictates the interaction,

while along another, a di erent spin component is involved.This directional dependence
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Majorana operators
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Figure 2.5: (a) Diagram of a single plagquettp on the bipartite honeycomb lattice illustrating
the three types of links:x, y, and z. (b) lllustration of the Majorana fermionization of each
spin operator into four Majorana operators at each latticeite.

leads to highly anisotropic exchange interactions, distguishing compass models from con-
ventional isotropic or globally anisotropic spin models. ¥amples include the 90 compass
model, the Kitaev model on the honeycomb lattice, and the 12@ompass model, each of
which exhibits unique magnetic properties and quantum e ds [40, 41].

Among the various compass models, each with its own intrigugnproperties, the Kitaev
model is particularly notable for its exact solvability, its quantum spin liquid ground state,
and the presence of anyonic excitations that have been pragsal as a platform for topological
guantum computation. Additionally, the Kitaev model provides a clear example of bond-
dependent anisotropic exchange interactions, and its exjpaental realization is a central
objective of this work. Therefore, we will outline the key gsects of this model here.

The Kitaev model is a quantum eld theory (QFT) de ned for spin-1/2 particles on a
honeycomb lattice, where spin interactions are bond-depdent in a unique manner. Un-
like conventional Heisenberg or Ising interactions, whichra either isotropic or globally
anisotropic, the Kitaev model enforces interactions that @pend explicitly on the bond di-

rection. The Hamiltonian governing this system is given by:

Hkitaev = J i



whereJ s the interaction strength along the ( = X;y;z) bond (depicted in Fig. 2.5a), ;

are spin-1/2 operators at lattice sitei, acting along the bond direction and coupling to the
corresponding spin component of its nearest-neighbor sjtedenoted as ; . The sum runs
over all pairs of nearest neighbors for each bond. By applying a Majorana fermionization
procedure, where each spin operator is decomposed into fddajorana fermion operators
fc;h;h ;h.g, Kitaev showed that the rst term in Eq. 2.13 can be rewrittenas a quadratic

Hamiltonian of the form

8
i X 2 2) Oy ; if j andk are connected
H = 2 /ijCjCk, ik = 3
ik T 0 otherwise (2.14)
Ojk = ij h<

where the link operator u) acts as aZ, gauge eld, encoding the bond-dependent in-
teraction, and corresponds to the transfer of a Majorana ferion between site§ and k.
The structure of this Hamiltonian is shown in Fig. 2.5b. Its qudratic form is reminiscent
of the many-body quantum harmonic oscillatorH gno = P Ce(@a + %) [42]. Similar
to how Hqno can be diagonalized using normal bosonic modes, leading tewm of non-
interacting harmonic modesHiiey Can be exactly solved by diagonalizing the system into
non-interacting fermionic modes. The key di erences in tlsitheory is the use of Majorana
fermion$, which obey anticommutation relations (as opposed to comrtation relations for

bosons), and the underlying staticZ, gauge eld® represented byufk . Thus, while Hitaey

8Majorana fermions are de ned as fermionic particles that are also theirown antiparticles. In QFT, this
is mathematically expressed by requiring that the charge conjugation ofa fermionic operator returns the
same operator, e.g.C 1cFV)C =c.

9A gauge eld is a mathematical construct that describes how symmetris, typically local in nature,
govern interactions in a physical system. In classical physics, th electromagnetic eld is an example of a U(1)
gauge eld, where the phase of the wavefunction can change locally withdua ecting physical observables.
In QFT, gauge elds are associated with conserved charges via Noethertheorem and can be classi ed by
the structure of their symmetry group. A Z, gauge eld is a discrete version, where the relevant symmetry
only takes values 1, and is commonly associated with systems where fermions interact tbugh background
constraints rather than continuous forces. Unlike U(1) or SU(2) gauge elds inelectromagnetism or the
Standard Model, aZ, gauge eld typically emerges in condensed matter systems and lattice gaye theories,
where it can describe topological order, fractionalized excitations, anadtonstrained degrees of freedom.
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is formally quadratic, the presence of the xed, gauge eld fundamentally distinguishes it
from a trivial free-fermion system, leading to rich emergémphenomena.
Having rewritten the Hamiltonian in terms of Majorana fermiors and a staticZ, gauge
eld, we now examine the nature of its ground state, which taés the form
ji= (D
2

) ol (2.15)

Here,D; = B'b'l¥q is a localZ, gauge transformation acting at sitd, andj oi is the state
for a xed gauge eld con guration. Unlike many other QSL's, where the ground state is a
sum over con gurations of singlet bonds [43, 44, 36], the Kiev QSL is instead expressed
as a product of projection operators acting on a referenceast. This structure ensures that
the wavefunction remains within the physical Hilbert spaceenforcing gauge constraints at
every site.

Expanding this expression explicitly yields

1+D;,,1+Dy, ,1+Dg3
O

i =( ) ] (2.16)

This product form means that every site is correlated with eary other site indirectly through
the gauge eld, rather than forming simple spin-spin entarlgment. Unlike conventional spin
liquids, where the degrees of freedom are uctuating spin gjlets, the Kitaev QSL is best
understood as a uctuating quantum liquid of Z, gauge uxes, with itinerant Majorana
fermions propagating in this background. This structure noonly leads to long-range en-
tanglement without symmetry-breaking order but is also a Hamark of topologically ordered
phases. The presence of a stati€, gauge eld enables the emergence of fractionalized ex-
citations, where spin degrees of freedom decompose intmeétiant Majorana fermions and
localized gauge uxes, distinguishing the Kitaev QSL from wre conventional magnetically
ordered states [45].

While the Kitaev model provides an analytically solvable franework for understanding
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bond-dependent anisotropy, real materials inevitably imbduce additional interactions, such
as residual Heisenberg exchange and lattice distortions,athcomplicate the realization of
an ideal QSL. As a result, directly verifying the presence ofitaev-like interactions requires
identifying unique experimental signatures that distingish bond-dependent exchange from
conventional magnetic interactions. The challenge lies idetermining whether observed
excitations truly re ect fractionalization or stem from competing interactions that disrupt
the idealized Kitaev picture.

In this regard, rare-earth materials provide a promising pltform for realizing bond-
dependent anisotropic interactions. Unlikel® transition metal compounds such as -RuCls,
which rely on strong spin-orbit coupling withint,g orbitals, rare-earth systems exhibit even
stronger spin-orbit coupling due to their unquenched orbatl angular momentum. This nat-
urally leads to highly anisotropic exchange interactiongnaking rare-earth magnets a com-
pelling alternative for exploring Kitaev-like physics. Tle combination of strong spin-orbit
coupling and crystalline electric eld e ects in rare-earh systems provides an ideal setting for
stabilizing e ective pseudospin-1/2 moments, which are eential for realizing compass-like
exchange interactions.

Bond-dependent anisotropy fundamentally alters the nat@ of magnetic interactions and
are proposed to lead to unconventional quantum states such #e Kitaev quantum spin
liquid. The presence of such interactions in real materialsan often be inferred through
characteristic experimental signatures. Inelastic neutn scattering, for example, can reveal
a continuum of fractionalized excitations rather than the karp magnon modes expected
in conventional magnets, making it a crucial tool for idenfying bond-dependent exchange
interactions [46, 47, 48, 45]. Heat capacity and magnetic septibility measurements, while
not directly resolving these excitations, provide valualkl thermodynamic insights and can
guide neutron scattering experiments by identifying phas@ransitions or anomalies linked
to anisotropic exchange [49, 50, 51]. Other techniques, Buas Raman spectroscopy and

thermal transport, have been proposed as additional probe$ emergent Majorana fermions
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and high-energy excitations in candidate materials [52, 534, 55]. In the next section, we
turn to the methodologies used to probe these e ects and assdhe experimental realization

of bond-dependent anisotropic interactions.

2.2 Experimental Techniques

2.2.1 Instrumentation

This work relied extensively on the use of commercial instnoentation, as well as home-
built solutions, to probe the magnetic and structural propgies of materials. In many cases,
standard experimental procedures required modi cation t@ccommodate speci ¢ material
constraints. In particular, some samples exhibited strongir sensitivity, necessitating the de-
velopment of air-free handling techniques to ensure accteaneasurements. The specialized
methodologies developed for this project are discusseddatn Section 4.3.

As an experimentalist, careful consideration of the instruents used is integral to produc-
ing reliable data. Even with commercialized setups, each mariment requires attention to
how measurements are performed and how instrumental parat@es|such as temperatures
stability, addenda properties, and calibration|may in ue nce the data.

This section is structured to re ect the typical work ow in t he experimental investigation
of magnetic phenomena. We begin with an overview of the syngis techniques employed to
produce rare-earth-based crystals, emphasizing the leeéprecision required to achieve high-
guality samples. Next, we examine characterization technigs used for structural analysis,
with a focus on x-ray di raction as a tool for determining crystallographic properties. We
then discuss thermodynamic measurements|including magrtemetry and speci c heat|
which provide insights into the fundamental magnetic and tarmal behaviors of the materials.
Finally, we describe neutron scattering experiments, a povial technique uniquely sensitive
to magnetic correlations and capable of directly probing &p dynamics, which played a

central role in this work.

28



2.2.2 Single Crystal Synthesis

The ability to grow high-quality single crystals was centrbto this work, as the fundamen-
tal magnetic properties of rare-earth materials can only beilly understood in well-ordered
structures with minimal defects. These crystals enable mise measurements of anisotropic
interactions, collective excitations, and exotic magnaetistates. Over the course of this re-
search, a range of synthesis techniques | including chemitaapor transport (CVT), the
Bridgman method, and optical oat zone (OFZ)|were employed, with the choice of method
dictated by the material's physical and chemical properteas well as the speci c experimen-
tal requirements.

For all of the materials investigated, maintaining a contarmation-free synthesis environ-
ment was essential, as unintended impurities could signiamtly alter their magnetic behavior.
In some cases, such as Er{lhigh-purity powder could be directly crystallized. Howewe
for others, such as YBSi,O7, synthesis began with commercial precursors that requiredo-
ichiometric mixing and high-temperature sintering to forma polycrystalline phase before
crystallization.

The required crystal size depended on the intended experime For bulk measurements
like magnetometry, high-quality single crystals as smallsal0 mg were su cient. However,
neutron scattering experiments demanded much larger sarep|up to 5 g|due to the in-
herently weak interaction between neutrons and matter. Tisiweak scattering cross-section
necessitates large crystal volumes to achieve adequatensigntensity, particularly for inelas-
tic measurements where scattering events are further corained by energy and momentum
transfer conditions. As a result, re ning growth conditionsto maximize crystal yield while
maintaining targeted crystallinity was critical to ensurng reliable neutron scattering data.

Achieving structurally well-ordered single crystals was sential, as even minor impuri-
ties or structural imperfections could obscure the magnetiphenomena under investigation.
While no real crystal is entirely free of defects, minimizinglisorder is crucial for accurately

interpreting experimental results. By systematically rening synthesis conditions|guided
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Figure 2.6: Optical oat zone furnace (MODEL FZ-T-4000-H-VII-VPO-PC, Crystal Systems
Corp.) used for large single-crystal growth of rare-earthlgates.

by insights from prior growths, experimental feedback, andomparison with literature|we
developed procedures capable of reliably producing crylstavith the necessary crystallinity
and phase purity.

The optical oat-zone (OFZ) technique was employed for the syhesis of rare-earth
silicates (R.Si,O;) due to its ability to produce large, structurally ordered sngle crystals
without contamination from crucible materials. Success ithis method depended heavily on
the quality of the precursor materials and the precise cordt of thermal conditions during
growth [56].

The optical oat-zone furnace (MODEL FZ-T-4000-H-VII-VPO-PC, Crystal Systems
Corp.; Fig. 2.6) provided a controlled, crucible-free envdnment for single-crystal growth.
This technique relies on focused halogen lamps to generathigh-temperature molten zone
that traverses a polycrystalline feed rod. A pre-orientedegd crystal was used to initiate
growth, guiding the structural development of the boule. Th process involved counter-

rotation of the feed and seed rods at approximately 20 rpm to amtain uniformity and
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prevent asymmetries in the growth interface. The stabilityof the molten zone was in uenced
by surface tension and precise control of the growth rate, pycally maintained between 1-5
mm/hr to balance crystal quality and yield.

Precursor powders of rare-earth oxides @®s) and silica (Si0G,) were mixed stoichiomet-
rically to ensure proper phase formation. The homogenizati process was critical, as the
uniformity of the starting material in uenced both the sintering e ciency and the subse-
guent crystal growth. Initial grinding was performed manully with a mortar and pestle to
break down large agglomerates, while ball-milling was uséd cases where ner grain sizes
were necessary to promote better di usion during sinteringTo form a suitable feed rod for
the OFZ process, the mixed powder was compacted using hydmast pressing at pressures
up to 75 MPa, ensuring high density and mechanical stability

Sintering of the pressed rods was conducted in a high-tempgrre box furnace at ap-
proximately 1300C for several days, facilitating the reaction between rarearth oxides and
silica to form the desired polycrystalline phase. The progss of the reaction was evaluated by
performing powder X-ray di raction (PXRD) on the sintered product, determining whether
additional sintering cycles were necessary to eliminatesidual precursor phases. Iterative
re nement of these conditions ensured high phase purity anstructural integrity in the feed
rods, both of which were essential for stable melting in the EZ furnace.

A crucial aspect of this method was the re nement of crystatigraphic quality during
growth. The initially formed boule often contained multipke competing domains, as evident
from Laue X-ray diraction images taken along its length (Fig.2.7). As growth proceeded,
domain selection naturally occurred, leading to a prograse reduction in structural disor-
der. Iterative seeding techniques were employed to enhartbés e ect; using a well-oriented
segment of a previous growth as a seed minimized domain conifpen and improved crys-
tallinity in subsequent runs. While complete elimination ofdomain boundaries is rarely
achievable, this approach signi cantly improved the ovetacrystal quality, making it suit-

able for neutron scattering and other precision measuremntsn
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Figure 2.7: Top: Annotated image of a multicrystalline EzSi,O; rod synthesized via the
OFZ technique, with sections labeled I-IV corresponding toi@rent positions along the
length of the boule. Bottom: Laue X-ray images from selecteaggions of the rod, demon-
strating the evolution of crystallinity during growth. The early portion of the boule (right,
section 1) exhibits multiple competing crystallographic dmains, as evidenced by the pres-
ence of multiple di raction spots with varying orientations. As growth progresses (moving
left toward section V), certain domains outcompete othergesulting in a more well-de ned
and singular crystalline orientation. This supports the ntural selection process described in
the text, where progressive re nement leads to a higher dezg of crystallinity in the latter
portions of the boule.

Atmospheric control played a signi cant role in optimizingthe nal crystal structure.
The OFZ furnace was equipped with a gas ow system that alloweprecise regulation of
the surrounding environment. For the growth of rare-earthicates, an oxygen ow of ap-
proximately 1 L/min was maintained to stabilize the silicat structure and minimize the
incorporation of defects. Controlled cooling after growthvas also essential; a gradual reduc-
tion in lamp power ensured a smooth thermal gradient, prevéng excessive internal stresses
that could lead to cracking.

The nal products of this growth process were high-quality sigle crystals, typically
measuring 8 mm in diameter and up to 7 cm in length. Due to therat stress at grain
boundaries, the boule often exhibited natural fracturing lang single-crystal domains, which
facilitated the isolation of structurally pristine regiors for experimental use. Representative
images of these OFZ-grown crystals, along with their evolatn in crystallinity, are provided

in Fig. 2.7.
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To synthesize single crystals of the rare-earth trichlores (RCk), both chemical vapor
transport (CVT) and the Bridgman method were investigated. T is a widely used tech-
nique for the growth of high-purity single crystals, particlarly for materials that exhibit
signi cant volatility at elevated temperatures. The proces involves the sublimation of a
solid-phase source material in a high-temperature regiofpllowed by its deposition in a
lower-temperature zone under a controlled temperature giteent (Fig. 2.8). This transport
mechanism allows for puri cation of the material during crgtal growth and can be tailored
by adjusting variables such as temperature, pressure, antlet choice of transport agents
[57, 58].

A key advantage of CVT is its ability to produce faceted, welbrdered single crystals
with minimal defects. By leveraging the di erences in sulthation and condensation rates
under controlled conditions, high-quality crystalline poducts can be obtained. The method
is particularly e ective for compounds that exhibit su cie nt volatility, either intrinsically or
through the use of transport agents. In some cases, the maggritself can act as its own
transport agent, eliminating the need for additional chenaial reactants.

The success of CVT relies heavily on ampoule preparation anthiility. To ensure a
contamination-free environment, quartz ampoules must be eticulously cleaned, dried, and
sealed to prevent unwanted reactions that could interfereithh transport. Sealing the am-
poules under vacuum while carefully shaping their ends inemooth hemispheres minimizes
the risk of trapped gases, unintended nucleation sites, awgeak points in the quartz that
could lead to ampoule failure under thermal stress. Additiailly, charge amounts must be
carefully controlled, as excessive volatilization can gerate internal pressures beyond the
structural limits of the ampoule. Assuming complete volatization, the internal pressure
can be estimated using the ideal gas law

nRT

where P is the internal pressure,n is the number of moles of volatilized chargeR is the
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Figure 2.8: Top: Schematic illustration of the chemical vapotransport (CVT) process,
depicting the sublimation of the source material in the higltemperature region (T;) and
its subsequent deposition in the lower-temperature zone ). Bottom: Optical images of
YbCl; crystals synthesized via CVT, highlighting their faceted mighology and crystalline
features.

universal gas constantT is the temperature in Kelvin, andV is the internal volume of the
sealed ampoule. By carefully calculating based on the charge mass and molecular weight,
the expected pressure can be kept within a safe range to prevampoule failure. These
factors collectively contribute to the reproducibility ard e ciency of the CVT process.

The e ectiveness of CVT varies depending on the material andegired crystal size. While
it can be an excellent method for growing small, high-puritysingle crystals (Fig. 2.8), its
scalability is often limited. For larger bulk crystals, alernative techniques such as the
Bridgman method may be more suitable, as it allows for contlled solidi cation and better
control over crystal size. The choice of growth method ultiately depends on the material
properties and experimental requirements, balancing cadsrations of purity, scalability, and
structural quality.

The Bridgman method is a widely used technique for growing Busingle crystals. In its
conventional form, the process involves slowly lowering aaed ampoule through a controlled

temperature gradient, typically within a tube or multi-zone furnace. This ensures that the
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Figure 2.9: Temperature prole for ErCk crystal growth using the modied Bridgman
method. The schedule includes the initial heating phase aim the melting point, an ex-
tended hold at 823C, and a gradual cooling period over 1-2 weeks to promote highality
crystallization. A nal furnace-cooling step completes tkb process.

crystallization front moves at a steady rate, reducing theikelihood of grain boundaries and
defects while promoting the growth of a single large crystal

A key modi cation to this approach involves using a stationay ampoule positioned verti-
cally inside a box furnace, where crystallization occurs #se furnace temperature is carefully
controlled over time. First, the entire charge is heated to gt above its melting point and
held at this temperature to ensure complete liquefaction. @e fully molten, the furnace is
gradually cooled, allowing solidi cation to begin at the bae of the ampoule and progress
upward. By carefully tuning the cooling rate and hold timesthe solidi cation front advances
steadily, reducing thermal stress and minimizing defectfimation. An example of a modi ed
thermal pro le is shown in Fig. 2.9, where an extended hold alve the melting point ensures
full melting before gradual cooling promotes controlled gstallization.

During the solidi cation process, multiple crystallites nmay initially form before a domi-
nant single-crystal domain emerges. This can result in pagystalline outer layers that may
need to be removed post-growth to isolate the high-qualityirgyle-crystal core (Fig. 2.10).

A major advantage of the Bridgman method, whether conventi@al or modi ed, is its
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Figure 2.10: Single crystal of ErGl grown using the modi ed Bridgman method. The
translucent region represents the high-quality single-gstal core, while the outer polycrys-
talline regions were subsequently removed to isolate theystal.

scalability. Unlike chemical vapor transport (CVT), which rdies on gaseous intermediates
and can be limited by transport kinetics, Bridgman growth dbws for larger charge sizes
primarily constrained by ampoule dimensions. Increasinché ampoule diameter enables
the growth of larger single crystals without signi cantly dtering other growth parameters.

Additionally, because this method does not rely on gas-phas@ansport, internal ampoule

pressures remain relatively low, reducing the risk of ampteufailure. These factors make
Bridgman growth particularly well-suited for producing buk single crystals for neutron scat-

tering and other large-scale experimental applications.

2.2.3 X-Ray Diraction

X-ray di raction (XRD) is a fundamental technique for determining the crystallographic
structure of synthesized materials, providing critical isights into phase purity, lattice pa-
rameters, and atomic arrangements. In this work, both powdeX-ray di raction (PXRD)
and Laue di raction were employed material characterizatin. PXRD enables phase identi-
cation and structural re nement by analyzing di raction p atterns from powdered samples,
while Laue diraction is used to assess single-crystal onation and quality. Together,
these techniques provide complementary structural inforation, ensuring the reliability of

synthesized samples for further investigation.
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Unlike neutron scattering, which primarily interacts with aomic nuclei (discussed later
in Section 2.2.6), X-rays scatter predominantly from the etgron density around atoms.
As a result, XRD is particularly sensitive to elements with hig atomic numbers, where
greater electron densities produce stronger scattering. his makes XRD an excellent tool
for structural characterization of rare-earth materials,but it also imposes limitations. In
addition to being relatively insensitive to light elementsuch as hydrogen, X-rays have limited
penetration depth in solids, making them less e ective for ppbing deep bulk structures.
Consequently, XRD primarily probes near-surface and subgace regions, especially in high-
Z materials where absorption e ects are more signi cant.

At the core of X-ray diraction is Bragg's Law, which describe the condition for con-
structive interference of X-rays scattered by periodic atom planes within a crystal. This

fundamental relationship is given by

n =2dsin() (2.18)

wheren is an integer representing the order of re ection, is the X-ray wavelength,d is the
interplanar spacing between crystallographic planes, andis the Bragg angle|the angle of
incidence at which di raction occurs. When the path di erene between X-rays scattered
from adjacent atomic planes is an integer multiple of the wakength, constructive interfer-
ence ampli es the scattered intensity, producing distincti raction peaks (as illustrated in
Fig. 2.11).

Bragg's Law provides the foundation for structural deterrmation, as the positions and
intensities of these diraction peaks encode key informain about the crystal lattice. By
systematically varying the incident X-ray angle () and measuring the resulting di raction
pattern, one can extract precise values for unit cell pararters, symmetry constraints, and
atomic positions within the lattice. The unique set of di raction peaks serves as a ngerprint
of the material's structure, allowing for both phase identcation and quantitative re nement

of atomic coordinates. In practical applications, Bragg'saw is central to both powder X-ray
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Figure 2.11: lllustration of Bragg's Law, showing the consitrctive interference of X-rays
scattered from parallel atomic planes. The incident X-ray kem strikes the crystal at an
angle , reecting o atomic planes with an equivalent exit angle. The path dierence
between scattered rays from adjacent planes isl&in( ), which must be an integer multiple
of the wavelength (') to satisfy the Bragg condition:n = 2dsin( ).

di raction (PXRD) and single-crystal di raction.

In PXRD, a polycrystalline sample consists of randomly origaed crystallites, ensuring
that all possible lattice planes contribute to the di raction pattern. This results in a char-
acteristic ring-like intensity distribution in reciprocal space, which is e ectively captured as
a one-dimensional di raction pro le (Fig. 2.12c).

For PXRD measurements, a nely ground sample is mounted on zedi raction silicon
waferg® and exposed to a monochromatic X-ray beam using a Bruker D8 Daver di rac-
tometer (Fig.2.12a). While the sample stage spins (to encowa all average orientations are
being probed), the xray source and detector simultaneoushyove in order to sweep through
the entire 2 range, typically set to range from 20{100 .

The resulting di raction pattern is collected as a functionof 2 , e ectively representing
a radial slice through the full ring-like intensity distribution. The analysis of this pattern
provides a wealth of structural information, including:

" Peak positions |Determine unit cell dimensions and phase identi cation.

" Peak intensities |Reveal phase fractions, site occupancies, and preferredrientation

€ ects.

107zero Diraction Plates (ZDPs) are single-crystal silicon wafers precisely cut along a speci ¢ crystallo-
graphic orientation to minimize background scattering in the 2 range of 20{ 100 .
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Figure 2.12: (a) Bruker D8 Discover used for PXRD measurementgb) A powder sample
sealed on a Si wafer with Kapton tape for di raction of air-sesitive materials. (c) Example
PXRD dataset showing a characteristic di raction pattern of ErCls.

A

Peak widths |Provide insight into crystallite size, microstrain, and d efect concentra-

tion.

For simple phase identi cation, peak positions alone are stient, as they serve as a
ngerprint of the material's crystal structure. In this work, Bruker EVA software was used
to match experimental di raction patterns against refereme databases, enabling rapid phase
identi cation. However, for a more detailed structural chaacterization, Rietveld re nement
was performed using Bruker TOPAS, which quantitatively modes the di raction pattern.
This method re nes atomic positions, site occupancies, thmal factors, and lattice distor-
tions by tting the experimental data to a calculated di rac tion pro le, allowing for a highly
precise determination of the material's structural paramers.

Unlike powder X-ray diraction (PXRD), which provides structu ral information by av-
eraging over randomly oriented crystallites, Laue X-ray diaction enables rapid determi-

nation of a crystal's orientation, symmetry, and structura integrity in a single exposure.
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Figure 2.13: Schematic representation of single-crystal &y di raction in the Laue geome-
try. Incoming X-rays are incident on a single crystal, geneting a di raction pattern that is
captured by a charge-coupled device (CCD) detector. Each@pcorresponds to a di erent
crystallographic plane, enabling precise determinationf ¢the crystal's orientation.

This method relies on a broadband (polychromatic) X-ray beapwhich allows multiple sets
of crystallographic planes to satisfy the Bragg conditionimultaneously, producing a char-
acteristic pattern of discrete diraction spots. Unlike cowentional monochromatic X-ray
di raction, which requires scanning over di erent angles ¢ capture di raction peaks, Laue
di raction provides an instantaneous visualization of a gystal's structure without complex
angular scans.

In this work, Laue di raction was used both for crystal alignment and phase veri cation
before further measurements. By comparing experimental diction patterns with calcu-
lated ones, we con rmed phase purity and ensured that only Wecharacterized, structurally
consistent crystals were selected for subsequent expenitse The analysis of Laue patterns
also provided insight into potential structural distortions, making it a valuable tool for sam-
ple alignment, quality control, and pre-characterizationbefore neutron scattering or other
experimental techniques.

Laue diraction measurements were conducted using a PhotanScience Laue X-ray

Camera, a backscattering system in which X-rays are generdtby applying a set voltage
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and current across a Cu source, producing a polychromaticesgrum. The beam is directed
onto the sample, and backscattered diraction patterns areaptured by a high-resolution
CCD camera (Fig. 2.13). Samples were mounted on a three-axengmeter, which provided
precise rotational control for alignment. For mechanicafl stable crystals, mounting was
achieved using double-sided tape, putty, or CrystalBond wa Once positioned, the sample
was exposed to X-rays, and Laue images were collected to westructural integrity and
determine crystallographic orientation.

The diraction images were analyzed using CLIP (Crystallotgaphic Laue Indexing Pro-
gram) [59], which indexed the observed diraction peaks byssigning Miller indices and
comparing the experimental pattern to simulated orientatns. After an initial orientation
determination, the crystal could be rotated toward the desed alignment. This process was
iteratively re ned, with successive di raction images andyzed in real time, until the sample
was aligned within 1-2 degrees (solid angle) of the targetientation.

The high sensitivity of Laue di raction to crystalline perfection also enabled the identi -
cation of structural irregularities. Defects were readilgpparent in the di raction images and
could be categorized based on distinct deviations from an mledi raction pattern. Twin-
ning, in which multiple crystallographic domains coexist wthin a single sample, was observed
as overlapping or multiple di raction patterns in a single mage. Impurities or structural
distortions were identi ed by missing or extra di raction peaks, indicating deviations from
the expected crystal symmetry or the presence of a secondatyase. In cases of degradation
or partial amorphization, peaks appeared broadened or dise, sometimes forming ring-like
features, suggesting surface damage or loss of long-rangstelline order.

Once the crystal was properly aligned, it was transferred tthe next experimental setup
where precise orientation was required. This procedure emed that samples used in further
characterization techniques, such as neutron scattering transport measurements, were
aligned with high accuracy. The iterative re nement proces enabled by Laue di raction

provided a straightforward yet powerful and rapid method foachieving high-precision crystal
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alignment, which was critical for obtaining reliable datam subsequent experiments.

2.2.4 Magnetometry

Magnetometry is an essential experimental technique in magtic condensed matter
physics, providing a rapid and accurate means of characteng magnetic properties. It
encompasses a range of methods used to measure a samples tagnetization (magnetic
moment per unit volume), M , and magnetic susceptibility (response function),. By sys-
tematically varying external parameters such as temperatea, applied magnetic eld, and
crystallographic orientation, magnetometry reveals crital information about magnetic in-
teractions, phase transitions, and collective phenomenalhese measurements serve as
fundamental probe of a material's thermodynamic properteeand can be ne-tuned to in-

vestigate the underlying magnetic Hamiltonian of a given syam.

Theoretical Considerations

The total magnetization of a system withN magnetic moments, ;, is de ned as

M = = Nh ayi: (2.19)

i=0
This quantity can be interpreted as the output of a system sybcted to an applied magnetic

eld H, governed by the response function, which can be written as

M = (T)H (2.20)

This relation holds in the linear response regime when the lé energy is small com-
pared to the magnetic interaction strength (e.g. g gH J), otherwise we can write
(T) = @1 =@ . While the linear response approximation provides a practt descrip-
tion of magnetization, a more fundamental approach derivdd and from thermodynamic

principles. In particular, these quantities are related tahe Helmholtz free energyF as
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Figure 2.14: Adapted from Ref. [5], this gure illustrates thetemperature dependence of
magnetic susceptibility for paramagnetic, ferromagnetj@and antiferromagnetic materials. At
high temperatures, all materials exhibit Curie-like pararagnetism ( / 1/T), transitioning
to di erent ordered states at lower temperatures.

_  @F

M= Gh K (2.21)
_  GF |
= @H . (2.22)

When moments respond to an applied eld by aligning with that eld, > 0, we denote

it as paramagnetic behavior. Conversely, when moments asatiign with the applied eld,
< 0 and is denoted as diamagnetic behavior. When measured in anst@ant eld, as a
function of temperature, we can expect most magnetic matats to exhibit paramagnetic
behavior at higher temperatures K,T  J), primarily because strong thermal uctuations

prevent e ective interactions between magnetic moments. His is modelled by Curie's Law

Ng? 3J(J +1)
e (2.23)

C
Z. C=
=

whereC here is known as the Curie constant, featuring the number ofementsN, the Bohr
magneton g = % 0:0578 meV/T, and the Boltzmann constantkg. The Curie constant
can often be t to experimental paramagnetic data to extractinformation about the average

g-value and angular momentum J{) attributed to each moment within the system. As the
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temperature is lowered and thermal energy becomes compdeato the magnetic interaction
energy kg T  J), non-interacting moments may become interacting and Cugis law is then
shifted into the Curie-Weiss law, becoming

C

= 2.24
T Tc ( )

Below the transition temperatureT, (sometimes denoted as the Curie-Weiss temperature

cw), Wwill diverge from Curie's law. Figure 2.14 shows the simplestases of a system
transitioning to either a ferromagnetic (FM) or antiferromanetic (AF) state, where the
moments spontaneously recon gure to a favored alignment.n ithe FM case, all moments
will become coaligned, thus saturating to a maximum total mgnetization Mg = Ng gJ.
Within the Weiss mean- eld theory, the transition temperatue T, is proportional to the
e ective exchange interaction strengthJ, , making it a useful experimental estimate of the
dominant magnetic interaction energy[60, 5]. A positivecyw suggests net ferromagnetic
interactions, while a negative value indicates antiferroagnetic coupling. In real materials,
Je is often a combination of multiple exchange pathways, and epeting interactions|such
as nearest-neighbor vs. next-nearest-neighbor couplingpn lead to deviations from simple
mean- eld predictions. For the AF case, the observed transdn temperature (denoted as
the Neel temperature Ty ) and the T, t to the Curie-Weiss law can be used to estimate the
frustration parameter f , as discussed earlier in Section 2.1.2, Eq. 2.11.

While temperature-dependent magnetization measurementsgie phase transitions and
thermal e ects, eld-dependent measurements provide inght into the alignment of moments
and saturation behavior. When measured at a constant tempdtae, as a function of ap-
plied magnetic eld, we can expect materials in the paramagic with moments of angular

momentum J regime to follow

M = Ng BJBJ(X) (225)
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whereB;(x), the Brillouin function, is given by

2] +1 2] +1 1
I 1 oth DXLy X (2.26)

B.()= %3 23 2] 23

with x = Q*’kB—EirB representing the ratio of magnetic interaction energy to #rmal energy.
By tting M(H) curves to the Brillouin function at di erent te mperatures, the e ectiveq;
value can be extracted, allowing for veri cation of the expaed angular momentum states
of the magnetic ions in the system. In the low- eld limit & 1), B;(x) reduces to a
linear response, recovering Curie's Law. In the high- eldirhit (x 1), the magneti-
zation asymptotically approaches the saturation valuMg; = Ng gJ. However, in real
materials, additional e ects|such as anisotropic interactions, metamagnetic transitions, or
dynamic magnetic e ects can modify this behavior, necesating a more detailed theoretical
treatment. Such re nements include exchange interactionshat drive collective magnetism,
spin-orbit and crystal eld couplings that induce anisotrgic response, quantum e ects that
modify the saturation process, and frustration leading to ontrivial magnetization plateaus.
In many cases, these e ects require beyond-mean- eld ap@ches such as perturbative sta-
tistical mechanical approaches, Monte Carlo simulationgr time-dependent simulations to
fully describe the eld-dependent behavior.

Additionally, the dependence of magnetization on crystaligraphic orientation provides
a direct probe of anisotropy. The susceptibility, , and Lance g-factor, g, become tenso-
rial quantities, meaning that magnetic response varies witapplied eld direction. This
anisotropic response, arising from spin-orbit coupling ancrystal eld e ects, manifests
in direction-dependent susceptibility and magnetizatiorbehavior. By measuring (T) and
M(H) along di erent crystallographic directions, one can ettact key parameters governing

magnetic anisotropy.

Experimental Considerations
Magnetization measurements were performed using the MPMSQUID magnetometer
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Figure 2.15: (a) Schematic illustrating the MPMS detection pnciple, where a sample trans-
lated through detection coils induces a voltage ampli ed by SQUID [6]. (b) Diagram of the
iQuantum 3He insert for MPMS3, enabling sub-kelvin measurements viaagporative cooling
of condensedHe [7].

from Quantum Design. A Superconducting Quantum Interfereze Device (SQUID) is an
ultrasensitive magnetometer that detects extremely smathagnetic signals, with a sensitivity
down to 10 8 emu. As illustrated in Figure 2.15a, the system operates by maaing the
voltage induced in a set of detection coils as a magnetic salms translated through them.
The induced signal, proportional to the sample's magnetic oment, is processed by the
SQUID circuit to determine the total magnetization. The MPMS3 was operated in both DC
mode and Vibrating Sample Magnetometry (VSM) mode, enablingrpcise characterization
of eld- and temperature-dependent magnetization behawvio

For ultra-low-temperature measurements, the iQuantuntHe insert was utilized. This
system functions by condensingHe gas into a liquid and subsequently pumping on it with
a turbomolecular pump, leveraging evaporative cooling teeach temperatures as low as 0.3
K (Fig. 2.15b). Unlike the base MPMS3 system, which can contimusly vary temperature

down to 1.8 K, theHe insert is a one-shot cooling system, meaning that once theguid *He
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is fully evaporated, re-cooling requires recondensing amdaporating the®He again [7]. This
capability was particularly essential for this work, as may rare-earth compounds exhibit
ultra-low magnetic transition temperatures. This arisesrbm two primary factors: strong
magnetic frustration, which prevents conventional ordenig down to low temperatures, and
weak exchange interactions due to the highly localized natiof 4 orbitals, which limits

direct magnetic coupling between rare-earth ions. As a resuinany of the materials studied
in this work required sub- kelvin measurements to fully capire their ordering behavior.

Samples were mounted using various techniques dependingtbeir physical properties
and experimental requirements, ensuring they remained seely xed during measurements
to prevent torque e ects caused by the applied magnetic eldBoth powder and single-crystal
samples were studied, with mounting strategies selecteddeal on stability, alignment, and
thermal contact considerations.

For powder samples, immobilization was achieved through lpization, tight packing in
a capsule, or embedding in a stabilizing medium such as eians or Stycast, which prevented
particle movement and ensured reproducibility.

For single-crystal samples, precise alignment was critiadue to their anisotropic magnetic
properties. Laue di raction was used to align each samplealg the desired crystallographic
axis, after which the crystals were mounted on quartz paddieusing rubber glue or GE
varnish. This provided a stable platform while ensuring mimal background signal during
measurement.

For angular-dependent magnetization measurements, the NMS3 rotating stage option
was employed to precisely control the sample orientation thin a xed applied eld. This
stage enabled stepwise or continuous rotation, allowing emurements of the anisotropic
magnetic response as the crystal's alignment relative to ¢happlied eld was systematically
varied. To ensure accuracy, samples were pre-aligned uslraue diraction and securely
mounted with GE varnish, preventing any movement during rotdon. The high angular

resolution of the rotating stage allowed for detailed mappm of direction-dependent mag-
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netization, making it an essential tool for studying crysthographic anisotropy in magnetic
materials.

For ultra-low-temperature measurements using théHe option, samples were mounted
in a sealed capsule, a straw, or a lower straw adapter, enswiproper thermal contact
while minimizing environmental interference. To achieve @ent cooling, the sample was
positioned as close as possible to the system's thermomet@fowing accurate temperature
tracking. Care had to be taken to avoid placing the sample tdow in the probe, as this could
result in submersion in liquid®He, which would severely reduce its evaporative cooling pawe
and a ect thermal equilibration. This setup ensured stabléemperature control, reducing
misalignment errors and improving the reproducibility of dw-temperature magnetization
measurements (Fig. 2.15b).

Temperature-dependent magnetization measurements wererformed using the standard
zero- eld-cooled (ZFC) and eld-cooled (FC) protocols. Inthe ZFC procedure, the sample
was cooled to the base temperature in zero applied eld, andagnetization was recorded
while warming under a small applied eld. In the FC procedurethe sample was cooled in a
constant applied eld, and magnetization was measured upamarming. These measurements
provided insight into thermal e ects on magnetic ordering ad any irreversibilities associ-
ated with metastable states. Field-dependent magnetizatiomeasurements were conducted
using a single- quadrant procedure (positive eld ramp onjywith no hysteresis loops), as
the materials studied in this work exhibited negligible hyteresis. To ensure accurate data
interpretation, background contributions from the sampleholder were separately measured

and subtracted from the total signal.

2.2.5 Heat capacity

Heat capacity provides a direct probe of phase transitionsx@tations, and collective
behaviors in condensed matter systems. In magnetic matdagaanomalies inC(T) reveal

ordering transitions, eld-induced phase changes, or quamm uctuations. When combined
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with neutron scattering and magnetization, this techniquas an essential tool for studying

complex magnetic interactions.

Theoretical Considerations

Heat capacity, denoted a£, is a fundamental thermodynamic quantity that characteries
the amount of heat required to change a system's temperaturBor a system held at constant

pressureP, the heat capacity is de ned as

dQ_T@F

= w .7 T er,

(2.27)

wheredQ is the change in heat (non-work energy transferred into or dof the system),dT

is the change in temperature, andr is the Helmholtz free energy of the system, de ned as

F=U TS (2.28)

whereU is the total internal energy of the system and is the entropy [61, 62, 63]. In solids,
particularly at low temperatures,Cp  Cy since volume changes are negligible. (In general,
the relation betweenCp and Cy can be expressed in terms of the material's coe cient of
thermal expansion and isothermal compressibility +, and is more rigorously written as
Cp=Cy + LTZ.) By normalizing this quantity to either the number of molesor the mass
of a sample, we can de ne the speci c heat, denoted as

In general, heat capacity measurements capture contribotis from three primary sources:
phononic (lattice vibrations), electronic, and magnetic At temperatures above 1K, phonons
typically dominate the total heat capacity. However, since & are primarily interested in
contributions from the other two, it is often necessary to sutract the phonon signal. To

model the phonon contribution in three dimensions, we empldhe Debye approximation

3
T ke Vo

C — C 2.29
v > or Cy . 62N ( )
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where p is the Debye temperature, which represents the characteitstemperature above
which phonons can no longer propagate, is the speed of sound in the materialN is the

number of atoms, andV is the sample volume. The Debye model is valid fof D,

while at higher temperatures,C,, asymptotically approaches the classical limit ofil8kg (the

Dulong-Petit law) [60, 5]. While this phonon contribution can be estimated analytically if
Vs is known, a more practical approach is to measure the heat Gagty in a non-magnetic
analogue with an identical lattice structure. Since phonacorrespond to quantized lattice
vibrations, this allows for an empirical determination of he phonon contribution, which can
then be subtracted from the total heat capacity.

In addition to phonons, electronic degrees of freedom coifitute to the total heat capacity
by providing additional channels for heat absorption. In mials, this arises from conduction
electrons, which can absorb energy by transitioning to high energy states near the Fermi
level. However, in insulating systems, this contribution imegligible.

A more relevant electronic contribution in rare-earth sysgms comes from the thermal
population of discrete energy levels due to crystal eld spiing (discussed in Section 2.1.3).
When a material has well- separated, low-energy electronitates with a gap of , as tem-
perature increases, thermal population of higher-energyates increases, altering the sys-
tem's entropy and leading to a Schottky anomaly|a broad peakin C(T) centered around
T =kg . At su ciently low temperatures, a nuclear Schottky anomaly can also emerge
due to hyper ne interactions. Whenkg T becomes comparable to the hyper ne energy gap,
nuclear spin states begin to thermally populate, producingn additional low-temperature
peak inC(T). This contribution typically appears in the millikelvin range and can dominate
the heat capacity at ultralow temperatures [64].

The entropy change associated with these thermal excitatie is quanti ed by the statis-

tical de nition

S=RIn() (2.30)
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where is the number of available microstates. For a two-lesl system, such as an

e ective spin-1/2 system, we expect =2, leading to the chaacteristic entropy plateau at
S = RIn(2) in the high-temperature limit. While this statistical formula provides insight
into the available microstates, entropy changes can also b&ectly measured by numerically
integrating the heat capacity
Z
s=  Sqr (2.31)
T

For spin-1/2 systems, this integration should asymptotidly approach R In(2), verifying
that the heat capacity captures all relevant degrees of frdem. This serves as a consistency
check against potential errors such as incomplete thermzdition or background contributions.
Additionally, entropy recovery across phase transitions prides insights into the degree of
ordering and collective excitations in the system.

Magnetic contributions to heat capacity arise from the thanal excitations of spin de-
grees of freedom. In systems with localized magnetic momgnthe nature of these excita-
tions depends on exchange interactions, anisotropies, aexternal elds. Unlike phonon or
electronic contributions, which typically follow smooth tends, magnetic heat capacity often
exhibits sharp anomalies associated with phase transitisnas well as broader features due
to collective spin uctuations.

A key feature in many magnetic systems is the presence of a lasha anomaly, indicative of
a second-order phase transition to long-range magnetic ercat the Neel (antiferromagnetic)
or Curie (ferromagnetic) temperature [65]. At a phase traiigon, the second derivative of
the Helmholtz free energy, which de nes the heat capacity (EQ.27), exhibits a singularity.
In Cp measurements, this results in a curve looking like the \' symbol, hence the name.

At the transition temperature, symmetry breaking occurs, ad the system moves from a
disordered to an ordered state, minimizind-. The speci c nature of the anomaly depends
on the universality class of the transition, with critical uctuations modifying the scaling

behavior of heat capacity neai.. Near a second-order phase transition, uctuations in the
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Figure 2.16: A synthetic example oy data illustrating key heat capacity features: T3 de-

pendence (Debye approximation) at intermediate temperatas, saturation to 3Nk (Dulong-

Petit Law), a lambda anomaly atTc=100K|marking a phase transition to an ordered state,

and a Schottky anomaly at 15K|corresponding to a low-lying CEF energy gap of approxi-
mately 1.3meV.

order parameter become long-ranged, leading to divergingreelation lengths. This results
in a singularity in the heat capacity, which follows a powefaw scaling characterized by the

exponent

Cmag ] T T (2.32)

The exponent is determined by the system's dimensionality and interaain type, fol-
lowing universality class predictions [66, 67]. Systems Ibaging to the same universality
class share identical critical exponents, despite di erees in microscopic details. The values
of these exponents depend only on symmetries and dimensiiganot the speci c inter-
actions at the atomic level. For example, in the 3D Ising modle 0:11, while for the
2D Ising model, the heat capacity exhibits a logarithmic diergence ( = 0). Universality
extends beyond magnetism, with systems as varied as liguids transitions, percolation the-
ory, and even cosmological phase transitions near the eadgiverse following similar scaling
laws [68, 69, 70].

Even in systems that do not order magnetically, short-rangspin correlations contribute
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to heat capacity. These correlations can give rise to broadepks in C(T), distinct from
the sharper anomalies of long- range ordering. Such featsir@e often seen in geometrically
frustrated systems, where competing interactions prevenbnventional ordering down to very
low temperatures.

The interplay between phonon, electronic, and magnetic ctiibutions makes heat ca-
pacity a powerful tool for characterizing quantum materiad. By isolating and analyzing
these components, we can extract key insights into spin imgections, phase transitions, and

emergent quantum e ects.

Experimental Considerations

Heat capacity measurements were performed using the Heat Cajya option for Quan-
tum Design PPMS (Physical Property Measurement System), vich employs a heat-pulse
relaxation method to determine speci ¢ heat. In this techrque, a known heat pulse is applied
to the sample through a resistive heater, and the resultingemperature rise and subsequent
thermal relaxation are recorded. The heat capacity is extcded by tting the temperature
decay curve to an exponential model, allowing for precisetdemination of the sample's heat
capacity, with a typical resolution on the order of 0.1J/K at 2K. This method is highly
e ective for obtaining temperature- and eld-dependent hat capacity data over a broad
range, with automated measurement sequences ensuring higproducibility.

To access ultralow temperatures, as is often needed whendstung rare-earth ions due to
the localized 4 orbitals, relatively small exchange interactions, frusttion discussed previ-
ously in Section 2.1, we employed the PPMS dilution refrigator (DR) option (Fig. 2.17a),
which enables measurements down to 50 mK. The DR operatesnggia *He-*He mixture,
which phase-separates below 870 mK into a concentrated pbgsearly pure®He) and a di-
lute phase (mostly*He with 6% 3He). Cooling occurs at the phase boundary in the mixing
chamber, where’He atoms transition into the dilute phase, absorbing heat inhte process. A

continuous circulation cycle is maintained by the still, higl at 0.6 K by a turbo pump, which
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Figure 2.17: (a) Diagram of Quantum Design Dilution Refrigextor probe layout, adapted
from Ref.[8]. This schematic illustrates key componentsctuding the mixing chamber, still,
condenser, and sample stage, where the heat capacity puck dze mounted in thermal
contact with the mixing chamber. (b) An annotated optical image of a mounted Cg5n,07
crystal on the sapphire stage within the heat capacity puckjighlighting the Kapton tubes,
sapphire stage, crystal, thermometer, and heater.

selectively evaporate$He, reducing its concentration and driving osmotic ow from he mix-
ing chamber. The extractecPHe gas is re-condensed in the condenser, thermally anchored t
the PPMS sample chamber. The liquiHe then ows through a ow impedance, precools
via the counter ow heat exchanger (HE), and returns to the miing chamber, completing
the cycle. This technique provides stable temperature cant well below the typical PPMS
base temperature of 1.8 K.

Samples were mounted on the PPMS heat capacity puck, whichnsists of a sapphire
stage suspended in vacuum with Kapton tubes and an integrateesistive heater and ther-
mometer (Fig. 2.17b). The high thermal conductivity of sapphle ensures rapid thermal
equilibration between the sample and the platform, miniming temperature gradients and

improving measurement accuracy. To ensure optimal thermabntact, a thin layer of Apiezon
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Figure 2.18: Adapted from Ref.[9], a comparison of short-p@lnd long-pulse heat capacity
measurements, performed at each temperature set point. (&) the short-pulse method,

rapid heating (red) is followed by cooling (blue). The cir@dd jump arises from the heat
capacity of the grease, which has a faster thermal decay théime sample. (b) In the long-

pulse method, gradual heating allows full equilibration ere cooling, improving accuracy
but requiring longer measurement times. A decay curve is td both the warming and

cooling segments, generating a single data point @(T).

N-grease was applied between the sample and the sapphire stffl]. This grease was chosen
for its excellent thermal conductivity at cryogenic tempeatures while introducing minimal
background signal.

Whenever possible, single-crystal samples were crystatimghically oriented using Laue
di raction prior to mounting. This ensured that heat capacty measurements were performed
with the sample aligned along the intended crystallograpbiaxis, improving consistency
across experiments.

Short-pulse and long-pulse techniques o er complementandvantages. The short-pulse
method is faster but more prone to thermal lag, whereas therig-pulse method ensures
better equilibration but requires extended measurementries. In the short-pulse method
(Fig. 2.18a), a brief heat pulse is applied, and the initial naid relaxation is analyzed. This

method is well-suited for samples with small heat capaciseas it prevents excessive heating
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and enables faster data acquisition. However, it is more segtible to thermal lag e ects,
which can introduce errors in larger heat capacity material

In contrast, the long-pulse method (Fig. 2.18b) involves apying a more extended heat
pulse, ensuring full equilibration before cooling beginsThis technique is advantageous for
samples with higher heat capacities or broad heat capacitydtures, such as phase transitions.
While more accurate in such cases, the long-pulse approachmsre prone to excess heating
artifacts, particularly near low-temperature transitiors, where thermal dissipation is slower.

To accurately extract sample heat capacity, background sttaction was performed to
remove addenda contributions from the platform and greaseThis was achieved by sepa-
rately measuring the heat capacity of the sapphire stage argtease alone under identical
experimental conditions. The resulting addenda contribubn was then subtracted from the
total measured heat capacity, ensuring that only the intrisic properties of the sample were
analyzed.

Heat capacity values were extracted by tting relaxation cuves to exponential decay
models. Additional background corrections were applied bysemating the phonon contri-
bution via Debye model ts or through comparison with measwements of a hon-magnetic
structural analogue.

Error analysis was conducted to account for potential soues of uncertainty, including
thermal contact resistance, addenda corrections, and rgktion tting errors. The reliability
of measurements was further validated through multiple tels, reproducibility checks, and/or
comparison with literature when possible|ensuring that observed features in heat capacity
were intrinsic to the sample rather than artifacts of the mesurement process.

This methodology allows for highly precise and reproduciblheat capacity measurements
across a wide temperature range, from room temperature dowo ultralow millikelvin
regimes. By carefully considering sample preparation, meaement techniques, and data
correction procedures, we ensure that the extracted heatpacity data accurately re ect the

intrinsic thermodynamic properties of the studied materibs.
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2.2.6 Neutron Scattering

Neutron scattering stands among the most powerful and versia techniques for explor-
ing both the structural and magnetic properties of condendematter systems. Its unique
capabilities originate from several fundamental propems of the neutron. Most notably,
neutrons carry no net electric charge, so they undergo onlyeak nuclear interactions and
can penetrate deeply into a sample, providing informationteut the bulk rather than just
the near-surface region. In addition, neutrons have spin 2/and thus a magnetic dipole
moment, allowing them to couple directly to unpaired electin spins|a critical advantage
for probing magnetism. Crucially, their energies and wawehgths can be tuned over an
exceptionally broad range: from around 0.1 meV (with a corsponding wavelength of 3
nm) in cold neutron beams up to 500 meV (with wavelengths ned&.4 A) in hot neutron
beams. This spread neatly encompasses both atomic lengtlalss and relevant magnetic
energy scales in solids, making neutrons extremely senagtio lattice vibrations, spin waves,
and other excitations relevant to this work. Moreover, speéalized neutron instruments can
be designed to harness these broad intrinsic possibilitiesxtending the accessible range of
energies and length scales for di erent experiments (see F19).

Neutron scattering also bene ts from isotopic sensitivity| di erent isotopes of the same
element can scatter neutrons with markedly distinct crossestions. This feature allows for
\contrast variation" experiments in which particular components of a multi-phase system can
be highlighted or suppressed. For instance, in biological polymeric samples, selectively
substituting hydrogen with deuterium can render speci c dmains or molecules \visible"
in the scattering pattern, revealing structural or dynamicfeatures otherwise obscured. By
comparison, X-ray photons and electron beams both interactrimarily with the electronic
structure of the material; they can o er rapid data collecton, chemical speci city, and
high spatial resolution, but typically have shallower perteation depths and limited direct
sensitivity to spin degrees of freedom. Consequently, tleetechniques complement neutrons

in a broader suite of scattering methods used in modern maials research.
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Figure 2.19: Time and wavelengths accessible via neutronsdacomparison with other ex-
perimental techniques, adapted from Ref.[10]. This diagmrareinforces how versatile neutron
scattering is for investigating an incredible range of ph@menalfrom fundamental physics
at atomic length scales to bulk imaging of industrial compamts.

Rare-earth magnets, in particular, provide an ideal testig ground for these capabilities.
Their 4f electrons are strongly localized and experience large spirbit coupling, often
giving rise to the anisotropic exchange or bond-dependemtéractions implicated in a range
of unconventional magnetic phases. By leveraging neutronattering to measure magnetic
Bragg peaks, re ne ordered moment sizes, and map dispersggn excitations, researchers
can pinpoint the microscopic parameters|exchange constas, anisotropy terms, and critical
elds|that underlie exotic behavior. Critically, many rar e-earth driven interactions lie in
the meV range, making cold or thermal neutron beams a naturahatch for probing these
collective modes at low temperatures and under applied etd In essence, the synergy

between rare-earth physics and neutron- based experimentachniques opens a clear route
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to unraveling the fundamental quantum magnetism at play.

In this section, we will rst summarize the theoretical franework of neutron scattering,
focusing on the roles of nuclear and magnetic interactions both elastic and inelastic pro-
cesses as they pertain to this work. The discussion will thegrogress to key experimental
concepts: momentum transfer, energy transfer, and how drent spectrometer con gura-
tions are used to address structural versus dynamical quists. Finally, we delve into the
speci ¢ neutron methods employed in this dissertation to westigate rare-earth magnetism,
highlighting the unique challenges posed by air-sensitigamples and the specialized instru-
mentation needed to maintain an inert environment throughot the measurement process.
By weaving together these theoretical, technical, and précal elements, we set the stage for

a detailed analysis of our neutron scattering results in rarearth quantum magnets.

Theoretical Considerations

Neutron scattering experiments are analyzed within the geagtry depicted in Fig. 2.20,
where incoming neutrons with massn and momentum~k; are scattered into a solid angle
d by a scattering potential (sample), acquiring a nal momentum ~k;. Their incident and

nal energies are given by

22 ~2K2

E. = : =
""" om0 " T 2m

(2.33)

The scattering process is classied as elastic i = E¢ and inelastic if E; 6 E;. The
di erence between the nal and initial wavevectors is knowras the scattering vector, while
the di erence between the nal and initial energies is refeed to as the energy transfer:
Q=ki ki ; -1 =E E (2.34)
Here, ~Q represents the momentum imparted to (or absorbed from) theample by the

neutron, and ~! denotes the energy transfer. It is common practice to omit th~ for
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Sample k;

Figure 2.20: Schematic representation of neutron scattegrgeometry. An incident neutron
with wavevectork; interacts with the sample and scatters into a nal state withwavevector
k¢, forming a scattering angle 2. The momentum transfer is given byQ = ks k;. The
scattered intensity is measured over a solid angte.

brevity. During a measurement, detectors positioned aroarthe sample count the number of
neutrons scattered per second into the solid angiein a given direction, with a nal energy
resolution spanningE; to somedE;. This measurable quantity is the double di erential

scattering cross-section, expressed as

Ko
g = K S@Q) (2.35)

where S(Q;! ) is the dynamic structure factor, which encapsulates the ggial and tem-
poral correlations of the scattering centers. The dynamidrsicture factor can be derived
using utilizing the Born Approximation and Fermi's Golden Rue. The former assumes that
both incoming and scattered neutron waves are plane wavés.The latter states that the
transition probability between initial and nal states is proportional to the squared matrix
element of the interaction potentialV. Explicitly,

m 2X X

> =2 p, jhr fiV(Q)j i iii?(E, E, ~) (2.36)

i f

S(Q;!)=

11n reality, neutrons are scattered into spherical wave states, butthe distinction between plane and
spherical waves become negligible at large distances|which makes thispproximation applicable in typical
neutron scattering experiments.
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A complete derivation of the dynamic structure factor (and e subsequent reformulations
that we will present here) can be found in Refs. [72, 73, 74]. Wever, its key components can
be understood as follows: The prefactor ensures proper n@imation and unit consistency.
The summation over initial states, weighted by their Boltznann probability p ,, accounts for
the statistical distribution of sample states at thermal eqilibrium. The quantum labels ;
and ¢ correspond to the eigenstates of the sample before and afseattering, respectively,
while ; and ¢ denote the neutron's initial and nal spin states. The squaed matrix
elementjh ¢ ;jV(Q)j i iij? represents the probability amplitude for the combined neuon-
sample system to transition from the initial statej ; i to the nal state j i due to
interaction with the scattering potential V(Q), which is the Fourier transform of the real-
space potentialV(r). This term encapsulates both nuclear and magnetic contniltions,
determining how neutrons interact with the sample. Finally,the delta function enforces
energy conservation, ensuring that the energy lost or gathéy the neutron precisely matches
the energy transferred to or from the sample.

As a quick aside|if the sample were a purely rigid structure, neaning there were no
internal degrees of freedom capable of absorbing or emitjienergy, the system's initial and
nal states would necessarily be the same, i.e.; = ;. In this case, the energy-conserving

delta function simpli es to

(E, E, ~)= (4) (2.37)

This implies that energy transfer is strictly zero, meaninghat the double di erential scat-
tering cross-section in Eq. 2.35 is only nonzero f&; = E;, corresponding to purely elastic
scattering. Furthermore, in this limit, the sum over samplestates simpli es as well: since the
system remains unchanged, the sum over, trivially satis es P P, =1, and the squared
matrix element reduces to a transition probability that de@nds only on the neutron spin
states ; and ;. Physically, this result aligns with the expectation that an ideal rigid struc-

ture would only scatter neutrons elastically, preservinghteir incident energy. However, even
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in elastic scattering, the observed intensity depends on wther phase relationships between
scattered waves are preserved (coherent) or lost (incohet)e

Elastic scattering arises from the interference of neutrowaves scattered from di erent
sites within the sample. If the scattering centers are wetlrdered and phase relationships be-
tween di erent scattering sites are preserved, we obtain herent scattering, which produces
Bragg peaks in diraction experiments and provides directnformation about long-range
crystalline order. Coherent scattering is also responsibfor detecting collective excitations,
such as phonons and magnons, in inelastic neutron scattegin

In contrast, incoherent scattering occurs when the neutromteracts in a way that varies
randomly from one site to another|such as due to isotope disaler or the random orien-
tations of nuclear spins. Because phase relationships aost| incoherent scattering lacks
interference e ects and does not contribute to Bragg peaks ¢ong-range order. Instead,
it appears as a diuse background that is spread uniformly irall directions, as there is
no constructive interference to focus intensity at speci @ values. However, incoherent
scattering is valuable for studying local uctuations, sulk as atomic di usion, paramagnetic
uctuations, and single-particle motion.

Thus, coherent elastic scattering reveals structural anadihg-range order, while incoherent
elastic scattering primarily probes local disorder and sthastic uctuations. Since both
coherent and incoherent processes contribute to the totalastic intensity, their combined
e ect is accounted for by integrating over all nal energiesyielding the single di erential

scattering cross-section.

d z d?
a - dag
- (2.38)
= > 2 ih 1jV(Q)j ij?

Thus, we have arrived at the measurable quantity used in eli@&s neutron scattering, which
serves as a fundamental tool for structural characterizatn in its broadest sense. While

commonly associated with atomic structure determinationelastic neutron scattering also
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provides insight into crystallographic order, magnetic stictures, lattice distortions, and the
spatial distribution of light elements, making it invaluade for studying both ordered and
disordered materials. However, if the sample can undergo énhal transitions, meaning
i 6 ¢, then inelastic scattering processes contribute as welln this more general case,
we return to the full Eq. 2.35, where the total scattering ingnsity contains both elastic
and inelastic components. Among the various inelastic pragges that neutrons can probe,
two important examples are lattice vibrations (phonons) ad crystal electric eld (CEF)
excitations, which provide insight into both structural ard electronic properties.

A key class of inelastic scattering processes involves thecigation of lattice vibrations
(phonons) and electronic crystal eld (CEF) transitions. These excitations appear as distinct
energy losses (or gains) in neutron spectra, providing ighit into lattice dynamics and
electronic structure. Phonons, which are quantized lattevibrations, are excited or absorbed
by neutrons through interactions with atomic nuclei. This esults in inelastic peaks in
S(Q;!), symmetrically positioned around the elastic line!(=0) due to both phonon creation
and annihilation. Their intensity follows the detailed bahnce principle, meaning phonon
absorption becomes more probable at higher temperatures.in& phonons are collective
excitations, coherent scattering is required to observe e ned phonon dispersions in
energy- momentum space.

In materials containing magnetic ions, the surrounding cstal eld lifts the degeneracy of
electronic states, creating discrete CEF levels. Neutrooan induce transitions between these
states, producing sharp, non-dispersive inelastic peaksneutron spectra. Unlike phonons,
which disperse with momentum transfer, CEF excitations reain localized and depend on
the symmetry of the crystal environment. Their intensity félows the magnetic form factor,
meaning they are strongest at lowQ values. Both phonon and CEF excitations contribute
directly to the dynamic structure factor, reinforcing the ftindamental role of correlation
functions in neutron scattering.

While the structure factor encodes spatial correlations, ialso provides insight into the
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temporal uctuations of the system. Since neutron scatteng is sensitive to dynamical pro-
cesses, it is natural to reformulat&s(Q;! ) in terms of time-dependent correlation functions.

A key observation is that this constraint can be rewritten inan integral form as

dE ¢ B MEgt (2.39)

This formulation makes explicit the underlying time dependnce of the scattering process,
demonstrating how neutron interactions probe dynamical ccelations in the sample. A more
natural way to describe this evolution is through the Heiserdrg picture, where operators

evolve in time according to

At) = é'=-A0)e M=~ (2.40)

where B is the Hamiltonian operator of the system. Using this, we can dee a time-

dependent scattering operator

m
2 =2

AQ:t) = S N (R ) [SHI T (2.41)

whereA(Q;t) and O(Q;t) are now Heisenberg operators, evolving in time governed biyet
Hamiltonian of the scattering system. By inserting the interal form of the delta function
into Eq. 2.36 and rewritingS(Q; ! ) in terms of A, the summation over initial and nal states
naturally reorganizes into an expectation value (a thermansemble) of these time-dependent
operators. This follows from the completeness of eigenstatand the time evolution of

operators in the Heisenberg picture, leading to a double dirential scattering cross section

of
a2 i
= -S(Q:!)
d dE L( L Za (2.42)
= k—f 5= hAY(Q; 0)A(Q:t)ie ™ dt
i - 1
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Thus, we see that neutron scattering directly measures theo&rier transform of a time-
dependent correlation functionhAY(Q; 0)A(Q;1)i, encoding both spatial and temporal cor-
relations of the scattering centers. Correlation functionare fundamental in physics because
they quantify how a physical quantity at one time is related ¢ its value at a later time.
In nuclear scattering, for example, the dynamic structureaictor describes density-density

correlations, given by

Ghue(r;t) = h (r;t) (0;0)i (2.43)

where (r;t) represents the local atomic density operator. These colagions determine how
atomic positions uctuate in space and time, providing ingjht into both crystal structures
(via elastic scattering) and lattice vibrations (via inelatic scattering). In thermal equilib-
rium, the time dependence we measure corresponds to the gpeun of thermal and quantum
uctuations of the atomic density eld.

While nuclear scattering provides insight into atomic posibns and lattice vibrations,
many materials also host magnetic moments that give rise t@is correlations, introducing
an entirely di erent class of scattering processes. Sinceutrons possess an intrinsic spin of
S,=1/2 and an associated magnetic dipole moment, they can colgpto unpaired electronic
spins in a sample via the dipole-dipole interaction (Eq. 2)2 This makes neutron scattering a
powerful probe of spin-spin correlation functions, analagis to how nuclear scattering probes
density correlations.

The scattering operatorA(Q; t) introduced previously takes on a di erent physical mean-
ing in the case of magnetic scattering. Instead of represemy the nuclear scattering poten-

tial, it corresponds to the spin density operator

X
AQ;ty= 1§ (t) (2.44)

i

where éj (t) represents the -component (i.e. 2 f x;y;zg) of the spin operator at site
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|, evolving in the Heisenberg picture. Substituting this intothe dynamic structure factor
formulation gives the magnetic structure factor
141X . )
Smag(Q;!) = > ) hS; (0)S, ()ie? i e ™ dt (2.45)

This function describes how neutron scattering probes spimictuations in a sample,
providing direct insight into both static spin order (e.g.,magnetic Bragg peaks in ordered
phases) and dynamical excitations (e.g., spin waves).

Unlike nuclear scattering, magnetic scattering intensitys modulated by the perpendicu-
lar component of magnetic form facto~, (Q), which accounts for the spatial extent of the
electron wavefunction and the projection of spin uctuatims perpendicular to the scattering

vector Q

d2
d dE;

/J F» (Q)jzsmag(Q;! ) (246)

Since electron orbitals are spatially extended, magneticatering intensity decreases at
high Q, distinguishing it from nuclear scattering, which arisesrbm nearly point-like nuclei.
This fallo is an important experimental signature that helps separate magnetic from nuclear
contributions.

Furthermore, neutron scattering allows for the direct stug of collective spin excitations
in ordered magnetic materials. In magnetically ordered sisns, small deviations from the
ground state propagate as collective spin-wave excitatisnknown as magnons. These excita-
tions provide a direct probe of the exchange interactions gerning the system. A particularly
useful regime for studying magnons is the eld-polarized ate, where a strong external mag-
netic eld simpli es the spin dynamics, making them analytcally accessible through linear
spin-wave theory (LSWT).

In the eld-polarized state, where all spins are aligned byraexternal magnetic eld|

e ectively mimicking a ferromagnetic state, deviations fom the polarized con guration can
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be treated as small uctuations. This allows the magnon sp&am to be well-described by
LSWT, which approximates spin deviations as bosonic excitans. This approach provides a
guantitative framework for modeling the dispersion relatins of magnons, which are directly
measured via inelastic neutron scattering.

The basic methodology begins with a Hamiltonian containing @iven set of interac-
tions, typically exchange interactions and a Zeeman term. hie Hamiltonian is then rewrit-
ten in terms of bosonic raising and lowering operators thatatisfy commutation relations
(representing the magnon excitations) using second quazdition techniques, such as the
Holstein-Primako transformation. The resulting quadratic Hamiltonian is then diagonal-
ized, yielding the magnon dispersion relatior! o, which is a function in reciprocal space
parameterized by the set of interactiong in the Hamiltonian. While various methods ex-
ist for solving LSWT, the results tend to converge in the eldpolarized regime due to the
quadratic nature of the Hamiltonian formulation and the wealy interacting limit of the
magnons. In cases where interactions are strong or where guen uctuations are signi -
cant, higher-order corrections to LSWT may be necessary to@agately describe the magnon
spectrum. This allows experimental data to be tted with LSWT, using the exchange in-
teractions J as tting parameters. Thus, by measuring~! o using neutron scattering and
comparing to LSWT predictions, one can quantify the strength and types of magnetic

interactions present in the system.

Experimental Considerations

With the theoretical groundwork established, we now turn to he experimental aspects,
beginning with how neutrons are generated for scattering rasurements. Neutrons are pro-
duced at large-scale research facilities using either dpéibn or nuclear ssion (steady state)
sources.

In a spallation source, high-energy protons are accelerdtand directed onto a heavy

metal target, typically tungsten or mercury. This impact induces a cascade of nuclear re-
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actions, liberating neutrons from the target nuclei. Thesaeutrons are then moderated
using materials such as liquid hydrogen, water, or hot graftk to bring them to the desired
energy/wavelength range before being directed toward exfraental instruments. Spalla-
tion sources inherently operate in a pulsed mode, with newtn bursts produced at regular
intervals determined by the proton beam repetition rate.

Reactor-based sources generate neutrons through nucleasion, where a heavy nucleus,
such as uranium-235, undergoes controlled chain reactipmsleasing a steady ux of neu-
trons. These neutrons are moderated in a similar way to thodeom spallation sources,
allowing precise selection of the neutron energy distribiain. Unlike spallation sources, re-
actors provide a continuous neutron output, which is partiglarly advantageous for certain
types of measurements that require high stability over exteled periods.

Each neutron source type has distinct characteristics thain uence its suitability for
di erent experimental needs. Spallation sources producesutrons in short, intense pulses
with high peak brightness, enabling e cient energy seleatin and access to a broad energy
spectrum. Reactor sources, in contrast, provide a continus neutron ux, which is advanta-
geous for experiments requiring stable, high-intensity laens over extended periods. Notable
spallation facilities include the Spallation Neutron Soure (SNS) in the U.S., which operates
in a pulsed mode, and the Swiss Spallation Neutron Source (SIN® Switzerland, which
uniquely functions as a continuous spallation source by ugj a neutron moderator optimized
for steady extraction, rather than relying on pulsed protorbeams. In contrast, reactor-based
sources such as the High Flux Isotope Reactor (HFIR) in the U.S. aride NIST Center for
Neutron Research (NCNR) in the U.S. o er continuous neutron beamwith high average
ux, making them particularly well-suited for experiments requiring long counting times or
high cold neutron intensity. While reactors have historicdy been superior for cold neutron
production due to dedicated moderators, advancements inafation source design have sig-
ni cantly reduced this gap. The choice between spallationral reactor sources depends on

experimental requirements, with spallation sources extiaey in applications where pulsed
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neutron delivery is bene cial and reactors providing advamages in scenarios that require
sustained high ux and long-duration measurements.

Once neutrons are produced, they must be guided and conditied before reaching the
experimental instruments. Neutrons are transported alongdamlines, which are typically
evacuated to minimize losses due to air scattering. Theseadmalines often incorporate
monochromators or choppers to re ne the neutron energy sgaem based on experimen-
tal needs. Monochromators, typically made from highly orded crystals such as pyrolytic
graphite or silicon, use Bragg re ection to select a singleentron wavelength, making them
essential for techniques like neutron diraction and tripe-axis spectroscopy. In contrast,
choppersjrapidly rotating disks with precisely spaced slis|control the time structure of
the neutron beam, a crucial component for time-of- ight spetroscopy.

Additional neutron optics, such as supermirror guides and éoising elements, enhance
beam intensity and optimize spatial coherence. Superming composed of multilayer coat-
ings of materials like Ni/Ti, extend the range of total re ection, allowing e cient transport
of neutrons over long distances. Some instruments also emppolarizers and spin lters to
prepare beams with speci c spin states, enabling polarizedutron scattering experiments.

Once neutrons have been guided and conditioned, they intetawith the sample at the
experimental station, where di erent scattering techniges are used to extract structural
and dynamical information. The experimental setup often iguires specialized sample en-
vironments to control external conditions such as temperate, magnetic eld, or pressure,
ensuring that materials are studied under relevant thermoghamic regimes. Closed-cycle
refrigerators (CCRs) and helium cryostats enable low-tengpature measurements, while di-
lution refrigerators (DRs) are essential for reaching ula-low temperatures below 100 mK,
making them crucial for studying quantum ground states andolv-energy excitations. High-
temperature furnaces can reach up to 1800 K using neutroratisparent shielding materi-
als like vanadium or niobium. Superconducting magnets allofor static magnetic eld-

dependent experiments up to 15 T, whereas pulsed magnets\pde access to higher elds

69



for short-duration measurements. Pressure cells, such aardond anvil cells, enable studies
under extreme conditions, with careful material selectioto minimize neutron attenuation.
The sample itself must be mounted in low-background holdersuch as thin-walled aluminum
or vanadium cans for powders, or silicon and sapphire platés single crystals.

The simplest of the neutron scattering techniques is neutnodi raction, which relies
on the elastic scattering of neutrons to determine the atomiand magnetic arrangements
within a material. When the neutron wavelength is comparabléo interatomic distances,
di raction occurs according to Bragg's law (Eq. 2.18), prodcing a pattern that encodes
information about the sample's periodic structure. This tehnique is widely used to re ne
crystal structures, identify phase transitions, and probenagnetic ordering.

For most bulk structural and magnetic investigations, powdr neutron di raction is the
method of choice. In this approach, a powdered sample|consiing of randomly oriented
microcrystals|is placed in a neutron beam, producing scatéered intensities that form con-
centric rings. Instead of detecting the full rings, neutrompowder di ractometers use position-
sensitive detector banks arranged at xed angles to colledt raction intensities as a function
of scattering angle 2. Similar to PXRD (discussed in Section 2.2.3), the data is recded as
intensity vs. 2 , allowing structural and magnetic information to be extrated. By analyzing
the positions, intensities, and shapes of the peaks in thigfpern, researchers can determine
lattice parameters, atomic positions, and long-range magtic ordering in polycrystalline
materials.

While neutron di raction provides valuable static structural and magnetic information,
many physical properties of interest|such as spin excitatons, phonons, and other collective
modes|require probing inelastic processes, where neutrerexchange energy with the sample.
Studying these excitations necessitates measuring the hanergy of the scattered neutrons,
which is not analyzed in standard di raction experiments. his can be accomplished through
energy-resolved techniques that either use an analyzer stgl to select a speci ¢ nal energy

or determine it through the neutron's travel time. The forme approach is the basis of triple-
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axis spectroscopy (TAS), which allows for detailed energyamentum mapping of excitations,
while the latter forms the foundation of time-of- ight (TOF) spectroscopy, where a broad
energy range is accessed in a single measurement.

Triple-axis spectroscopy (TAS) is an inelastic neutron sctdring technique used to mea-
sure momentum- and energy-resolved excitations in mateilsa Unlike diraction, which
probes static structures, TAS allows the study of dynamical ppcesses such as spin waves,
phonons, and other collective excitations. The name \trig-axis" refers to the three key
rotational axes involved in the experiment: the monochromar, sample, and analyzer crys-
tal. A monochromator crystal rst selects neutrons of a spec incident energy before they
interact with the sample. Some neutrons scatter elasticgll while others exchange energy
and momentum with the sample, undergoing inelastic scatteig. To determine the energy
change, the scattered neutrons pass through an analyzer stad, which selects only those
with a speci ¢ nal energy based on Bragg re ection. A deteatr then measures the inten-
sity of these energy-selected neutrons, allowing reseathto extract information about the
sample's excitations.

TAS provides a high degree of exibility in data collection, 8 measurements can be
performed in di erent scanning modes. By xing the momentumtransfer and varying the
energy transfer, constan) scans reveal excitation spectra at speci c wavevectors. ARit-
natively, constant-energy scans track how an excitation siperses across momentum space.
This exibility makes TAS particularly useful for mapping dispersions of well-de ned ex-
citations, such as magnons and phonons, along high-symmettirections. However, TAS
requires point-by-point scanning, which limits its e ciency when surveying broad energy
and momentum regions. Compared to time-of- ight (TOF) speatoscopy, which captures a
wide range of energy transfers simultaneously, TAS o ers Higr energy resolution but lower
data acquisition rates. This makes it ideal for detailed irestigations of speci ¢ excitations,
complementing broader surveys performed with TOF techniegs.

The data collected in TAS experiments forms a four-dimensial dataset of scattered
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intensity as a function of momentum transfer Q) and energy transfer ¢! ). Since visualizing
a full 4D dataset is impractical, results are typically ploted as 2D slices|such as intensity
maps of energy transfer vs. momentum along a particular dogon|or 1D cuts, where
intensity is plotted as a function of either energy or momenim at xed parameters. These
visualizations allow researchers to extract key informain about excitation spectra, damping,
and dispersion relations in the material.

Time-of- ight (TOF) spectroscopy is an inelastic neutron sattering technique that deter-
mines the nal energy of scattered neutrons by measuring thrdravel time after interaction
with the sample. When a neutron of known incident energy scatts from the sample, its
nal energy can be determined by measuring how long it takes treach a detector at a known
distance. This is based on the fundamental relation betweereutron velocity and energy,
where slower neutrons correspond to lower nal energies afakter neutrons to higher ener-
gies. In practice, TOF spectrometers use a precisely timeeutron pulse from a spallation
source, and the scattered neutrons are detected at di erertngles by large banks ofHe
position-sensitive detectors (PSDs) arranged in a semicie around the sample. By record-
ing the arrival time of neutrons at these detectors, their egrgy loss or gain during scattering
is determined, allowing for a full energy and momentum map tbe constructed in a single
measurement.

TOF spectroscopy is particularly well-suited for studyingoroad energy and momentum
ranges in materials, making it an essential tool for mappingiagnon and phonon dispersions,
di use scattering, and weakly correlated excitations. Beause TOF instruments collect data
over a large volume of reciprocal space in a single measuraméhey are highly e cient
for surveying excitation spectra, especially in systems wte the dispersion relations are not
well known beforehand. This makes TOF an ideal choice for drpatory studies, where
an overview of excitations across di erent momentum direains is needed before perform-
ing more targeted measurements. However, while TOF excels @pturing large energy-

momentum regions quickly, its energy resolution is typicl lower than that of triple-axis
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spectroscopy (TAS), since energy determination relies on asiring neutron ight times

rather than precise selection via an analyzer crystal. Thigade-o means that TOF is

better suited for broad overviews of excitations and weakgals, while TAS remains the
preferred method for high-resolution investigations of Mlede ned, sharp modes.

Like TAS, TOF datasets consist of intensity as a function of moentum transfer Q)
and energy transfer ! ), forming a four-dimensional dataset. Since TOF measuremis
inherently capture a broad energy-momentum range in a sirglexperiment, the data is
typically visualized as 2D intensity maps of energy vs. mom&im along speci c directions, or
1D cuts that highlight speci c features such as dispersiorefations or linewidth broadening.
This ability to capture a wide spectral range e ciently makes TOF particularly valuable
for studying complex excitation landscapes, especially Bystems with multiple interacting

modes or di use scattering features.
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Chapter 3

A Rurther Investigation Into the

Properties of Yb 5Si,07

3.1 Context

When quantum objects are forced to make a choice between ashik physical states, the
universe often allows them to exist in a combination of all Esible states simultaneously|an
e ect known as quantum entanglementOver the past century, extensive multi-disciplinary
e orts have sought to explore, understand, and harness thghenomenon, pushing modern
physics and technology toward a quantum future.

However, a fundamental challenge arises when carefully paeed quantum systems inter-
act with the chaotic, non-Hermitian external environment. 8ch interactions cause decoher-
ence, e ectively averaging out quantum e ects beyond micstopic scales [75]. To combat
this, physicists employ extreme isolation techniques to nrdain coherence across measur-
able distances. One promising avenue lies within condensaa@tter physics, where highly
symmetric electromagnetic environments can stabilize etko quantum states, making them
accessible for experimental study.

One particularly striking manifestation of quantum entandement in condensed matter
systems is the Quantum Dimer Magnet (QDM). In a QDM, entangle pairs of spin—; particles
form a lattice of dimers, with a nonmagnetic singlet groundtate jS = 0;ms = 0i. The rst
excited statesitriplets ( jS=1;ms = 1;0; 1li)|are separated from the singlet by a nite

spin gap () and behave as bosonic quasiparticles known asiplons. In the presence of
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Figure 3.1: (a) Diagram illustrating the Zeeman splitting ofdimer energy levels. States are
labelled with their respective kets. Zero eld spin gap andcritical elds are shown along
the axes. The red shading indicates the energy dispersionedto intradimer interactions
and the blue shading indicates the eld region where triplonare thought to condense into a
BEC. (b) BEC dome of Y, Si,O; mapped out via transitions in heat capacity and ultrasound
resonance measurements, adapted from Ref.[11].

a magnetic eld, the degeneracy of the triplet states is litd, and decreases until the
spin gap closes at a critical eldH.. For H  H, triplons become energetically favorable,
e ectively replacing the singlet ground state. This is illstrated in Fig. 3.1.

Above H., the system enters a Bose-Einstein Condensate (BEC) of tlaqms, where
a macroscopic humber of bosons occupy the lowest-energygkerparticle state. This
transition|analogous to super uidity or superconductivi ty|breaks a continuous U(1) sym-
metry, leading to the emergence of long-range XY antiferrorgaetic (AFM) order. The
eld-induced phase diagram of a QDM thus resembles a \BEC daogfi, where the ordered
phase exists between two critical eldsH.; and H¢, [76].

In 2019, Hester et al. identi ed Y,Si,O; as the rst rare-earth-based QDM [11]. This
system exhibits BEC-like triplon condensation, making it a ideal candidate for experimental
and theoretical study. Unlike transition metal QDMs, Yl Si,O- features strong spin-orbit

coupling (SOC) and crystal electric eld (CEF) e ects, which stabilize an e ective spin%
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Figure 3.2: (a) Monoclinic (C2/m) crystal structure of Yb,Si,O; as viewed along thes axis,
and (b) as viewed from theb axis. Yb atoms (blue) form a distorted honeycomb lattice in
the ab-plane. Si atoms are cyan. O atoms are red. Interlayer and nafinterdimer distances
and exchanges are illustrated in black.

description at low temperatures. Its monoclinic C2/m crystl structure (Figure 3.2) cre-
ates a distorted honeycomb lattice of Y& ions, where subtle structural di erences enhance
intradimer interactions relative to interdimer ones, stallizing robust singlet pairs, i.e., quan-
tum dimers.

Experimental studies, including speci ¢ heat, ultrasoundrelocity, and inelastic neutron
scattering (INS), have been used to map out the BEC phase diagn of Yb,Si,O;. These
measurements provided strong evidence for eld-induced aée transitions and the forma-
tion of a Bose-Einstein condensate (BEC) of triplons, estéibhing Yb,Si,O; as a rare-earth
guantum dimer magnet (QDM). However, despite clear thermodhyamic signatures of a phase
transition leading into the BEC dome, determination of the prticular antiferromagnetic
(AFM) order remained elusive.

In many quantum dimer magnets, the BEC phase is characterideby long-range XY
AFM order, which should be observable via elastic neutron sdating. A previous di raction
experiment on HB-1A attempted to detect this ordering by measing Bragg peak intensities
as a function of applied eld. However, these measurementsneenconclusive due to limited

resolution and an unfortunate sample torquing caused by thstrong g-tensor anisotropy,
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Figure 3.3: Measurements used to map out the BEC dome of ¥%,0;. (a) Specic heat
measurements as a function of temperature and magnetic eldAs magnetic eld is in-
creased, a sharp transition can be seen at lower elds, whigdmooths out at elds above
1T before dissapating at higher elds. (b) Ultrasound veloty measurements as function of
temperature and eld. Aside from the obvious slope changesamd the critical elds H¢;
and H.,, an additional kink feature is observed around the proposeatystery eld H,
1.1T.

which led to uncertainty in crystal alignment. As a result, itwas not possible to reliably and
precisely determine the magnetic structure.

Additionally, recent measurements indicate the presence wfo distinct phases within the
BEC dome of Y,Si207, which deviates from the behavior expected in convemtal QDM
models. This phenomenon is evident in both the heat capacignd ultrasound velocity data
(Fig. 3.3). Speci cally, while clear slope changes are obsed around the critical elds H¢
and H.,, an additional anomaly appears around the intermediate & H, 1.1T. This
observation suggests a two-phase structure within the BECothe.

To account for this unconventional phase behavior, a thedreal model was recently pro-
posed that introduces a staggered-tensor [12]. The model hypothesizes that the principal
axis of theg-tensor is tilted away from the crystallographicc-axis and alternates in direction
between adjacent Yb sites, resulting in staggerebl, and My, moments. This symmetry

breaking generates o -diagonal components in the orderethte, which could directly a ect
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Figure 3.4: Magnetization componentd, (green), M, (blue), and M, (red) in Yb,SibO;
obtained from mean- eld theory. ForH, < H < H ,,, the presence of niteM, and M,
indicates a staggered transverse moment, characteristi€ an XY antiferromagnetic phase.
At Hpy, My vanishes, marking a transition to a canted phase, followed/Bull polarization
for H > H ,. Adapted from Ref. [12].

the Bragg peak intensities observed in neutron scattering.

Given the unusual nature of this proposed model, further exgimental veri cation was
crucial. A second attempt was necessary to both probe the nragjic structure within the
BEC dome and rigorously test the staggered-tensor hypothesis. The following sections
detail our improved elastic neutron scattering and magnetation measurements, aimed at
providing a de nitive assessment of the proposed model antadfying the magnetic behavior

within the BEC dome of Yb,Si,O5.

3.1.1 Contributions

The synthesis of YBSi,O; was primarily performed by H. S. Nair, T. Reeder, G. Hester,
T. N. DeLazzer, J. R. Neilson, and K. A. Ross. Magnetization measements and the analysis
was performed by A. Treglia. The elastic neutron scattering sasurements and analysis were

performed by A. Treglia, K. A. Ross, and A. A. Aczel.

3.2 Preparation

3.2.1 Theory
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The staggered g-tensor model proposed for ¥®,0O; suggests a eld-dependent compe-
tition between M, and My moments within the BEC dome. To test this hypothesis, we
calculated the expected Bragg peak intensities using theispexpectation values obtained
from mean- eld theory (MFT) by Flynn et al. [12]. These spin exgctation values predict
the evolution of magnetization component$/1,, My, and M, as a function of magnetic eld
(Fig. 3.4).

To facilitate a direct comparison with neutron scattering @ta, we computed the magnetic
form factor, F (Q), using the calculated spin components as inputs. The magdieform

factor, representing the Fourier transform of the spin deity distribution, is given by

X .
F(Q)=  Spe?'m (3.1)

m

In the monoclinic (C2/m) structure of Yb,SiLbO-, the X, y, and z axes correspond to the
&, B, and écrystallographic directions, respectively. Thereforehte magnetization vectoM

can be expressed as

M = MA& + Mb+ M,e (3.2)

We could then convertM from the monoclinic basis to cartesian coordinates with théol-

lowing transformation

& = (sin( );0;cos())
B=(0;1,0) (3:3)
¢=(cos( );0;sin( ))

which gives

M =(Mysin( )+ M,cos( );My;Mycos()+ M;sin( )) (3.4)
In the interest of clarity, we show the magnetic unit cell in Fig 3.5, and write out the

79



bg———~—~—=—=—"===-=
1 !

B ® e :
o 1
B 1
1

1

A o |
. — 1
Ta 1)) 1
D(B) |

Q¢

Figure 3.5: Magnetic unit cell of YBSiLO;. Black dots are the Yb sites, red vectors show
the cartesian coordinates of each, and each of the four siisdesignated as lying on thé\
or B sublattices.

position vectors,r; as

ra=yb = (0;y1b;0);
rg = y2b = (0;y2b;0);
1 1 (3.5)
c= Ea + y3b = Ea, y3b,0 ;
1 1
ro=za+(1 y)b= Zaj(l ys)b;0
2 2
Additionally, we can write out the reciprocal lattice vectorin the monoclinic basis as
2h 2k 21 csc 2h cot
Q=(21; 2k, 2l o) ) (356)

a’' b’ c a

With our geometry now explicitly established, we can move tdie calculation of the magnetic
form factor.

For a given magnetic eldH = H2, we can expand the magnetic form factor as a sum

over the 4 magnetic lattice sites A-D in the magnetic unit cell

X

M e
m (3.7)
= MA@ VKt Mge? VK4 M @ 3HYskl 4\ @ 115+ ya)kl.

F(Q)

In order to include the staggered component of the g-tensare must then stipulate that
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Figure 3.6: Expected bragg peak intensity behavior as a funah of applied magnetic eld.
The four peaks shown here were selected based on availableo@tage in HB-1A as well as
those that would clearly display a hump signature within thedome for this staggered model
(aside from (200), which is only sensitive to the-component).

the x and y components of allB sites are ipped. We can now write out the fully expanded

vector magnetic form factor as

F (Q) =(Mysin( )+ M, cos( );My; My cos( )+ M,sin( ))e* Vi
+( Mysin() M,cos(); My;Mycos( )+ M,sin( ))e? ¥
(3.8)
+(My sin( )+ M, cos( );My; M, cos( )+ M, sin( ))e? iz+YsK

+( Mysin( ) M,cos(); My;M,cos()+ M,sin( ))e? *@ o)kl

Since neutron scattering measures magnetic moments pergenlar to the scattering
vector Q, the experimentally relevant quantity isjF » (Q)j?, the perpendicular component
of the magnetic form factor, which is directly proportionalto the expected Bragg peak

intensities.

For this next step, we rst take the component ofF that is perpendicular to Q with the

relation
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Once we have the perpendicular component, we then take itsnjogate squared to reveal

F.(Q)=F Q (3.9)

a function of Q, as well as the magnetic eld dependeri! values from the work of Flynn
et al.

Fig. 3.6 depicts a few of the selected results from the calctitan of jF » (Q)j? as function of
Q and external magnetic eldH . It should be noted that this model was used to qualitatively
compare to neutron scattering results, as expected intetysis not equal to jF » (Q)j?, but
simply proportional. Though the intensity from actual neutons will be scaled di erently,
the appearance (or lack thereof) of hump signatures withirhe BEC dome for peaks sensitive
to the x and y components should be within our experimental resolution.

For comparison, we also calculatejfr » (Q)j? without staggering thex andy components.
This can be seen in Fig. 3.7, where we show the same four braggksewith a purely uniform

(z) component. From this, we can see that no hump signatures widube seen within the
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BEC dome. Rather, we would expect to see a purely monotonicogvth until the spins are

fully polarized above H,.

3.2.2 Samples

Single-crystal samples of Y{5i,0; were previously synthesized using the optical oating
zone (OFZ) method, a technique well-suited for growing higpurity, large single crystals.
The starting material was prepared by combining stoichiomec amounts of Yb,0O3 and SiO,,
followed by multiple heating cycles at 135@ under high-temperature conditions to ensure
complete reaction and phase purity. The resultant polycryalline material was then hydro-
statically pressed into cylindrical rods with an 8 mm diamedr, which served as feedstock for
crystal growth.

Crystals were grown using a Crystal Systems FZ-T-10000-H-VIMPO-PC optical oat-
ing zone furnace, under optimized conditions. The best rd&iwere obtained with 1.5 kW
lamps at 70-73% power, a growth rate of 3-5 mm/hr, and an oxygettmosphere (1-2 L/min
ow rate) to maintain oxidation conditions. A counter-rotation of 20 rpm between the feed
and seed rods was used to promote uniform crystal growth. [pée careful optimization,
most boules exhibited some level of cracking and multi-crgdlinity, which required post-
growth selection and characterization to isolate high-quity single-crystal domains.

Individual crystals were cleaved from the boule and charastized via Laue X-ray di rac-
tion to assess crystallographic quality and determine theiorientations. Since multiple
growth attempts had been performed, dozens of crystals wesereened using Laue di raction
to identify the highest-quality specimens with minimal moaicity. The nal selected crystal
exhibited well-de ned Laue di raction spots, indicative d excellent single-crystal quality. A

representative Laue image and corresponding t are shown kig. 3.8.
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Figure 3.8: Laue X-ray diraction pattern of a Yb,SLO; single crystal, showing alignment
along the crystallographicc-axis. The experimental di raction spots (bright points) dosely
match the calculated pattern (green circles), con rming hgh single-crystal quality. The t
places the sample within 1 of perfect alignment, ensuring precise orientation for sgbquent
measurements.
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3.3 Experiments

With high-quality single crystals of Yb,Si,O; selected and oriented, a series of experimen-
tal measurements were conducted to investigate its magnefproperties and eld-induced be-
havior. Our primary objectives were to characterize the asotropic magnetization response
and investigate the proposed staggeregitensor model which aims to describe the observed
two-phase structure within the BEC dome. To this end, magné&ation measurements were
performed using a superconducting quantum interference \dee (SQUID) magnetometer,
and elastic neutron scattering was conducted on HB-1A, a triplaxis spectrometer at Oak

Ridge National Labs. The following sections describe thesgperiments in detail.

3.3.1 Magnetization Measurements

Magnetization measurements were performed using a Quantubesign MPMS3 SQUID
magnetometer, equipped with the horizontal rotator probe mion to allow for controlled
angular-dependent studies. The goal of these measuremeamés to investigate the anisotropic
magnetic response of Yi{5i,0;.

Given the material's strongg-tensor anisotropy, maintaining mechanical stability duing
mounting was critical to prevent torque-induced misalignmnt in applied magnetic elds.
Initially, the sample was mounted using GE-varnish alone, ui this proved insu cient, as
the sample became dislodged during an M(H) sweep and fell irtee MPMS3 sample cham-
ber, necessitating retrieval from the sample chamber. To @vent this from recurring, the
mounting method was modi ed to a more secure sandwich con gation, where the sample
was placed between two thin quartz plates (from a broken glsslide) and secured with a
small amount of GE-varnish. This setup prevented sample gikacement while minimizing
background interference. Photographs of these mounted saegpare shown in Fig. 3.9.

The eld-dependent magnetization of YBSi,O; was measured along the crystallographic

a- andbaxesupto 7 T at 1.8 K, as shown in Fig. 3.10. The data reveal atably stronger
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Figure 3.9: Photographs of the YbSi,O; single-crystal mounting process for magnetization
measurements. (a) and (b) show the sample during alignmentrfbc-plane and ab-plane
sweeps, respectively. (c) and (d) show the nal mounted cogurations. The sample was
secured between two thin quartz plates to minimize torquegne ects under applied magnetic
elds.

response foH k a compared toH k b, consistent with previous reports [11]. Clear saturation
behavior is observed, with M(H) alongH k a reaching a near-constant value above 5 T. In
contrast, H k b exhibits a more gradual approach to saturation, asymptotally attening
near 7 T. This behavior re ects the progressive alignment ofb3" moments in the applied
eld, in accordance with the expected strong single-ion aswtropy.

Temperature-dependent magnetization measurements werenducted with H k b at a
xed eld of 1000 Oe from 300 K down to 1.8 K, as shown in Fig. 3.1 The data exhibit
a typical paramagnetic response, decreasing monotonigallith cooling, with no anomalies
observed above the expected ordering temperature of 250 mKis result is consistent with
previous thermodynamic studies, con rming that YBSi,O; remains in a paramagnetic state

within the temperature range accessible by the base MPMS3stgm.

86



-
(e}

—_
N
T

N
N
T

N
T

o
(e}
T

—a-axis| |
—b-axis

o
D
T

Magnetization [MB/Yb3+]

©
N
T

o

2 4 5 :

Magnetic Field (T)
Figure 3.10: Field-dependent magnetization of Yi%i,O; measured along the crystallographic
a- and b-axes at 1.8 K. The data show a stronger response forkda compared to Hk b,

consistent with previous reports [11]. Saturation is obseed above 5 T forH k a, while
H k b exhibits a more gradual approach toward saturation, levelg o near 7 T.

o

To further analyze the magnetic behavior, Curie-Weiss ts ere performed in two tem-
perature regimes: a high-temperature tfor > 130 K and a low-temperature t for T<40 K,
as shown in Fig. 3.11. The high-temperature t yields an e edte moment of o =2:44 g
and a Curie-Weiss temperature of cw = 252 K. The extracted e ective moment is lower
than the free-ion value of 4.54 5 expected for YB* in the J=7/2 state, consistent with
crystal eld e ects splitting the J manifold and con ning the system to a low-energy ef-
fective spin-1/2 doublet. However, the large negative Cur@/eiss temperature suggests an
apparent strong antiferromagnetic interaction, though tis likely does not re ect the true
exchange strength due to the in uence of excited crystal ellevels.

At lower temperatures, a second Curie-Weiss analysis wasfoemed for T<40 K, yielding
a signi cantly reduced e ective moment of . =0:95 g and a Curie-Weiss temperature of

cw = 2:96 K. This shift indicates that as thermal population of higler-energy crystal eld
levels becomes negligible, the system transitions to a neg dominated by the ground-state

doublet, leading to a drastically di erent susceptibility response. The near-zerocy in this
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Figure 3.11: (a) Magnetization vs. temperature for Y§5iL,O; with H k b at 1000 Oe,
showing a monotonically decreasing paramagnetic resporg@vn to 1.8 K. (b) Magnetic
susceptibility as a function of temperature, with Curie-Weiss ts shown in le inset for
high and low temperature regimes. The high-temperature tT>130 K) yields an e ective
moment of ¢ =2:44 z and a Curie-Weiss temperature of cw = 252 K, while the low-
temperature t deviates due to crystal eld e ects, yielding . =0:95 g and a Curie-Weiss
temperature of cw = 2:96 K.

range suggests that exchange interactions are relativelyak within the low-energy manifold,
emphasizing the role of anisotropic interactions and the fgnsor structure in determining the
low-temperature magnetism. These e ects will be exploredifther in later sections, where
we discuss the anisotropig-tensor and its implications for the observed magnetic prapties.

The angle-dependent magnetization measurements show aaclperiodicity, with max-
ima and minima corresponding to the high-symmetry directias of thed' , B, and ¢ crystal-
lographic axes. The overall trend followdM. > M ; > My, with the di erence betweenM_
and M, being relatively small. This alignment of the principal axe along thea", f, and ¢
directions suggests that the g-tensor is not signi cantlyitted away from the c-axis, as was
proposed in the staggered g-tensor model.

These measurements display strong reproducibility, witHase agreement between forward
and reverse rotations, as well as consistency with eld-depdentM (H) measurements along

the principal axes. The polar representation in Fig. 3.12b fther highlights the anisotropic
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Figure 3.12: (a) (a) Angle-dependent magnetization measuremts of Yb,SiL,O; at 1.8 K
and 5 T, showing a periodic response with extrema occurringpse to 90 intervals. Minor
deviations from exact periodicity are likely due to slight nsalignment or imperfect rotation
through the intended crystallographic plane. (b) The corrgponding polar plot highlights
the anisotropic nature of the response.

response, revealing a slight asymmetry, likely due to mineample misalignment or imperfect
rotation through the intended plane. These results will be idcussed in more detail in a

following section.

3.3.2 Neutron Scattering

The neutron scattering experiment was conducted on pre-moted Yb,Si,O; single-crystal
samples that were shipped to Oak Ridge National Laboratory (RNL) for measurement. The
samples were pre-mounted prior to this study, and while deta of their original mounting are
unavailable, they were used as received for elastic neutrscattering measurements without
modi cation.

The neutron scattering experiment was conducted using the HBA triple-axis spectrom-
eter (TAS) at the High Flux Isotope Reactor (HFIR) at Oak Ridge Natianal Laboratory

(ORNL). HB-1A is a xed-incident-energy spectrometer optimzed for elastic scattering mea-
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Figure 3.13: Field-dependent neutron scattering intensity taselected Bragg peaks in
Yb,SiO;, measured as a function of applied magnetic eld. The data (lee points) closely
follow the predictions of the uniform moment model (black) eross the entire eld range,
while the staggered moment model (green) predicts a humgkei feature in the intermedi-
ate eld range that is not observed. This absence of staggérenagnetization suggests that
Yb,SibO; does not exhibit the expected two-sublattice antiferromaggetic order, challenging
prior theoretical expectations and raising questions abbuhe nature of magnetic correla-

tions in the system.

surements, making it well-suited for tracking Bragg peak tensities as a function of applied
magnetic eld. Measurements were performed at a base tempture of approximately 50
mK using a dilution refrigerator, with applied elds up to 2.25 T. The primary objective
was to monitor the intensity of selected magnetic Bragg peakas a function of eld and

compare the observed behavior to theoretical prediction&s discussed in Section 3.2.1, the
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staggeredg-tensor model predicts that, within the BEC dome H; <H< H ), Bragg peaks
sensitive to thex- and y-spin components should exhibit a characteristic hump feate. By
comparing the measured intensity evolution to the uniform rad staggered moment models,
the experiment aimed to assess whether ¥8,0O; hosts a eld-induced antiferromagnetic
state consistent with prior theoretical and experimental wrk.

Selected results from the experiment are presented in Fig.13, showing the
eld-dependent Bragg peak intensities alongside two theetical models: a staggered-tensor
model (green) and a uniform moment model (black). The modetse normalized to match
the experimental data in the high- eld polarized limit (H > H ,), allowing for a direct quali-
tative comparison. The data do not show a discernible humpdeure within the intermediate
eld regime predicted by the staggered model, while the urdfm model shows a more con-
sistent alignment with the observed trend. This suggests &t the staggeredg-tensor model
may not fully capture the eld-dependent magnetic behavioof Yb,Si,O;. The implications
of this result are discussed further in the following sectip where we explore the potential

limitations of the model and alternative interpretations.

3.4 Discussion

The results presented in this study provide important insifgts into the magnetic behavior
of Yb,SibO7. Our experimental e orts focused on two main objectives: {lverifying the pre-
viously observed eld-induced magnetic behavior and anisopy, and (2) evaluating whether
the staggeredg-tensor model could account for the unconventional two-phasstructure ob-
served within the BEC dome. Through comprehensive magneditzon and neutron scattering
experiments, we systematically investigated the magnetgtructure of Yb,Si,O7 in the con-
text of this staggered model. Instead, our ndings stronglyndicate that this model does
not accurately describe the magnetic structure, challengg prior theoretical predictions.

Our magnetization measurements revealed a highly anisofiic response, consistent with
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the presence of strong single-ion anisotropy. The eld-depdent data was consistent with
the previous study by Hester et al. [11]. The temperature-depdent magnetization data dis-
played a clear transition from a high-temperature paramaggtic regime to a low-temperature
regime dominated by an e ective spin-1/2 doublet. Notably, he high-temperature Curie-
Weiss t (T >130 K) yielded a large negative cw, indicative of apparent strong antifer-
romagnetic interactions. However, this e ect likely re ecs the in uence of excited crystal
eld states rather than intrinsic exchange interactions. A lower temperatures (T<40 K),

the e ective moment decreases signi cantly, re ecting thedominant role of the ground-state
doublet and revealing much weaker exchange interactions.

Angle-dependent magnetization measurements revealed thidite principal axes of the
magnetic response align with the crystallographid' , B, and e directions, rather than being
tilted away from the c-axis as proposed by the staggeregitensor model. This observation
provides strong evidence against the model's key prediatidhat the g-tensor principal axis
alternates between adjacent Yb sites. The polar representan of the angle-dependent data
highlights the anisotropic response, showing a slight asymetry, which is likely attributable
to minor sample misalignment or imperfect rotation throughhe intended plane.

Neutron scattering measurements were conducted to invesiig whether the staggered
g-tensor model could account for the unconventional two-plsa structure observed within
the BEC dome. Field-dependent Bragg peak intensities were asired and compared to pre-
dictions from both the staggeredy-tensor model and a uniform moment model. The models
were normalized to match the high- eld polarized limit H > H ,) to facilitate a direct
gualitative comparison. The experimental data consistelyt followed the uniform moment
model across the entire eld range, whereas the staggered aed predicted a characteristic
hump feature in the intermediate eld regime that was not obsrved within the experimental
resolution.

While the absence of nonmonotonicity in the Bragg peak inteitg suggests that the

staggeredg-tensor model does not accurately describe the eld-indudenagnetic structure
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of Yb,Sib,O-, there are some considerations to address. One possibiigyhat strong quantum
uctuations could suppress the expected hump feature, prewmting its resolution. Another
is that the sample may not have fully reached base temperatiduring the measurement,
which could reduce the visibility of subtle magnetic e ectsHowever, both of these scenarios
are unlikely given the consistency of the data with the unifon moment model and the robust
evidence from magnetization measurements indicating théthe principal axis lies along the
crystallographic c-axis. These factors strongly disfavdhe staggeredg-tensor model as an

explanation for the two-phase structure observed within th BEC dome.
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Chapter 4

Synthesis, Preparation, and

Experimentation on ErCl 3

4.1 Context

Early in our investigation of potential Quantum Spin Liquid (QSL) candidates, we ex-
plored a diverse range of materials with properties that ajned with the theoretical require-
ments for realizing Kitaev or other bond-dependent interdmons. Key criteria included the
presence of spin-1/2 (or e ective spin-1/2) particles arnaged on a honeycomb lattice, crystal
symmetries capable of suppressing competing interactiosisch as the Dzyaloshinskii-Moriya
(DM) interaction through inversion symmetry, and su cient interlayer spacing to con ne
magnetic interactions to two dimensions[77, 78, 79]. Adddnally, practical considerations,
such as the ability to synthesize these materials in bulk quéties for neutron scattering
experiments, were essential.

Our initial attention was drawn to the RX; series (RX%, where R = rare-earth, X = Cl,
Br, 1), with YbCI ; standing out as a promising candidate. This interest stemmdefrom its
compatibility with our imposed criteria and its mention in recent theoretical papers predict-
ing bond-dependent anisotropic exchange interactions [881, 79]. These predictions were
largely attributed to the edge-sharing octahedra of ligandons surrounding the rare-earth
ions, which provide the superexchange pathways necessamyfacilitate the bond-dependent
exchange anisotropy. Moreover, YbGlwas readily available in polycrystalline powder form

and reportedly amenable to growth into large crystals via @mical vapor transport (CVT),
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a synthesis technique that was both familiar and accessif#8].

After successfully synthesizing single crystals of YbLlusing the CVT technique, we
validated their purity through magnetization and speci ¢ heat measurements, nding ex-
cellent agreement with existing literature[82]. These re#is con rmed the suitability of
our samples for further investigation. Subsequently, we pposed several inelastic neutron
scattering experiments to quantify the exchange interaans in the ground state by tting
measured spin waves using a linear spin wave theory (LSWT) @eneterized by Kitaev-
based models. However, Sala et al. conducted similar expegims and demonstrated that
YbCl; behaves as a nearly ideal two-dimensional Heisenberg amtidenagnet with a Neel
ground state [83, 84]. This nding implies that the magneticinteractions in YbCl; are
isotropic and dominated by nearest-neighbor Heisenberg &ange, contrasting sharply with
the bond-dependent anisotropic exchange predicted in Kia-based models. With no evi-
dence of Kitaev-like interactions in YbC}, we turned to alternative RX; compounds where
anisotropic exchange may be stronger.

While YbCI3; remains an intriguing subject for studying phenomena suchsanagnon dy-
namics, magnetic eld dependence, and the e ects of strongis-orbit coupling in Heisenberg
materials, we shifted our focus to another member of this faly|ErCl 3. This transition
was motivated by several unique properties of Ergthat distinguish it from other RX 3 com-
pounds. The EF* ion (4f 1!) has a larger unquenched orbital moment, resulting in strajer
spin-orbit coupling and enhanced single-ion anisotropy ewared to Yb**, making its ex-
change interactions more sensitive to the crystal eld enkonment. These factors contribute
to a greater likelihood of bond-dependent exchange intetaans, a crucial ingredient for real-
izing Kitaev-like physics. Furthermore, neutron di raction studies have revealed an unusual
antiferromagnetic order in ErCk, distinct from the simple Neel state seen in Yb{, suggest-
ing that competing interactions contribute to its ground shate[85, 86, 15]. These attributes,
along with its structural compatibility with theoretical m odels, make ErCJ a particularly

promising candidate for exploring novel quantum magnetichgnomena.
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This chapter rst details the synthesis and optimization ofhigh-quality single crystals
of ErCls, an essential step for ensuring the reliability of subsequieneutron scattering ex-
periments. Special emphasis is placed on the iterative déygment of synthesis methods,
addressing the unique challenges posed by the air-sengtand hygroscopic nature of the
material. Detailed discussions will outline the innovatie techniques employed to maintain
sample integrity during preparation and experimentation,including strategies for air-free
handling and transport.

Following the synthesis and preparation, we then describ&e meticulous planning and
execution of inelastic neutron scattering experiments. Tse experiments are designed to
probe the bond-dependent anisotropic exchange interaati® that underpin the magnetic
behavior of ErCk. By leveraging state-of-the-art experimental setups andada analysis
techniques, this work seeks to elucidate the underlying meamisms that drive the observed
magnetic phenomena. Through this exploration, we aim to ctnbute to the broader un-
derstanding of anisotropic exchange interactions and thieiole in stabilizing exotic quantum

states of matter.

4.1.1 Contributions

Attention was guided to the investigation of these materia by K. A. Ross. Synthesis was
performed by A. Treglia and J. R. Neilson. Magnetization measaments and analysis were
performed by A. Treglia. Air-Sensitive components were falmated by A. Treglia and J.
Breitschopf. Inelastic neutron experiments and analysisese performed by A. Treglia, D.

Yahne, J. R. Neilson, J. Lass, and D. Mazzone.

4.2 Synthesis

In this work, we synthesized large single crystals of Erglsing the modi ed Bridgman

method discussed in Section 2.2.2. This approach was sedelcover alternative techniques
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such as chemical vapor transport (CVT) and ux growth due to itsability to produce

high-purity crystals without requiring transport agents a residual ux that could introduce

impurities or complicate post-growth processing, as welkats simple solution to scalability.
The modi ed Bridgman method was optimized based on prior warwith rare-earth trihalides,

incorporating re nements in ampoule preparation, temperare control, and post-growth
handling to improve crystal quality and reproducibility. Given the highly hygroscopic nature
of ErCl;, extensive precautions were taken to maintain an air-freeneironment throughout

the synthesis process, from precursor preparation to nabhmple storage.

The synthesis began with thorough cleaning and drying of qua ampoules to remove
surface contaminants and residual moisture, both of whickan compromise the integrity of
the crystal growth process. Ampoules were rst cleaned by saential washes with organic
solvents and deionized (DI) water to dissolve organic resids and remove particulates. After
rinsing, they were baked overnight at 16@ to eliminate any remaining surface-adsorbed
moisture. The ampoules were then ame-dried under vacuum (L0 mTorr) to remove any
residual water molecules, ensuring that the inner walls wercompletely dry. To prevent
re-exposure to ambient air, the ampoules were transferreato the glovebox under vacuum
using a sealed transfer system consisting of a series of Kfhges and an intermediate ball
valve. This method ensured that the ampoules remained istéal from moisture throughout
the transfer process. Once inside the glovebox, commerlyigdurchased ErCh powder (99.9%
REO, Alfa Aesar) was loaded into the ampoules under an argon atrsphere. Using the same
sealed transfer system, the loaded ampoules were then trpoged back to the vacuum
line, where they were evacuated to 10 mTorr before being permanently sealed with a
methane-oxygen torch. This ensured that the ampoules renm&d air-free throughout the
entire process, preserving the integrity of the precursor aterial before growth.

The sealed ampoules were placed in a temperature-contrdliube furnace, where the
heating pro le (Fig. 4.1a) was optimized to promote high-quiity single-crystal growth while

minimizing thermal stress and unwanted nucleation e ectsThe furnace was rst heated to
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Figure 4.1. (a)Temperature pro le for ErCk crystal growth using the modi ed Bridgman

method. The schedule includes the initial heating phase almthe melting point, an extended
hold at 823 C, and a gradual cooling period to well below the melting padin(red dashed

line) over 1{2 weeks to promote high-quality crystallizatbon. A nal furnace-cooling step

completes the process. (b) Diagram illustrating cross-dem of ErCl; growth ampoule after

synthesis has been completed. Open circles represent théyprystalline areas close to the
guartz ampoule walls and lines indicate the crystallized ce.

about 50 C above the melting point of ErCk, which is reported to be 776C [87], over several
hours to ensure complete melting of the precursor material.lhe melt was then held at this
temperature for an extended period to allow for full homogération and to reduce thermal
uctuations. Avoiding excessive overheating was crucial,sait could increase the volatility
of molten ErCls, leading to splashing on the ampoule walls and possible disgtion into
elemental Er and Cl gases. The cooling process was carefubntrolled to optimize crys-
tallinity and prevent the formation of polycrystalline grains. The temperature was gradually
reduced to about 100C below the melting point, followed by a natural furnace codb room
temperature. This temperature schedule was re ned to accoufor variations in furnace ac-
curacy, as di erent furnaces exhibited inconsistencies meported temperatures and in which
zones were accurately measured. These re nements ensureproducible growth conditions
and enhanced the uniformity of the resulting single crystal

After cooling, the ampoule contained a large crystalline massurrounded by a polycrys-
talline crust, as illustrated in Fig. 4.1b. To retrieve the angle-crystal core, the ampoule

was scored with a diamond saw and broken open inside the glogg to prevent exposure
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Figure 4.2: ErCk Single Crystals After Synthesis|Photograph of synthesizedErCl; single
crystals stored in labeled glass vials. The crystals exhiba distinct pink hue, with sizes
ranging from small fragments to larger pieces. The scale beepresents 5 cm, providing a
reference for the crystal dimensions.

to air. The polycrystalline crust was mechanically removedsing a ne blade, revealing a
well-formed single crystal typically measuring several iimeters to centimeters in size. The
nal product was stored in an argon-sealed container to prewt degradation before further
characterization. The relative fraction of single-crystamaterial to polycrystalline byproduct

could be improved by re ning the temperature setpoints, camolling the cooling rate, and

optimizing the sealed ampoule geometry. Larger crystalsud be grown by increasing the
precursor load, though this required careful tuning of grath parameters to prevent exces-
sive strain within the sample. These re nements collectig enhanced the reliability and

reproducibility of the modi ed Bridgman technique for ErCl;, ensuring the production of
high-quality single crystals (as pictured in Fig. 4.2) suitble for neutron scattering and other

experimental investigations.

4.3 Air-Sensitive Handling Techniques

When exposed to atmospheric moisture, Erglrapidly absorbs water and forms the

hydrate, ErCl; 6H,0. This behavior is common among lanthanide chlorides due toeir high
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Figure 4.3: Degradation of ErC4 Crystals Upon Air Exposure|lmage showing ErClz single
crystals after exposure to ambient air, resulting in signcant hydration and decomposition
into a ne, white powder. This transformation occurs due to he hygroscopic nature of
ErCl3, which rapidly absorbs moisture and forms ErGI6H,0, leading to structural collapse
and deliquescence.

charge density and strong a nity for polar water molecules §8, 89]. This hydration process
is energetically favorable, resulting in a structural trasformation that signi cantly alters
the physical properties of the compound. In many cases, thembination of hygroscopicity
and weak interlayer interactions leads to deliquescencehere the solid absorbs su cient
water to dissolve into solution. Any exposure to ambient atmepheric conditions will cause
ErCl; crystals to degrade into a ne white powder within hours (Fig4.3). Even momentary
exposure to air can initiate signi cant degradation, as maiure rapidly reacts with the crystal
surface. Once exposed, the damage is irreversible, as momstinduced structural changes
cannot be undone, even upon returning to an inert environmenThis extreme sensitivity
necessitates that all handling and experimental procedwsde performed under strictly inert
or dry conditions

to prevent rapid degradation and preserve the crystallineuglity. To address this challenge,
extensive e orts were made to develop air-free methods faraple preparation and measure-
ment, leading to the majority of experimental work being coducted inside an argon- lled

glovebox.
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Figure 4.4: Air-Free Powder X-ray Di raction (PXRD) Sample Preparation|lmage demon-
strating the air-free method for PXRD measurements, where aopvder sample is sealed onto
a zero-di raction plate (ZDP) using Kapton tape. This techngue prevents moisture con-
tamination and degradation during data collection, ensung the integrity of air-sensitive
samples.

For powder X-ray diraction (PXRD), an air-free mounting technique was necessary to
prevent moisture contamination during measurements. Sangs were sealed onto the zero-
di raction plate (ZDP) under an inert atmosphere using Kapbon tape (Fig. 4.4). While
Kapton tape introduces minor background noise at lower 2angles, it remains a widely used
and e ective sealing method for protecting air-sensitiveanples. All sample preparation
steps, including mounting onto the ZDP, were performed indge the glovebox to minimize air
exposure and prevent sample degradation during data coltemn.

For Laue diraction, we developed a sealed Air-Tight Module (AM) to allow samples
to be mounted in an argon- lled environment and transferredo the Laue X-ray system
without exposure to ambient air. This design was inspired bg previous method developed
for neutron scattering on air-sensitive materials [90] anddapted for use in X-ray alignment.
The ATM functioned as a fully enclosed chamber, isolated fno the surrounding atmosphere
by tightening a KF50 clamp around its outer perimeter. The frat side featured a transparent
elastic window, which permitted X-rays to pass through whilalso enabling in situ crystal
adjustments. Sample positioning could be ne-tuned in sitlby gently pressing a Q-tip
against the elastic Im, allowing adjustments without bre&ing containment. To ensure

reproducibility and stability during measurements, the ATM was mounted inside the Laue
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Figure 4.5: Air-Tight Module used for air-free Laue di racticn and crystal orientation. (a)
Exploded view. (b) Assembled view. (c) Mounted in the Laue X-gacabinet with a custom
3D printed holder.

cabinet using a custom 3D-printed holder, which provided a sere and consistent alignment
for all samples.

Beyond its role in Laue di raction, the ATM was designed to bénighly modular, making it
adaptable to di erent custom sample stages, as well as tragmsrtation and neutron scattering
canisters. This adaptability made it a versatile tool for hadling air-sensitive materials
across multiple experimental setups while maintaining amert environment. By swapping
out internal mounting components, the ATM could be con gure to securely hold di erent
sample holders, ensuring compatibility with various techiques. This design was particularly
useful for measurements requiring air-free sample transfeetween preparation environments
and experimental apparatus. One such application involvethe use of the ATM alongside
custom 3D-printed sample stages for magnetization measarents, ensuring that air-sensitive
samples remained fully protected throughout the process.

To facilitate air-free magnetization measurements, we delped custom 3D-printed PLA
(polylactic acid) sample stages, chosen for their negliggbmagnetic signal. These stages were
designed to be fully compatible with the ATM, allowing sampés to be rst aligned using Laue
di raction before being sealed inside a glovebox for trangptation. To ensure an airtight
seal, a thin layer of GE varnish (7031) was applied to the vadal sides of the upper tier of
the stage, where the cap would slide down and make contact,epenting any exposure to

ambient air. Once sealed, the entire assembly could be ditlgantegrated into the MPMS by
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Figure 4.6: CAD models of custom 3D printed sample stages dewd for the MPMS. (a)
Standard 3D-printed sample stage designed for air-free spi@ handling and integration with
experimental setups. (b) Modi ed vertical stage, allowindgor alternative mounting orienta-
tions while maintaining an inert environment. Both designsvere developed for compatibility
with the Air-Tight Module (ATM), enabling seamless transferbetween preparation and mea-
surement environments without air exposure.

inserting the sealed stage into the end of a standard straw.his approach provided a fully
air-free work ow, protecting sensitive samples throughduthe measurement process. The
design relied on mechanical mounting, with a removable capairing the sample in place,
eliminating the need for adhesives or additional fastenerédditionally, the exibility of 3D
printing allowed for customized mounting angles, making ipossible to position samples at
arbitrary orientations with respect to the applied magnett eld|an approach that could be
useful for future angular-dependent magnetization studse

The standard procedure for heat capacity measurements onquired slight modi cation
to accommodate the air sensitivity of ErC{. The PPMS heat capacity puck was rst brought
into the glovebox, where the sample was carefully placed ohnet sapphire stage using a light
coating of N-grease (Apiezon) to ensure thermal contact. Inatdard procedures, a small
vacuum assembly stabilizes the sapphire stage, preventiagcessive pressure during sample
placement. However, in the glovebox, this step had to be perfoed manually, requiring
extra care to avoid damaging the delicate stage. The stagesélf is suspended on fragile

Kapton tubes and gold wires, making it particularly suscepble to damage if pressed down
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Figure 4.7: CAD renderings of the modular Air-Tight Module (ATM) system designed for air-
free preparation, transportation, and execution of neutno scattering experiments. The top
row shows X-ray-style views, while the bottom row presents &b models. The yellow com-
ponent in all con gurations represents the sample stage, Wi serves as the mounting base
for all interchangeable modules. From left to right, the ATMis shown with three di erent
front-end attachments: the Laue diraction adapter (blue)for crystallographic alignment,
the polycarbonate transportation can (white) for secure ahtransparent air-free transport,
and the neutron scattering can (green) for direct integratin with the experimental setup.
This modular design ensured seamless transitions betweertte stage while maintaining an
inert environment.

too forcefully. This added an element of risk and required &a care when positioning the
sample. Once mounted, the puck was carefully transported tbe PPMS and inserted into
the measurement system. The brief exposure during this trafer process was insu cient
to cause signi cant sample degradation, as the N-grease layeectively minimized contact
with ambient air. This approach ensured that high-quality keat capacity data could be
collected without compromising the integrity of the sample

Conducting neutron scattering experiments on air-sensie ErCl; required a fully sealed
work ow, ensuring sample integrity during neutron scatteing experiments required a fully
sealed work ow, spanning coalignment, transport, and inggration into the instrument. To
achieve this, we designed a modular Air-Tight Module (ATM) sgtem, which enabled samples

to remain isolated from ambient air at every stage of the expienent.
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The rst step was to develop a sample stage that was compatédwith a dilution refrig-
erator system used in neutron scattering experiments, sang as the base of the ATM. This
sample stage was then modi ed by machining eight threaded les (M6 1) into the base, al-
lowing it to integrate with the ATM system. This design enabéd interchangeability between
three di erent modules: (a) the Laue di raction module, (b) the transportation module, and
(c) the neutron scattering module, each of which could be spaed inside a glovebox without
breaking containment. Fig. 4.7 illustrates the ATM's modula design, showing its di erent
con gurations. These interchangeable components highligthe system's adaptability for
each stage of the experiment.

For crystal coalignment, the sample stage was rst mountedside the ATM-Laue module
(Fig. 4.8a). This setup consisted of an SS-ATM Adapter, whichroone side mated to the
sample stage via the M6 screws and an O-ring, and on the othedes was connected to a
KF50 blank ange window secured by a KF50 clamp. Between the ageer and the blank
window ange, a spacer with an O-ring ensured a tight seal anond the elastic polymer Im,
which acted as the observation window. A proper seal was camed by the slight positive
pressure buildup inside the ATM, which caused the elastic miow to bow outward into a
concave shape as the clamp was tightened.

Once sealed in the glovebox, the ATM-Laue module was trangped to the Laue X-ray
system and mounted using a custom 3D-printed holder (Fig.4£h The initial orientation
of each crystal was determined, after which a Q-tip was used thudge the crystal into the
desired position through the elastic window. To allow for &rative adjustments, crystals were
initially held in place with putty, which provided temporary adhesion without restricting
realignment (Fig. 4.8b). Once the nal orientation was achieed, the ATM was returned to
the glovebox, where the putty was removed and a small amount GE varnish (7031) was
applied to permanently x the crystal in place. This processvas repeated until the sample
stage was fully loaded with coaligned crystals.

After coalignment, the Laue module was swapped for the tranegation module. The
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Figure 4.8: The Air-Tight Module (ATM) at various stages of airfree sample handling and
experimental integration for ErCk neutron scattering studies. (a) ATM in its Laue di raction
con guration, with the sample stage secured to the Laue ad#&r. (b) A view through the
transparent elastic Im, showing ErCk crystals inside the ATM during Laue orientation.
(c) The transportation module, designed with a transparenpolycarbonate can to ensure
airtight transport while allowing visual inspection. (d) The neutron scattering (NS) module,
featuring a fully sealed copper sample can for integrationto a dilution refrigerator system.
(e) The NS module fully assembled and attached to the dilutiorefrigerator probe for the
CAMEA instrument.

transportation can consisted of a well-polished polycarbate cylinder, designed with
threaded holes and a groove for an indium wire seal, allowingto securely mate with
the sample stage (Fig. 4.8c). The polycarbonate enclosurdoated for full visual inspection
of the interior, a critical design feature for transportaton security, as it enabled customs
agents to inspect the contents without opening the contaime The indium wire seal was

selected for its exceptional robustness, as its soft metalmposition lled gaps and created
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an airtight, durable seal that could withstand extended trasport conditions.

At the neutron facility, the ATM-transportation module was transferred into a glovebox,
where the transportation can was replaced with the neutroncattering can, ensuring the
sample remained air-free. This experimental can was constted from Copper 101, ensuring
compatibility with low-temperature neutron scattering systems. Like the transportation
can, it was secured via M6 screws and an indium wire seal to miin airtight integrity
(Fig. 4.8d). The fully assembled ATM-NS module was then remed from the glovebox
and securely mounted onto the dilution refrigerator probeThis nal step ensured seamless
integration into the neutron instrument while preserving he air-free conditions of the Erd
crystals.

This work ow enabled a fully air-free process for sample pparation, transport, and
integration into the neutron scattering instrument. The malular design of the ATM ensured
that each step|from co-alignment to nal mounting|was exec uted in a controlled, inert
environment. Although this system was designed for a specigeutron instrument and
dilution refrigerator, the approach is broadly adaptable @ other setups. The methodology
outlined here can serve as a general framework for future ean scattering experiments on
air-sensitive materials, with modi cations as needed to @mmodate di erent instruments
and cryogenic setups. Detailed blueprints of all custom-digned components developed
for air-free sample handling, including the ATM and assodied modules, can be found in

Appendix A.

4.4 Experiments

Magnetization measurements were conducted to investigatee anisotropic magnetic re-
sponse of Er({ using the MPMS3 with the *He option for low-temperature measurements.
Samples were mounted in custom 3D-printed holders (Sectidn3) to maintain an air-free

environment. The standard stage (Fig.4.6a) was used for measments with the magnetic
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Figure 4.9: A plot of ErCl; magnetization (M) vs applied magnetic eld (H), measured at a
variety of di erent temperatures spanning from 0.65K to 30B. The red dots correspond to
magnetization values at H = 0.5T, which are later compared ifrig. 4.10a.

eld applied parallel to the crystallographic c-axis (H k c), while a modi ed vertical stage
(Fig. 4.6b) was used foH k ah, ensuring that the sample was correctly aligned by standing
upright. This method allowed for seamless sample transfepom the glovebox to the MPMS3
while preventing degradation due to air exposure. Achievingrecise in-plane H k ab) and
out-of-plane (H k ¢) alignment was straightforward, as the layered nature of E3l; allowed
samples to be cleaved from larger crystals, exposing wedlsded ab-plane surfaces. The at
platforms of both 3D-printed stages naturally accommodatkthese orientations, ensuring re-
producibility and ease of alignment. Further re nement to &hieve alignment along a specic
in-plane direction (H 1t a or H T b) would require additional Laue di raction measurements
using the ATM system.

Magnetization as a function of applied eld, M(H), was measwad for H k ¢ at tempera-
tures of 0.65 K, 1 K, and 2 K using theHe option in DC mode, while additional measure-
ments at 2 K, 10 K, 50 K, 150 K, and 300 K were performed using thmse MPMS3 system in

Vibrating Sample Magnetometer (VSM) mode. The applied eld wasweptupto 7 T for the
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Figure 4.10: (a) Magnetization vs. temperature for ErGlwith H k c (orange) andH k ab
(blue), highlighting clear anisotropy, particularly in the low-temperature regime. (b) Inverse
susceptibility 1/ vs. T for H k ¢, showing deviations from Curie-Weiss behavior below 50K.
(c) 1/ vs. T for H k ab which closely follows Curie-Weiss behavior in the high#teperature
regime. The insets in (b) and (c) show the linear Curie-Weists used to extract the e ective
magnetic moments and Curie-Weiss temperatures for each debrientation.

lowest-temperature measurements and up to 5 T for higher tqraratures. At temperatures
above 10 K, M(H) displayed a linear dependence with the apptleeld, consistent with a
paramagnetic response. However, at lower temperatures, deions from linearity emerged,
indicating the onset of additional interactions beyond siple paramagnetism. These mea-
surements were performed on di erent samples, yet yieldedghly consistent results across
both DC and VSM techniques, demonstrating excellent sampte-sample reproducibility.
The results are summarized in Fig. 4.9.

Temperature-dependent magnetization, M(T), was measurednder an applied eld of
0.5 T for both H k c and H k ab orientations to directly compare the in-plane and out-of-
plane magnetic responses. A clear anisotropy was obserweidh M(T) for H k abexhibiting

signi cantly higher values than for H k c, indicating a stronger in-plane magnetic response.
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This behavior re ects the intrinsic anisotropy of ErCk, likely stemming from spin-orbit
coupling and the crystal eld environment. The M(T) curves br both orientations are
shown in Fig. 4.10.

To further characterize the observed anisotropy, inverse agnetic susceptibility, 1/ vs.
T, was analyzed using a Curie-Weiss analysis to extract theeetive moment and Curie-
Weiss temperature for each orientation. FoH k ab the data followed a Curie-Weiss law
over a broad temperature range, enabling the extraction ofnae ective magnetic moment
and Curie-Weiss temperature. FoH k c, deviations from Curie-Weiss behavior below 50
K suggest additional interactions, such as crystal eld e ets or short-range correlations,
in uencing the out-of-plane response. The Curie-Weiss t@nd extracted parameters for
each orientation are presented in Fig. 4.10.

All magnetization data were converted to units of Bohr magneins per EE* ion to facil-
itate comparison with theoretical predictions and previos studies. The extracted e ective
moments from Curie-Weiss ts highlight the anisotropy: ¢ .ap=7:47 g and ¢ . =8:31 g,
both lower than the free-ion value of ¢ yee = 9:58 g for Er3*. This reduction is consistent
with the e ects of crystal eld interactions and spin-orbit coupling in ErCl;. The correspond-
ing Curie-Weiss temperatures were determined to becyw.op = 1:09 Kand cw..= 7:87
K, indicating stronger antiferromagnetic correlations alng the c-axis compared to theab
plane. The deviation from Curie-Weiss behavior irH k c at low temperatures indicates
additional e ects in uencing the out-of-plane response. Mese results quantitatively con rm
the anisotropic magnetic behavior of ErGl and establish a basis for further analysis of its
exchange interactions and deviation from ideal Curie-Weidbehavior, which will be explored
in later sections.

Neutron scattering experiments were conducted on the Continus Angle Multiple En-
ergy Analysis (CAMEA) spectrometer at the Paul Scherrer Instiite (PSI) (Fig. 4.11b)
to investigate the low-energy excitations in ErGl. CAMEA utilizes the Swiss Spallation

Neutron Source (SINQ), which provides a continuous ux of cold eutrons optimized for
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Figure 4.11: (a) Schematic representation of CAMEAs multi-angzer array, which enables
simultaneous detection of eight nal energy channels, eaadwovering an azimuthal range of
60° in the horizontal plane. The analyzer-detector bank can beotated to di erent 2 angles,
while the sample angles can also be adjusted for alignment and optimized momentunpace
coverage. (b) Photograph of the CAMEA spectrometer at the Sw$ Spallation Neutron
Source (SINQ), showing the experimental setup.

high-resolution spectroscopy. Designed speci cally for apping out low-energy magnetic
excitations in the horizontal plane, CAMEA is well suited forstudying the spin dynamics
within the honeycomb plane of ErC}. Traditional triple-axis spectrometers (TAS) measure
individual (Q;!) points through stepwise scanning, while time-of- ight (TOF) spectrome-
ters collect large Q;! ) regions at once but sacri ce energy resolution. CAMEA comhbes
the strengths of both, achieving broad@;! ) coverage while maintaining high energy resolu-
tion. The spectrometer employs a multi-analyzer array thasplits the horizontally scattered
neutrons up into eight distinct nal energy detectors (liner position sensitive*He detector
tubes) mounted radially, each covering 60azimuthally in the horizontal plane, illustrated in
Fig. 4.11a. This con guration allows CAMEA to e ciently map ex citations across a broad
momentum-energy range while maintaining high energy resgibn ( 0.1 meV). By combin-
ing this multiplexed energy analysis with sample rotation rad an independently rotating
analyzer-detector bank, CAMEA is capable of rapidly measurg large regions of Q;!)
space while preserving the resolution necessary for resadvlow-energy excitations [91, 92].
For this experiment, eight single crystals of ErGl with a combined mass of approximately

4 grams, were co-aligned in the (HKO) plane using Laue X-ray daction before being
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Figure 4.12: Example of Laue orientation of ErGlcrystal with crystallographic axes shown
to the right. Green circles show the t to the C2/m monoclinic structure. White dots
indicate the (HKL) planar re ections from X-ray di raction. S hadows seen near the bottom
are from the putty and ATM module used for air-free orientaton. The (001) re ection is
slightly o set from the center due to alignment with ¢ rather than € .

sealed inside an air-free sample transport canister as part the Air-Tight Module (ATM)
system. This approach ensured that the highly air-sensivmaterial remained protected
from degradation throughout transport and integration inb the spectrometer. The sealed
sample assembly was then installed in the dilution refrigator and cryomagnet system, which
is capable of reaching base temperatures as low as 30 mK anglgimg a vertical magnetic
eld of up to 11T.

The experimental plan was designed to measure the spin extibn spectrum of ErCk in
both the zero- eld ground state and the eld-polarized stag, while also collecting data for
background subtraction at elevated temperatures. Incidémeutron energies were selected in
the range of 3.75 to 10 meV, allowing for energy transfers spang -1.5 to 7 meV, optimizing
the detection of low-energy excitations. For the eld-polazed spin wave measurements, a
5T magnetic eld was applied along the crystallographic cas, perpendicular to thea* b*-
plane. This orientation allowed for the measurement of inkane spin correlations within the
honeycomb layers, where dispersions could be modeled udimgar spin-wave theory (LSWT)
to extract the e ective exchange interactions. Zero-eld neasurements were planned to

provide the rst characterization of the intrinsic spin exgtation spectrum in the absence
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of an applied eld. Additionally, a higher-temperature scan 82K was included to aid in
background subtraction, distinguishing intrinsic magnet excitations from thermally driven
scattering.

However, during international transport, the co-aligned grstal assembly was mishandled
by customs o cers, resulting in misalignment of the origindly coaligned samples. Due to
time constraints, full realignment was not feasible beforthe experiment, necessitating an
alternative approach to data analysis. Rather than treatig the sample as a single-crystal
measurement, the data were instead powder-averaged by igtating over constant values
of jQj, e ectively treating the misaligned assembly as a quasi-paler sample. While this
compromised the ability to resolve momentum-dependent giisrsions along specic crys-
tallographic directions, it still allowed for a meaningfulinvestigation of overall scattering
intensity as a function of energy transfer.

Since the crystal misalignment necessitated a powder-aaging approach, the data anal-
ysis process became signi cantly more straightforward. Raer than treating the scattering
data as a function of two in-plane momentum components, ergr transfer, and intensity|
leading to a four-dimensional dataset|the powder-averagng method allowed us to e ectively
reduce the dimensionality to two, considering only energydnsfer and the magnitude of the
total momentum transfer, jQj. While this simpli cation came at the cost of losing direc-
tional momentum resolution, it provided a clean way to analye the excitation spectrum
without introducing unnecessary complexity. This is certimly not the type of measurement
for which the CAMEA spectrometer was designed, as its stretiglies in resolving dispersive
excitations in well-aligned single crystals. However, by\veraging the powder-averaged ap-
proach, we were able to extract meaningful insights into thecattering intensity distribution
as a function of energy transfer, e ectively making the bestf an otherwise unfavorable
experimental condition.

The series of intensity maps shown in Fig. 4.13 presents sébecenergy transfer slices

from one of the eld-polarized scans at 65 mK and 5 T. While onlyine representative
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E = 0:18 meV E =0:79 meV E =1:43 meV

E =2:07 meV E =2:96 meV E =3:28 meV

E =4:65 meV E =5:61 meV E =6:01 meV

Figure 4.13: Slices of neutron scattering intensity in ErGlat T =65 mKand H =5 T.
Each panel represents a constant energy transfer slice, sty the distribution of scattering
intensity as a function of momentum transfer in the K 00) and (K 0) directions. The hor-
izontal and vertical axes correspond to crystallographic amentum components within the
honeycomb plane, while the intensity (color scale) indicas the measured neutron scattering
signal at each H;K ) point for a xed energy transfer E. The shared colormap allows for
direct comparison of intensity variations across energyicés.

slices are shown here, it is important to note that the full deaset consists of a much larger
set of frames. For this particular temperature and eld condion, eight di erent incident

neutron energies were used, and each scan at a given incidamérgy simultaneously captured
intensity at eight di erent nal energy values. As a result, the complete dataset for this

condition comprises 64 energy transfer frames. Although itould be ideal to present this as
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an animation or interactive gure, such a format is not suitdle for a printed dissertation.

These intensity maps reveal the expected semicircular digtution of (Q;! ) space around
(HKL ) = (000), which arises from the geometry of the detector banknd the constraints
imposed by the available scattering angles. Across the dient energy transfer slices, we
observe an overall modulation of scattering intensity, wit the entire eld of view becoming
systematically brighter or darker as energy transfer inceses. This trend is more clearly
visualized in the upcoming powder-averaged representaig Additionally, we observe di use
scattering features near ((2; 0) and (G; 4; 0) on the intensity scale. These features are likely
associated with low-energy excitations, either phononie¢ smagnonic in origin, but due to the
poor sample alignment, they appear signi cantly broadenedlong portions of the constant-
JQj rings. While this broadening limited the ability to extract detailed momentum-dependent
information, the presence of distinct scattering featureat speci ¢ jQj values serves as strong
evidence that the samples remained crystalline and undegetl throughout transport and
integration into the neutron instrument. This result suppats the e ectiveness of the ATM
system in enabling air-free handling, reinforcing its viahty for future neutron scattering
experiments on highly air-sensitive materials. Consequdn the subsequent analysis focuses
on intensity trends as a function of energy transfer and totamomentum magnitude, which
remain well-de ned despite the misalignment.

Since the misalignment of the sample assembly preventedaksion of dispersions along
speci ¢ crystallographic directions, the data analysis wasimpli ed by reducing the dimen-
sionality of the dataset. Instead of analyzing intensity vaations as a function of energy and
two in-plane momentum transfer componentsH 00) and (K 0), the data were averaged over
constantjQj values, e ectively treating the sample as a powder. This diensional reduction
collapses the data from four to three variables|leaving enggy transfer E on the y-axis,
total momentum transfer magnitudejQj on the x-axis, and intensity represented through a
colormap.

By averaging over all crystallographic directions at a xedQj, the resulting intensity
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Figure 4.14: Powder-averaged neutron scattering intensity ErCl; at di erent temperature
and eld conditions. Each panel shows the evolution of intesity as a function of energy
transfer and total momentum transfer magnitude,jQj. The colormap is shared across all
three panels to allow direct comparison of intensity disthutions.

maps provide a more robust and interpretable representatioof the overall scattering re-
sponse. This approach leverages the natural symmetries opawder-averaged sample, en-
suring that observed features arise from intrinsic materigproperties rather than specic
momentum-space artifacts caused by crystal misalignmentAlthough this transformation
sacri ces directional resolution, it enables a clear identation of energy-dependent scatter-
ing features. In particular, any excitation modes, whethemagnonic or phononic, should
appear as dispersing intensity variations along thgj-axis, provided that their signal re-
mains su ciently strong after averaging.

To visualize these e ects, Fig. 4.14 presents three such posveaveraged datasets corre-
sponding to di erent temperature and eld conditions. The® plots reveal how the overall
scattering intensity evolves as a function glQj and energy transfer, highlighting any system-
atic trends in excitation spectra. In subsequent analysefyrther dimensional reductions will
be performed by integrating over aliQj values, yielding purely energy-dependent intensity
plots that facilitate direct comparisons with theoreticalmodels.

Examining the powder-averaged data, several key featuremerge. First, we observe
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intensity that is largely independent of jQj but varies as a function of energy transfer,
consistent with localized crystal eld excitations. Thesexcitations, arising from transitions
between di erent crystal eld-split states of the Er** ions, are expected based on the single-
ion energy level scheme discussed in Section 2.1.3 and 2.2Tgeir lack of momentum
dependence suggests that they originate from purely localgzesses rather than dispersive
collective excitations.

Additionally, weak streaks of intensity emanating from the kastic line at nite jQj val-
ues can be seen. These features are likely instrumental &tts, or spurions, arising from
multiple scattering or unintended detector responses with the CAMEA setup.

Finally, at low but nonzero energy transfers, we observe faimtensity modulations with
some dependence 0jQj. These could correspond to low-energy phononic or magnonic
excitations that were not fully resolved under the experimal conditions. Due to the
crystal misalignment and subsequent powder averaging, anyasp dispersions in these modes
would appear broadened or washed out, limiting the abilityd extract well-de ned dispersion
relations. Nevertheless, these features suggest the preseof low-energy dynamic modes,
warranting further investigation in future experiments wth better sample alignment.

After reducing the dimensionality from four to three by powdeaveraging, we can further
simplify the data by integrating over all values ofiQj to obtain energy-dependent cuts. This
nal reduction collapses the data into a two-dimensional itensity vs. energy transfer plot,
providing a direct visualization of the spectral weight digibution. By summing intensity
over all accessiblgQj, these energy cuts enhance signal-to-noise and allow for laacer
identi cation of energy-resolved features that may have len less apparent in the full Q;!)
maps.

This representation is particularly useful for identifyirg non-dispersive excitations, such
as crystal eld levels, which should manifest as well-de repeaks at speci c energy trans-
fers. Additionally, this method suppresses spurious instnuental artifacts that may appear

at speci c jQj values, further clarifying the intrinsic spectral featurs. Comparing energy
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Figure 4.15: Energy-dependent neutron scattering intengiin ErCl; obtained by integrating
over all values offQj. Each panel represents an energy cut at di erent temperaterand eld
conditions, revealing non-dispersive crystal eld excitéons. The comparison across di erent
conditions highlights the evolution of excitation intengly with temperature and applied eld.

cuts across di erent temperatures and applied elds provids insight into the evolution of
magnetic and lattice dynamics in ErC4, revealing which excitations persist, shift, or broaden
under varying conditions.

In the energy-dependent cuts shown in Fig. 4.15, several spatfeatures can be ob-
served. To enhance visibility of these features, the low-emy transfer region E < 0.5 meV)
has been omitted, as the intense elastic scattering wouldh&rwise dominate the intensity
scale. In the low-temperature, zero- eld dataset (T=60 mK,H=0 T), a strong peak is ob-
served near 3 meV, with a weaker feature appearing around 1.&Yh Upon applying a 5T
eld at low temperature, the excitation spectrum exhibits alditional structure, now showing
four distinct peaks across the measured energy range. At\eted temperature (T=40 K,
H=0 T), the 3 meV peak remains prominent, and the weaker 1.8 mepleak may also persist,
though with reduced intensity. Additionally, there is somendication of spectral weight near
the elastic line, at or below 1 meV, suggesting the presenceadflitional low-energy modes or
guasielastic contributions. Tracking the evolution of thee features under di erent conditions

o ers insight into the excitation spectrum, which will be eylored in later sections.

4.5 Discussion

The magnetization and neutron scattering measurements mented in this section pro-
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vide a foundation for analyzing the magnetic properties of fEls, albeit with signi cant
experimental limitations. The anisotropic magnetizationresponse suggests strong crystal
eld e ects governing the single-ion behavior of Et*, while deviations from Curie-Weiss
behavior at low temperatures indicate additional interadbns beyond simple paramagnetic
moments. These observations are consistent with expectats for an easy-plane system,
where in-plane magnetic interactions dominate the respomsand suggest that further mod-
eling will be necessary to fully understand the nature of thmteractions in this system.

For the neutron scattering data, the unavoidable sample maignment required a powder-
averaged treatment, collapsing the data into intensity as &nction of jQj and E, thereby
removing directional dependence. While this signi cantly impli ed the data analysis, it
came at the cost of resolving dispersive spin wave excitat® which could have provided
direct constraints on exchange interactions. However, thdoes not render the data useless|
powder-averaged scattering remains a valuable tool for ik#ying localized excitations, such
as crystal eld levels, and searching for hints of collecter modes that could still provide
insight into the magnetic Hamiltonian.

A key next step will be the construction of a point charge caldation to estimate the
expected crystal eld (CEF) energy levels. However, this wilbe highly challenging due to the
limited number of observed spectral features. The splittopof the two low-temperature, zero-
eld peaks into four distinct peaks under an applied 5T eld aes provide some experimental
constraints, but this remains severely underdetermined. i@&n that the monoclinic crystal
structure of ErCl; allows for full CEF splitting of the (2J+1, J=15/2) manifold, we expect
16 energy levels in total. In contrast, only a handful of peakare observed, making an
unambiguous determination of the full CEF parameter set imfasible. This di culty will be
addressed in Chapter 5, where we will explore potential thesgical models and discuss the
limitations of extracting CEF parameters from such an incomplete dataset.

From a data analysis perspective, the powder averaging alled for further dimensionality

reduction, rst collapsing the data to (jQj,E,l) and then to purely energy-dependent intensity

119



cuts by integrating over all jQj. This nal step is justi ed by the lack of clear dispersive
features in the data. While this precludes a direct extractio of exchange interactions from
the neutron data, it highlights the presence of low-lying enitation levels that may play an
important role in understanding the deviations from typic Curie-Weiss behavior observed
in low-temperature thermodynamic data.

The observed spectral peaks, particularly those in the loemperature, zero- eld and
eld-polarized spectra, strongly suggest that the dominanfeatures in the neutron data
correspond to CEF excitations rather than dispersive spinaves. Additionally, weak, di use
features seen in the energy-momentum slices of the full da&, as well as possiblgQj-
dependent intensity modulations near the elastic line in # powder averaged data, may
correspond to low-energy phononic or magnonic modes. Howewkie to the misalignment of
the crystal assembly and subsequent powder averaging, amagp dispersions in these modes
would appear broadened or washed out, limiting our abilityd resolve them de nitively.
Fully characterizing these low-energy excitations wouldequire future neutron experiments
with improved sample alignment, as well as complementary sptroscopic techniques such

as Raman scattering, which is well suited for probing low-engy crystal eld excitations.
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Chapter 5

Magnetic Interactions in ErCl 3

Figure 5.1: Crystal structure of ErCk generated by VESTA software. Here only a single
layer within the ab-plane is shown in order to make the honeycomb net more cleaxlisible.

5.1 Context

ErCl; was rst studied in bulk form in the 1950s when Templeton and @rter successfully
determined its crystal structure using X-ray di raction. They found that ErCl; is isostruc-
tural with the second half of the lanthanide trichloride seles (from holmium to lutetium),
crystallizing in the monoclinic space group C2/m [93]. Theaom-temperature lattice param-
eters were determined to ba = 6.8040A, b= 11.7456A, c= 6.3187A, and =110.8510,
as shown in Fig. 5.1. The trivalent erbium ions form honeycomlayers within the ab-plane,

each surrounded by corner-sharing octahedra of chloringdinds. This structural arrange-
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(b)

lon | Host Oa 01 7] B=0
Er3* | YCl; | 8.29 ( 0:03) | 8.27 ( 0:05) | 3.78 ( 0:05) | 7.70 ( 0:03)
Er3* | LuCl; | 8.35 ( 0:02) | 8.34 ( 0:02) | 3.51 ( 0:03) | 7.92 ( 0:02)

Figure 5.2: Principal g values of EF* ions in YCl; and LuCl;. (a) A diagram showing
the directional representation ofg values @, @, gz) including the cleavage plane (001) and
(b) A table summarizing the EPR experimentally determinedy values and their variations,
highlighting signi cant anisotropy between in-plane and at-of-plane values [13].

ment facilitates unique magnetic properties, as the layelegeometry introduces a natural
frustration to magnetic ordering.

By the 1960s, electron paramagnetic resonance (EPR) and matl uorescence spec-
troscopy provided key insights into the single-ion physicef Er®* in ErCl;. Garton et al.
[13] determined the principalg-values for EF* ions using EPR, revealing signi cant mag-
netic anisotropy (Fig. 5.2). The strong directional dependee of these values suggests that
the erbium moments experience substantial crystal eld e ets, which split the spin-orbit
coupled states of thel=15/2 manifold into a series of (J+1) non-degenerate energy levels.

Optical uorescence experiments performed by Rakestraw et. §14] further re ned this
picture, revealing the energy gap between the ground-stakeramers doublet and the rst
excited doublet (Fig. 5.3). The measured gap of 22.26 cin( 32 K) establishes an important
energy scale: below this temperature, Erglshould behave e ectively as a spin-1/2 system,
as thermal uctuations are insu cient to populate higher-lying CEF states. This nding
positions ErCk as a candidate for bond-dependent anisotropic exchangedractions, where

spin-orbit entangled moments give rise to exotic quantum nggetism.
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Figure 5.3: Measured energy levels of Erions in the YCl; determined via the absorption
and ourescence spectra of Ef in YCl3, performed at 4.2K by Rakestraw et. al [14].

By the early 2000s, neutron scattering experiments signiantly advanced the under-
standing of exchange interactions in ErGl Powder and single-crystal neutron di raction
studies revealed a three-dimensional antiferromagneti&itM) ordered state with a Neel tem-
perature of Ty = 350 mK. The propagation vector of this ordered phasé = (2=3;0; 1=12),
corresponds to a noncollinear helical structure within thBoneycomb layers (Fig. 5.4) [85, 15].
This ordering di ers signi cantly from the simple Neel state observed in YbC}, indicating
that additional interactions, beyond isotropic Heisenbergxchange, in uence ErC{'s mag-
netic behavior.

The spin structure of ErCk consists of two interlocked 120triangular sublattices, each
forming helices with opposite handedness along tleaxis. The ordered moment per E¥
ion was determined to be 3.3 g, signi cantly reduced from the free-ion value due to crysta
eld e ects that isolate a low-energy Kramers doublet groud state. The persistence of
short-range in-plane correlations abov@y further underscores the quasi-2D nature of the
system, suggesting that interlayer interactions are weaknd that the dominant physics lies
within the honeycomb layers.

The temperature dependence of the magnetic Bragg peak ing#ines yielded a critical
exponent (= 0.23), consistent with a quasi-2D XY or anisotropic Heisenlsg system,
where strong in-plane interactions drive the primary magrie behavior while weak out-

of-plane couplings establish long-range order at lower t@@ratures. While these neutron
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Figure 5.4: Magnetic structure of ErC} within the ab-plane determined from neutron scat-
tering experiments, performed by Kramer et al. [15]. Here, éhstructure can be visualized
by showing how the spins could be arranged with any arbitraryalue of' . The white and
black spins indicate those on either of the counterrotatingublattices.

di raction experiments successfully resolved the static agnetic structure, they could not
determine the microscopic exchange interactions respdbisi for stabilizing the noncollinear
order. At the time, no clear theoretical framework existedd explain how spin-orbit coupling
and exchange anisotropy might drive such behavior in rarex¢h honeycomb magnets.

A major development in understanding anisotropic magnetis came with the Kitaev
model, rst proposed in 2006 [77], which introduced a new p&pective on bond-dependent
exchange interactions in honeycomb lattice materials. @jinally formulated for 4d and
5d transition-metal compounds, the model has since been extEd to rare-earth systems,
where strong spin-orbit coupling and localizedf4moments naturally give rise to exchange
anisotropy [79, 78]. Given that previous studies of Erglcould not explain its observed
noncollinear helical order, the possibility that Kitaev-ike interactions|or other forms of
anisotropic exchange|play a role in stabilizing this state has emerged as an important open
guestion.

The combination of strong SOC, a Kramers doublet ground stat and a honeycomb

lattice geometry makes ErCJ an ideal system for exploring deviations from a pure Heisen-
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berg model. The edge-sharing octahedral coordination of Cligands creates superexchange
pathways that could, in principle, give rise to bond-depereht interactions, similar to those
found in Kitaev materials. Whether these interactions are soient to explain the non-
collinear AFM order observed in neutron di raction remains ucertain.

To address this, we performed magnetization and neutron sgeoscopy measurements to
probe both the anisotropic magnetic response and low-engrgxcitations that could reveal
the nature of the exchange interactions. A key challenge a® due to sample misalignment
in neutron experiments, which prevented direct extractiorof spin wave dispersions that
would have allowed for quantitative modeling of exchange pameters. Instead, we analyze
the powder-averaged response, considering how, if dispemswere clearly observed, it could
have been tted using various interaction terms. Similarlywhile the CEF levels we identi ed
serve as a starting point, they remain insu cient for a full parameter determination.

Despite these limitations, our results establish new consints on the energy scales gov-
erning ErCl;'s magnetism, reinforcing its status as a material where autropic interactions
in uence the magnetic ground state. Whether the exchange Hattonian includes signi -
cant bond-dependent terms, or if an alternative anisotropimechanism better explains the
observed order, remains an open question. External tuninguch as applied eld or pres-
sure, may provide a way to access new phases, including a aesproximate quantum spin
liquid state. The following sections explore these ideasrther, linking experimental obser-
vations to theoretical models and outlining the next stepsaward a full characterization of

the interplay between single-ion and collective e ects inhis system.

5.2 4f * Single lon Physics

During the formation of ErCls, neutral erbium atoms lose three valence electrons|two
from the 6s orbital and one from the %l orbital|resulting in trivalent Er 3" ions that bond

ionically with chlorine anions. This oxidation state leave 11 electrons in the # shell, giving

125



ms +0 +0 +0 +0 + % + % + %
T T T 7 7 7 T
! ! ! 1

m; 3 2 1 0 +1 +2 +3

Figure 5.5: Hund's rules lling of the 4 orbitals for Er®* in ErCls. This con guration
establishes the fundamental basis for crystal eld splittig, as the unpaired electrons in the
4f shell experience ligand-induced anisotropy that shapeselCEF Hamiltonian.

Er3* a [Xe] 4 1! electronic con guration. The lling of these orbitals follows Hund's rules,
which dictate that the total spin S is maximized by rst occupying all seven available 4
orbitals with parallel spins. The remaining four electronghen Il orbitals with antiparal-
lel spins, resulting in three unpaired spin-up electrons dna total spin quantum number
of S=3/2. To maximize the total orbital angular momentum L, these unpaired electrons
preferentially occupy orbitals with the highest possible agnetic quantum numbers, yielding
L=6 (Fig. 5.5).

While Hund's rules establish the fundamental electronic coguration of Er®* | they do not
account for the strong interaction between an electron's spand its orbital motion, known as
spin-orbit coupling (SOC). SOC is particularly strong in havy elements like erbium, where
relativistic e ects enhance this interaction. In the case oEr®*, SOC couples the spir§ and
orbital L angular momenta to form a total angular momentund, given by J=L + S=15/2.
This SOC-dominated regime leads to a set of well-de ned-multiplets, with the *I5-,!
manifold forming the ground state and all higher-energy stas split o into well-separated
excited multiplets. In ErCl3, all experimentally relevant physics occurs within this 16old
degenerate] =15/2 multiplet, as thermal energy is insu cient to excite electrons to higher
J-levels.

The localized nature of 4 electrons strongly in uences the behavior of SOC in Ergl

Unlike 3d or 5d electrons, which are spatially extended and interact morereéctly with sur-

1The notation 2S*! L; speci es the quantum state, where & + 1 is the spin multiplicity, L corresponds
to the total orbital angular momentum, and J represents the total angular momentum quantum number.
For Er3*, S=3/2, L=6, and J=15/2.

126



Figure 5.6: Square of the radial wavefunctions for thef 4 5s, 5p and 6s energy levels from
Hartree-Fock. It was a calculation for Gd by Freeman e Watson (1962) [1, 2]. Picture inset
schematically shows that the # orbital is within the 65, 5d, 5p, and 5s levels.

rounding ligands, 4 electrons are highly shielded by the outerssand 5 orbitals (Fig. 5.6).
This shielding reduces direct ligand interactions, makingOC the dominant energy scale,
while also ensuring that the?l 15, manifold remains well-de ned, even in the presence of
moderate crystal eld e ects. As a result, the e ective magnéc moment of Er¥* is largely
determined by SOC and can be estimated using the Landg-factor formula, yielding a
theoretical value of . 9:58 ;.

However, this idealized picture does not account for the e eof the local crystal envi-
ronment. In real materials, crystal electric elds (CEF) gerrated by the surrounding CI
ligands lift the (2J+1) degeneracy, further splitting the J=15/2 manifold into a series of
eight Kramers doublets. This CEF splitting pattern is highlyy dependent on the symmetry of
the crystal eld, with the monoclinic C2=m structure of ErCl; imposing speci c constraints
on the energy-level separations. Experimentally, opticaliorescence studies have identi ed
a 32 K gap between the ground-state doublet and rst excited alblet, meaning that at

temperatures below 32 K, Er({ e ectively behaves as a spin-1/2 system because only the
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lowest doublet is thermally populated.

Although this e ective spin-1/2 picture simpli es the low-temperature physics, the
pseudospin-1/2 nature of the E¥* moments is highly anisotropic, since their response to
applied elds and interactions is constrained by the local EF symmetry. Experimental
evidence for this anisotropy comes from EPR studies on Y{b&nd LuCl;, which report
strongly direction-dependentg-values that re ect the underlying anisotropic wavefuncions
of the ground-state doublet. Magnetization measurementsxdrCl; also exhibit clear devi-
ations from Curie-Weiss behavior, further indicating thatCEF e ects play a signi cant role
in shaping its magnetic response.

This e ective pseudospin-1/2 description is fundamentaldr understanding exchange in-
teractions in ErCls, as it determines how the E¥* moments couple within the honeycomb
layers. Unlike a true isotropic spin-1/2, which follows corentional Heisenberg exchange,
the pseudospin-1/2 moments in ErGltransform under the local symmetries imposed by the
crystal eld, leading to anisotropic exchange interactios. This sets the stage for the next
section, where we examine how these e ective moments intetaand whether their coupling

can be described within an extended Kitaev-Heisenberg framerk.

5.3 Crystal Electric Field E ects

The crystal electric eld (CEF) Hamiltonian in ErCl 3 governs the splitting of the spin-
orbit coupled J=15/2 manifold into a series of Kramers doublets. The struetre of these
doublets determines the anisotropy of the magnetic momeni uences thermodynamic prop-
erties, and constrains the exchange interactions between’E moments. A well-de ned CEF
model is essential for understanding the material's low-ergy physics, yet experimentally
resolving the full CEF level scheme remains challenging.

While the observed inelastic neutron scattering provides pigal constraints, the limited

number of observed transitions leaves ambiguities in detemmg the full CEF Hamiltonian.
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Di erent sets of Stevens parameter8" can reproduce the same observed neutron spectra
while yielding signi cantly di erent predictions for ther modynamic properties such as mag-
netization and heat capacity. This degeneracy highlights major limitation: the CEF levels
inferred from neutron scattering alone do not uniquely detenine the wavefunctions and
thus cannot fully specify the material's low-temperature ragnetic behavior. To re ne the
parameter space, we supplement neutron data with statisat mechanics and perturbation
theory, using thermodynamic observables as additional cstnaints. Since magnetization and
heat capacity depend on the thermal population of CEF levelsheir temperature and eld
evolution provide a way to distinguish between competing GEmodels. By incorporating
these e ects, we aim to build a more complete picture of the GEsplit states and their role
in de ning the e ective spin degrees of freedom in ErGl

To establish a theoretical model for the CEF levels, we beghy constructing the CEF
Hamiltonian. Since the EF* ion in ErCl; resides at a site ofC, point group symmetry,
the crystal eld potential can be expressed in terms of Stews operators, allowing us to
parameterize the level splittings and wavefunctions. Usingg.2.12 and Table2.2, we de ne

the CEF Hamiltonian Hcge as follows

X
HCEF = B|mé|m

I;m
=BJO%+ B,20,2+ B2O2+ BYO? + B, 20,2+ B202+ B, *0,* + B4O:

+Bgég+ 862662+ Bééé"' BG4OG4+ Bé’ég+ BGGOGG+ Bgég

(5.1)

whereB[" are the Stevens parameters antﬁlm are the Stevens operators, discussed in Section
2.1.3. Solving for the eigenstates of this Hamiltonian anailgally is cumbersome, so we use
the PyCrystalField package [30], which numerically diagotiaes Hcer and provides the
energy eigenvalues and eigenvectors. The eigenstates éained numerically and can be

expressed in two equivalent ways: in terms of the Stevens paretersB", or as a linear
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Figure 5.7: A point charge model t to the experimental inelasc neutrons scattering data
from the CAMEA experiment on ErCls.

combination of jJm;;i basis states, with coe cients ¢,;. The energy eigenstates can be

written as

HtestCEF jni = Enjni (5-2)

wherejni = P i Cni Jdmy,i. Since the crystal eld Hamiltonian contains 15 free paramets
B, its solution is not unique. However, it provides a useful sting point, which we can
attempt to re ne by constraining the allowed values ofB" using experimental data. The
rst such constraint comes from inelastic neutron scatteng, where we observe low-lying
CEF excitations in the powder-averaged neutron energy cutd = 60 mK and H=0T,
conditions where ErC} is expected to be in its ground state. A t to this data is shownin
Fig. 5.7.

While the point charge model tin Fig. 5.7 agrees well with the bserved CEF excitations,
it is important to recognize that tting a few peaks using 15 fee parameters is trivial and
does not uniquely determine the Stevens coe cients. To fuhter constrainf B{"g, we turn to
additional thermodynamic observables: the temperature an eld evolution of the neutron

data and the magnetization deviation from Curie-Weiss bekér.
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To determine how the CEF energy levels evolve with temperate, we use the Boltz-
mann distribution to obtain the thermal population of each &genstate. The probability of

occupying a statejni is given by

1
Pn = Ze E n (5-3)
where = - and Z is the partition function
B
X
Z= e Enr (5.4)

This framework allows us to compute thermal expectation vaes of the energy levels,

X
EE(T)i = P.E, (5.5)

n

Again, this is computed using PyCrystalField, and the resultig nite-temperature pop-
ulation of the CEF states is shown in Fig. 5.8a. Having estabhed the nite-temperature
evolution of the CEF energy levels, we now turn to their respse under an applied magnetic
eld.

For the expansion in applied magnetic eld, we can perturtH cgr with a Zeeman term
Hz. PyCrystalField is not yet con gured to accomodate such caldations, but the general

form can be analytically written down as

H = Hcer + Hz

BMO™+ 4 ggyH J

(5.6)

I;m

B,mé,m+ o sqyHJS, ; forH = H2:

I;m
whereH is the applied magnetic eld andJ is the total angular momentum vector operator.
We further speci ed the magnetic eld as being applied alonghe 2-axis, corresponding to

the experimental condition of the applied eld along the crgtallographic c-axis. If we let

131



() (b)

Figure 5.8: Comparison of theoretical CEF energy level evolon under temperature and
magnetic eld variations. (a) Finite-temperature broadenng of CEF energy levels, simu-
lated using PyCrystalField, showing the redistribution of pectral weight with increasing
temperature. (b) Zeeman splitting of CEF states under an apgigd magnetic eld along the
crystallographic c-axis, demonstrating the nonlinear evolution of energy lels as a function
of eld strength.

A(H) = mup ggsH, then we can use standard perturbation theory to write the esrgy

corrections (up to second order) due to the perturbation ofie magnetic eld as

E,=EQ+E®+E®
X ihn@iH- im©@iij2
En=E® + mMOjH, jn@j + AL 20) ZJm(O) !
men  En Em (5.7)
%(+1 2
0 0
X Cm( )mJiCET'Ii)
En= EQ+AMH)  jcm, + jAH)2 T oo
En Em

i mén
where we have now written out the rst two energy correctionsn terms of A(H) H and
the amplitude coe cients cff,’) of the Hcer eigenstates|written in the basis of jdm;.i. The

results of this perturbation are shown in Fig. 5.8b. This is V& in the weak eld limit,

132



where A(H) 9 For strong elds, this must be done in the uncoupledLSi basis. For
intermediate elds, neither the weak- nor strong- eld bass provides good quantum numbers,
so the full Hamiltonian, including o -diagonal components 6H;, must be diagonalized. In
practice, some approximations interpolate between the sing- and weak- eld limits, but a
rigorous treatment requires retaining all o -diagonal tems. For magnetization measurements
at H=0.5 T, the weak- eld limit provides a reasonable approximaon. Thus given the set of
Stevens parameter§B" g, we can now expand how the energy levels will evolve as a funat
of temperature and applied magnetic eld.

At this point, we have expanded the energy levels to depend droth temperature and
applied eld, E,(T;H). We can now use this result to analytically determine therrmdynamic
observables, such as magnetization and heat capacity. Tlhssdone by using thermodynamic

relations. For magnetization, we have

M= = (5.8)

where the Helmholtz free energy is given by

F= kgTIn2) (5.9)

thus

M(T;H) = —_— 5.10
TH=7  Gn ® (5.10)
Similarly, with heat capacity C, we can write
@Ei
C= ——
T
H— 1@( En=kBT
hEi = 2 Ene (5.11)
n
C(T:H) = ! hE% h Ei?
’ kg T2
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The eld and temperature dependence of M(T,H) and C(T,H) natually arises from
the evolution of the CEF energy levelskE,(T,H). Therefore, in principle, we can use the
eld and temperature evolution observed in inelastic neutn scattering and magnetization
measurements to further constrain the allowed values of thStevens parametersfB"g.
Although these constraints signi cantly reduce the paramedr space, degeneracies in tting
the spectral features persist. To resolve these ambigugieadditional experimental data
would be highly bene cial. Speci cally, inelastic neutronscattering over a broader and
higher energy transfer range could provide access to addital CEF excitations, o ering
a more complete picture of the CEF level scheme. Additionallyeld- and temperature-
dependent heat capacity measurements would impose furthenstraints by directly probing
the thermal population of these levels. The feasibility offtese experimental approaches and

their implications for re ning the CEF model are discussedurther in Section 6.2.

5.4 Exchange Interactions

The 120 antiferromagnetic structure observed in ErGl presents a signi cant theoretical
challenge, as its stabilization remains unexplained withiconventional spin models. Neu-
tron diraction experiments have conrmed that below Ty=350 mK, the Er¥* moments
form a noncollinear 120 order with a propagation vector ofk=(2/3,0,-1/12) [15]. How-
ever, this structure is incompatible with a purely Heisenber description, which typically
stabilizes collinear spin arrangements. This is in stark otrast to YbCl3; a structurally
similar rare-earth trichloride, which has been found to beraexcellent realization of a 2D
Heisenberg antiferromagnet with isotropic nearest-neighb exchange [83, 82, 84]. The fact
that ErCl; and YbCI; exhibit fundamentally di erent ground states|despite the ir struc-
tural similarities|suggests that the larger unquenched omital angular momentum of EF*
(J=15/2) compared to Yb*" (J=7/2) plays a critical role in determining the nature of ex-

change interactions. Given the strong in uence of spin-orbcoupling on anisotropy, what
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exchange interactions beyond Heisenberg exchange couldsize the 120 order in ErCl3?
A purely Heisenberg description, where interactions are fulisotropic, cannot account
for the 120 order. The conventional nearest-neighbor Heisenberg Hangittian
X
H=1J Si § (5.12)
hij i
favors collinear ground states such as Neel or stripe ordeln contrast, the structure ob-
served in ErCk is noncollinear, indicating that additional anisotropic erms must be present.
One possible way to introduce anisotropy within an otherwesHeisenberg-like model is to in-
corporate further-neighbor exchange interactions. Exteling the Heisenberg hamiltonian to
include second-nearest-neighbod{) and third-nearest-neighbor {3) interactions can modify
ground state selection by introducing additional frustraion.
X X X
H=J1 S Sj+J; Si S+ J; Si S (5.13)
hij i htij i hhj iii

In triangular and kagome lattices, frustration from these drther-neighbor interactions
can stabilize 120 order as the ground state [16]. However, on the honeycomb la#, this
mechanism does not lead to 12®rder, as the connectivity of the lattice does not provide
same geometric frustration that enables such states in tngular-based systems. Instead, for
honeycomb systems, thd,; J, Js; model tends to favor collinear states or spiral phases
depending on parameter values [94, 95]. This is explicitlflustrated in the phase diagram
for the J; J, J3 model on the honeycomb lattice, shown in Fig. 5.9, where no reg
corresponding to 120 order appears.

The failure of the extended Heisenberg model to stabilize 126rder in ErCl; suggests that
an alternative mechanism must be responsible. Given that #htype of order has also been
observed in materials such as NapBiOg and -Li,lIrOs|which are now being investigated
as potential realizations of Kitaev physics [96, 97]| anis@ropic, bond-dependent interactions

emerge as the most likely explanation for ErGls unconventional ground state.
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Figure 5.9: Phase diagram of thd; J, J3; Heisenberg model on the honeycomb lattice,
adapted from [16]. The absence of a 12@nagnetic phase suggests that further-neighbor
isotropic exchange alone cannot explain the experimentalbbserved order in ErCy.

A starting point for considering such interactions is the Kiaev model, originally intro-
duced as an exactly solvable spin model on the honeycomb ie&t. The de ning feature of
this model is its bond-dependent interactions, where the spcomponents coupled depend

on the direction of the bond

H=K SS§ (5.14)
hij i

Each bond ( = x;y;z) enforces an Ising-like interaction along only one spin cqranent,
which suppresses conventional exchange pathways and letala highly entangled quantum
spin liquid ground state. This model was discussed in broatf@kes in Section 2.1.4, where
its relevance to spin-orbit-coupled systems was outlineddowever, while the Kitaev model
provides a route to exotic magnetic phenomena, it does notgoort long-range magnetic
order. If Kitaev interactions were dominant in ErCk, one would expect a disordered quantum

spin liquid rather than the experimentally observed 120structure.
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A natural extension is the Heisenberg-Kitaev (HK) model, whit incorporates both
isotropic Heisenberg exchange and bond-dependent Kitaeveractions
X X
Hiestik = J Si Sj+K SS (5.15)
hijj i hijj i

This model has been extensively studied as a minimal framekdor spin-orbit-coupled
honeycomb magnets. The competition between Heisenberg anddev terms produces a
rich phase diagram, including stripe, zigzag, and Neel oeted phases, as well as spin liquid
regimes, depending on the relative strength af and K [98]. However, the 120 structure
observed in ErC} does not appear as a stable phase anywhere in the HK model'sgicged
phase diagram. This suggests that while bond-dependent émaictions are likely important,
the Kitaev term alone|leven when combined with conventional Heisenberg exchange|does
not explain the experimentally observed order.

Another possible explanation for the 120order in ErCl; comes from the Heisenberg-
Kitaev- (K- -H) model, which includes an additional symmet ric o -diagonal exchange term

X
H= [0Si Sj+KS;S + SS +S5S | (5.16)
hji2 ()

This model has been explored in the context of other honeycbmmagnets, such as
NaNi,BiOg and -Li,IrO3, where Kitaev and interactions have been proposed as key
drivers of noncollinear magnetic states [96, 97]. Similaotthose systems, ErGlfeatures a
strong spin-orbit-coupled moment on a honeycomb lattice, aking it a natural candidate for
anisotropic exchange interactions.

The term represents an o -diagonal symmetric anisotropicexchange that couples dif-
ferent spin components on each bond. This interaction ars@aturally in spin-orbit-coupled
systems where the exchange paths involve signi cant orbitaverlap between neighboring
magnetic ions. In rare-earth systems like Er@) the term is particularly relevant because

it can be understood as a truncated dipole-dipole interacth. Unlike conventional dipole-
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Figure 5.10: Phase diagram of the K- -H model on the honeycomlattice, adapted from
[17]. The phase space of this model is visualized as a spharfrojection, where the three
exchange parameters|Kitaev (K ), Heisenberg {), and o -diagonal |de ne points on the
surface. The north and south poles correspond to purely Kiga interactions with K > 0
and K < 0, respectively. The right and left hemispheres represenbuhinant Heisenberg
exchange withd > 0 and J < 0, while the radial direction encodes the magnitude and
sign of , with the equatorial plane representing = 0. Unlike the pure Heisenberg or
Heisenberg-Kitaev models, this model includes regions whek20 order appears as a stable
ground state, suggesting that additional anisotropic ex@nge interactions may play a role
in ErCls.

dipole interactions, which decay as 1A, the term e ectively captures the short-range
component of these interactions while respecting the syming constraints imposed by the
crystal lattice. Since EF* has an unquenched orbital moment and strongly interacts wit
neighboring E#* ions via ligand-mediated superexchange, the presence of tatependent
dipolar-like interactions is entirely reasonable.

Recent theoretical work has shown that the K- -H model suppds noncollinear magnetic
phases, including 120order, in certain regions of its phase diagram, as illustradl in Fig. 5.10
[17]. The competition between isotropic Heisenberg exchagitaev bond-dependent in-
teractions, and the additional frustration introduced by he term provides a natural route

to stabilizing the experimentally observed structure in ECls.
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While the K- -H model presents a compelling framework for undrstanding the 120 order
in ErClg, it belongs to a broader class of compass models, which haezb developed to de-
scribe bond-dependent exchange interactions in stronglpis-orbit coupled systems. Many
of these models, including the Kitaev and interactions, hae microscopic justi cations
based on spin-orbit coupling and crystal eld e ects, whileothers remain more phenomeno-
logical, constructed to stabilize speci c magnetic orderpl0]. As theoretical developments
continue, more general compass-like interactions couldgwide alternative perspectives on

ErCl3's exchange interactions, o ering new directions for futte modeling e orts.

5.5 Discussion

The results presented in this chapter highlight both the prgress made in understanding
ErCl; and the challenges that remain. The inelastic neutron scating and thermodynamic
measurements provide new insights into the crystal eld efisonment and exchange interac-
tions, yet they leave key questions unresolved. A primary¢as was the e ort to constrain the
crystal eld Hamiltonian, where we attempted to determine the Stevens parameterB™ from
experimental data. Given the limited number of observed trasitions in neutron scattering
and the degeneracy of possible ts, a fully reliable determation remains out of reach. How-
ever, despite this inherent unconstrainability, the ts oliained using PyCrystalField were
reasonably consistent with the available data. The tempetare evolution of the energy level
populations, estimated from the thermal expectation value showed reasonable agreement
with the inelastic neutron spectra at 40 K and 60 mK. Featuresuch as the lower-energy
shoulder structures and the persistence of peaks near 1.8Mrend 3 meV suggest that the
inferred CEF scheme is at least a reasonable approximatioithis agreement is illustrated
in Fig. 5.11, where the computed thermal expectation valueseacompared directly with
the experimental energy cuts, highlighting the extent to with the modeled level scheme

captures the observed transitions. While these results suggy that the general energy scale
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(@) (b) (c)

Figure 5.11: Comparison of the computed thermal populationf @rystal eld levels (a) with
experimental neutron energy cuts at 60 mK (b) and 40 K (c). Théhermal evolution of the
energy level populations, inferred from the computed exp@tion values, shows qualitative
agreement with the experimental data in terms of spectral &ures and intensity trends,
particularly in the persistence of peaks near 1.8 meV and 3 Meas well as the emergence
of lower-energy (E<1 meV) shoulder features at higher temperatures. The interngiscales
are normalized independently to highlight spectral trendsind facilitate direct comparison
of relative peak positions and widths.

of the CEF excitations is well represented, the ambiguitieis determining the full set of B"
parameters remain, reinforcing the necessity of additiohaxperimental constraints.

While these results provide a meaningful starting point, thealck of higher-energy neutron
data limits the re nement of the CEF Hamiltonian. The strongest test of the model would
come from measuring additional CEF transitions at higher esrgy transfer, which would
further constrain the parameter space. Similarly, eld-dpendent neutron scattering would
o er a direct probe of how the wavefunctions evolve under eatnal perturbations, allowing
for a more stringent veri cation of the model. Without these aditional constraints, any
parameter set obtained remains one of many possible soluiso Nevertheless, the qualitative
agreement between the thermal expansion of energy leveldahe neutron data suggests
that the overall structure of the CEF levels is at least partally captured.

The exchange interactions responsible for stabilizing tHE20 order remain equally di -
cult to determine. The absence of resolvable spin wave dispiens in neutron spectroscopy

prevents a direct extraction of interaction parameters, Bving us reliant on indirect con-
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straints. By ruling out the Heisenberg and extended Heisenlmprmodels, as well as the
pure Kitaev and Heisenberg-Kitaev models, we argue that aoisopic, bond-dependent in-
teractions are the most viable explanation for the magnetiorder observed in ErC}. The
Heisenberg-Kitaev- (K- -H) model, which includes an additional symmetric o -diagonal

term, is the only well-established theoretical frameworkknown to stabilize 120 order on
the honeycomb lattice within currently studied interactions. Given the strong spin-orbit
coupling of EF* and the unquenched orbital moment, the presence of such beddpendent
interactions is entirely reasonable, particularly if the term is interpreted as the short-range
component of dipole-dipole interactions.

This interpretation aligns with other candidate Kitaev materials such as NaNBiOg
and -Li,IrO3, where noncollinear magnetic order has been attributed to itaev and
interactions. The similarities in their magnetic structues suggest a broader relevance of
bond-dependent anisotropic interactions in spin-orbit@upled honeycomb magnets. How-
ever, the precise form of the exchange Hamiltonian in ErClemains an open question. The
K- -H model provides a plausible mechanism, but further theretical and experimental work
is needed to determine whether additional interactions cabute to stabilizing the observed
order.

Ultimately, the results of this study emphasize both the pronse and the limitations of
current experimental techniques. While our data provide copelling evidence for signi cant
anisotropic exchange, they remain insu cient to fully restéve the microscopic Hamiltonian.
The most direct and unambiguous way to extract the exchangeapameters is a neutron scat-
tering measurement in the eld-polarized phase. Such an eepment would resolve the spin
wave dispersions, allowing a rigorous quantitative deterimation of interaction strengths via
linear spin wave theory (LSWT). Without this measurement, theexchange interactions can-
not be reliably extracted, leaving their precise form spetative. A successful measurement
would require ensuring proper sample alignment|avoiding he misorientation issues that

plagued the previous experiment|and, perhaps just as critcally, avoiding interference from
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Swiss customs o cers. With the eld-polarized dispersions mpperly resolved, the exchange
interactions could nally be quantitatively determined usng linear spin wave theory (LSWT),
achieving the primary goal of this study. Beyond this, exteting neutron spectroscopy to
higher energy transfers, performing in- eld neutron sca#éring to probe wavefunction evo-
lution, and conducting additional thermodynamic measureemts|particularly eld- and
temperature-dependent heat capacity|would further constrain the CEF scheme and re ne
the understanding of anisotropic interactions. These e @s would signi cantly advance our
knowledge of ErC} and its potential role as a platform for bond-dependent anropic mag-
netism. Determining whether ErC} truly realizes the K- -H model, or whether additional
interactions are at play, will be crucial in understanding e broader role of bond-dependent

anisotropic exchange in rare-earth honeycomb magnets.
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Chapter 6

Conclusion

6.1 Summary

The study of rare-earth honeycomb magnets has provided nemsights into the funda-
mental interactions that govern their quantum magnetic belavior. Through a combination
of neutron scattering, magnetization, and thermodynamic easurements, this dissertation
has explored the role of spin-orbit coupling, crystal eld ects, and exchange anisotropy in
shaping the ground states of these materials. A particulan€us has been placed on under-
standing the nature of bond-dependent exchange interactis and their potential to stabilize
exotic quantum phases, such as quantum spin liquids. The malgs presented here contribute
to the broader e ort of identifying and characterizing mateials with highly anisotropic in-
teractions, bringing us closer to realizing experimentallatforms for novel quantum states
of matter.

The investigation of Yb,Si,O; has revealed its behavior as a quantum dimer magnet with
a eld-induced phase transition, exhibiting characterists of triplon condensation. Magne-
tization measurements con rm a highly anisotropic respoms with distinct saturation be-
haviors along di erent crystallographic directions. Neuton scattering experiments provide
strong evidence for the presence of a eld-induced phasersition, in agreement with the-
oretical expectations. However, a key nding is the absenc&f clear staggered magnetic
order within the predicted Bose-Einstein condensate phaseontrary to the expectations of
a simple two-sublattice model. This discrepancy suggestiat additional factors, such as

guantum uctuations or an alternative order parameter, maybe in uencing the magnetic
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structure of Yb,SibO;. Further re nements in theoretical modeling are required tdully un-
derstand the interplay between exchange interactions andhigotropic perturbations in this
material.

The study of ErCl; has led to several major advancements. First, we optimized &h
synthesis of ErC} single crystals, re ning growth conditions to produce higpurity sam-
ples suitable for neutron scattering and thermodynamic mearements. Given the extreme
air sensitivity of ErCls, we also developed robust air-free methodologies for samgian-
dling and preparation, ensuring that measurements were oducted on pristine, unreacted
crystals. These techniques represent a signi cant metholdgical advancement that can be
broadly applied to other air-sensitive materials, extendig beyond rare-earth halides to a
wide range of quantum materials where environmental degration poses a challenge. Our
magnetization measurements revealed clear magnetic aniepy, demonstrating that ErCl;
deviates from an isotropic Heisenberg model and exhibits strg exchange anisotropy. By
combining these measurements with neutron scattering, weeve able to place signi cant
constraints on the crystal eld parameters governing the stem. Typically, determining
crystal eld parameters from experimental data alone presgs a challenge due to the de-
generacy of possible ts. However, by leveraging theoreticaeatments alongside inelastic
neutron scattering, we systematically re ned the parametespace, showing how the interplay
between spin-orbit coupling and exchange interactions ghes the low-energy magnetic exci-
tations. This approach provides a more precise and experimally grounded framework for
modeling ErCk's magnetic behavior, reducing ambiguity in parameter setgéon and further
re ning our understanding of the system's Hamiltonian. Impaantly, by comparing exper-
imental data with theoretical models, we established thathte only viable explanations for
ErCl3's magnetism involve the presence of Kitaev interactions. His nding positions ErCl;
as one of the few known rare-earth materials where Kitaewé physics is directly relevant,
making it an important platform for future investigations into bond-dependent anisotropic

exchange and its role in stabilizing exotic magnetic phaseshe combination of experimental
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constraints and theoretical modeling developed in this wkrhighlights how a multi-faceted
approach can be used to systematically re ne key parameteggoviding a template for future
studies of strongly spin-orbit-coupled materials.

While this dissertation has signi cantly advanced the undestanding of rare-earth quan-
tum magnets, it also highlights the complexity of these matels and the challenges inherent
in fully characterizing their interactions. The interplay between exchange anisotropy, spin-
orbit coupling, and geometric frustration continues to o & rich avenues for exploration, both
experimentally and theoretically. The discoveries prestsd here provide a strong foundation
for future research, demonstrating that rare-earth honeyenb magnets are a promising plat-
form for investigating novel magnetic states and deepenirmur understanding of strongly

correlated quantum systems.

6.2 Future Work

Further investigations into Yb,Si,O; are also necessary to re ne our understanding of
its quantum magnetism. One critical avenue of research inves high-resolution neutron
scattering studies under applied magnetic elds to better cracterize the eld-induced phase
transition and the nature of the triplon condensate. The alence of clear staggered magnetic
order in the predicted Bose-Einstein condensate phase sagtg that additional interactions
or quantum uctuations may be in uencing the condensate stee. By performing neutron
scattering with improved resolution and higher applied dls, it may be possible to determine
whether hidden order or unaccounted anisotropic interaans are at play.

Another important direction is to explore the potential role of spin-lattice coupling in
Yb,SiLO-. If lattice distortions or phonon interactions contributeto the observed deviations
from theoretical expectations, complementary experimesitsuch as Raman spectroscopy or
thermal expansion measurements could provide key insighfBhese studies would help clarify

whether structural e ects are in uencing the exchange inteactions or the stability of the
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eld-induced phase.

Theoretical re nements are also needed to fully describe ¢hexchange interactions gov-
erning Yb,SibO7. The deviations from expected magnetic order suggest thatirent models
may be oversimpli ed. A more detailed theoretical treatmenthat incorporates longer-range
exchange interactions, anisotropic perturbations, or adlibnal frustration mechanisms could
help bridge the gap between experiment and theory. Furtheromputational modeling and
comparison with experimental data will be crucial in constrcting a more complete descrip-
tion of the system's Hamiltonian.

Finally, external tuning parameters such as chemical subsition or pressure could pro-
vide new insights into the quantum phase diagram of Yi%,O;. Given its proximity to a
guantum critical point, modifying the lattice geometry through chemical substitution (e.g.,
replacing Si with Ge) or applying pressure could push the dg¢ into di erent magnetic or
nonmagnetic phases. Such studies could help determine whiest frustration or competing
interactions are responsible for the observed anomaliesdawhether similar systems might
host more exotic quantum phases. By pursuing these experint@ and theoretical direc-
tions, future work on Yb,Si,O; could provide a deeper understanding of quantum dimer
magnets and their potential for realizing unconventional wantum states.

One of the most impactful next steps for ErG would be a successful eld-polarized
inelastic neutron scattering experiment with properly alyned crystals. This would allow for
a direct quanti cation of Kitaev interactions by measuringspin wave dispersions in the high-
eld polarized state. The previous attempt was hindered by gactical challenges, but a new
experiment with improved crystal alignment and logistics wuld provide de nitive evidence
for the extent of bond-dependent interactions. Given that ECl; has already shown signs
of Kitaev interactions, this experiment could establish & place in the broader landscape of
quantum magnetism.

Additional thermodynamic and spectroscopic experiments wid help solidify the under-

standing of ErCk's exchange interactions. Temperature- and eld-dependeheat capacity
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measurements could reveal more about the system's low-ageexcitations and potential en-
tropic signatures of fractionalization. Extending inelasc neutron scattering measurements
to broader energy ranges would provide a more complete detenation of the crystal eld
parameters, ensuring that higher-energy excitations areeounted for in theoretical models.
Raman spectroscopy would serve as an ideal complementargheique, probing additional
aspects of the spin and phonon dynamics that may be inaccédsivia neutron-based meth-
ods.

Beyond ErCkL, the rare-earth trihalide family presents a promising avere for discovering
new quantum magnetic states. ErByand Erls, in particular, o er intriguing possibilities due
to the enhanced spin-orbit coupling and larger ligand ioni@adii, which could further amplify
bond-dependent exchange anisotropies. Investigating #eematerials with the same rigorous
experimental approach could reveal whether they exhibit ginger Kitaev interactions or even
more exotic quantum magnetic behavior. Understanding how éhalide chemistry in uences
exchange interactions will be crucial for identifying mateals that push the boundaries of
bond-dependent magnetism.

Once the exchange parameters of Er{Care quantitatively established, it will be possible
to place it precisely on the Kitaev- -Heisenberg phase diagm. This will provide a frame-
work for understanding its relationship to theoretically pedicted phases and guide strategies
for tuning it toward a more quantum spin liquid-like state. External perturbations such as
chemical substitution, applied pressure, or controlled slorder could be explored as potential
routes to suppress magnetic order and stabilize a proximatétaev quantum spin liquid.
Identifying such tuning mechanisms could open the door to meexperimental realizations

of highly entangled quantum matter.
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Appendix A

Custom Instrumentation and Designs

This appendix presents the technical drawings, blueprintgnd schematics of all custom-built

components developed for this project.
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Figure A.1: DCS Sample Stage. Custom designed to integrate WiDCS TOF instrument

on the NCNR beamline at NIST. Fabricated from Copper 101 (OxygeRree). Mates with

DCS Stub Blank Flange (Fig. A.2) by sliding into xed slot. Fixed in place when by DCS
Spacer (Fig. A.3) and KF 50 Blank Flange (with window) (Fig. A.9).
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Figure A.2: DCS Stub Blank Flange w/ space for DCS Sample Stageabticated from Alu-
minum 6061, starting from commercially bought KF50 stub blak ange. Custom designed
to house the DCS Sample Stage (Fig. A.1) during air-free Laueientation.
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Figure A.3: DCS Spacer. Fabricated from Aluminum 6061. Customedigned to pinch an
elastic window between itself, the DCS Sample Stage (Fig. A.ahd the KF 50 Blank Flange
(with window) (Fig. A.9) during air-free Laue orientation.
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Figure A.4: DCS ATM|Laue Holder. Integrates with three axis goniometer used in Pho-
tonic Science Laue X-ray Diractometer. 3D-Printed in PLA (polylactic acid). Custom
designed for the DCS Stub Blank Flange (Fig. A.2), DCS Sample $fa (Fig. A.1), DCS
Spacer (Fig. A.3) and KF 50 Blank Flange (with window) (Fig. A.9) conbination. Allows
for reproducible placement of air-sensitive samples in La-ray cabinet.
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Figure A.5: MPMS3 Laue Straw Adapter (LSA) with Cap. 3D-printed fom PLA (polylactic
acid). Designed for both the air-free Laue orientation of sgle crystals and integration into
the MPMS3 3He Option via mating with standard straw. Mates with LSA to ATM adapter
(Fig. A.6), which then ts snugly in the DCS Stub Blank Flange (Fig A.2) to facilitate
air-free Laue X-ray orientation of single crystals. Angle ofap surface can easily be modi ed
to accommodate any arbitrary crystal orientation within the MPMS3 system.
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Figure A.6: MPMS3 Laue Straw Adapter (LSA) to Air Tight Module (ATM ) adapter. 3D-
Printed from PLA (polylactic acid). Designed to mate with the DCS Stub Blank Flange
(Fig. A.2) and the MPMS3 LSA (Fig. A.5) to facilitate air-free Laue X-ray orientation of

single crystals.
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Figure A.7: Part 1/5: CAMEA ATM|Sample Stage to ATM adapter. Blu eprint of custom
adaptor designed to work with standard KF50 clamps and custosample stage used for col-
lecting Laue images of air-sensitive crystals. On one sidkis part utilizes eight M6x1 screws
and ? 1.5mm indium wire, or 1.5 44 47mm O-ring, to mate with the custom CAMEA sam-
ple stage Fig. A.8. The other side utilizes standard KF50 clamp@e mate with the KF50
Blank Flange with removed window (Fig. A.9) to secure a transpant elastic Im.
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Figure A.8: Part 2/5: CAMEA ATM|Sample Stage. Blueprint of cust om designed sample
stage used for the ErG CAMEA experiment. Mates with Part 1/5: CAMEA ATM|Sample
Stage to ATM adapter (Fig. A.7). Used to mount and co-align singl crystals of ErC} for the
CAMEA experiment. This part could be directly exchanged to mont with either Part 4/5:
CAMEA ATM|Clear Transportation Module (Fig. A.10) or Part 5/5: CAMEA ATM|
Copper Can (Fig. A.11).
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Figure A.9: Part 3/5: CAMEA ATM|KF50 Blank Flange. Blueprint of cu stom KF50
Blank Flange with removed window. Mates with Part 1/5: CAMEA ATM|Sample Stage

to ATM adapter (Fig. A.7) via standard KF50 clamp. This is a modi cation of a standard
KF50 Blank Flange with a window removed to allow a transparentlastic Im to be secured
for air-free Laue imaging and sample reorientation.
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Figure A.10: Part 4/5. CAMEA ATM|Clear Transportation Module.  Blueprint of cus-
tom transportation module. Mates with Part 1/5: CAMEA ATM|Sa mple Stage to ATM
adapter (Fig. A.7) via 8 M6 1 screws. This is a custom design fabricated from polycorbon
ate and polished clear to facilitate a safe, air-free, inteational customs \proof" container
for transport of aligned samples through airport security.
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Figure A.11: Part 5/5: CAMEA ATM|Copper Sample Can. Blueprint o f custom Copper
can. Mates with Part 1/5: CAMEA ATM|Sample Stage to ATM adapte r (Fig. A.7) via

eight M6 16 screws and 1.5mm indium wire, or 1.5 44 47mm O-ring. This is a custom
design fabricated from Copper-101 (oxygen-free) for theai®f the CAMEA experiment, in
accordance with CAMEA specs and constraints.
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Figure A.12: CAMEA ATM|Laue Holder v4. Integrates with three axi s goniometer used in
Photonic Science Laue X-ray Diractometer. 3D-Printed in PLA (polylactic acid). Custom
designed for the CAMEA ATM|Sample Stage to ATM adapter (Fig. A.7 ) and CAMEA
ATM|Sample Stage (Fig. A.8) combination. Allows for reproducible placement of air-
sensitive samples in Laue X-ray cabinet.
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