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Abstract

Revealing the spin excitations of complex quantum magnets is key to developing
a minimal model that explains the underlying magnetic correlations in the ground
state. In this thesis, we study the low-energy magnons in a-RuCl3 by combining time-
domain terahertz spectroscopy under an external magnetic field and model Hamil-
tonian calculations. We observe two absorption peaks at 2.0 and 2.4 meV, which
we attribute to zone-center spin waves. Using linear spin-wave theory with only
nearest-neighbor terms of the exchange couplings, we calculate the antiferromagnetic
resonance frequencies and reveal their dependence on an external field applied parallel
to the nearest-neigbor Ru-Ru bonds. We find that the magnon behavior in an applied
magnetic field can be understood only by including an off-diagonal exchange term to
the minimal Heisenberg-Kitaev model. Such an anisotropic exchange interaction that
manifests itself as a result of strong spin-orbit coupling can naturally account for the
observed mixing of the modes at higher field strengths.
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Chapter 1

Introduction

Physics deals with phenomena, interactions and fundamental laws that concern the

building blocks of the observable universe; and often times seeking answers to ques-

tions stemming from the complicated behavior of such systems becomes a formidable

task. This is where the art of abstraction, the reduction of a complex problem into

managable simpler constituents and its representation via solvable models come in

handy as powerful tools in a physicist's toolkit.

There are numerous examples that can be listed to illustrate this point such as

the prediction of optical processes in crystals purely based on symmetry considera-

tions, the adoption of a hard-sphere model in gases to account for the repulsive forces

between particles, the harmonic approximation of lattice vibrations by considering

an elastic arrangement of atoms within a lattice, the Drude model of conductivity

in metals neglecting the interaction of an electron with others and the ions between

collision events, the band theory of solids which was developed from the realization

that an electron experiences a periodic Coulomb potential at each lattice point and

the study of phase transitions in the Ising model (D;>2) just to name a few. While

the design and implementation of some of these models have been motivated by ob-

servations and experiments in an attempt to explain and predict various phenomena,

others have been devised as theoretical constructs to begin with, which often times

can serve as an ideal playground to test physical principles and explore new phenom-

ena or phases of matter that are hard to come across in the real world or may even

17



be non-existent.

Quantum spin liquids (QSL) fall into the second category, in that a QSL is a highly

idealized quantum state in which spins are entangled and do not order, but continue to

fluctuate without breaking any symmetries as a result of quantum fluctuations down

to T = 0 K as opposed to entering a long-range magnetically ordered state as we know

from ferromagnets and antiferromagnets [2-51. Anderson conceived the idea of the

resonating valence bond (RVB) ground state in a spin- 1/2 triangular lattice, which

is formed by the quantum superposition of all possible singlet pairings. A schematic

representation of the RVB state is illustrated in Fig. 1.1. The key ingredient to realize

such a state was the introduction of the concept of geometrical frustration [2]. In a

triangular lattice system with antiferromagnetic exchange (J > 0) it is impossible to

mutually satisfy the interactions between the spins such that all sites have neighbors

that point in the opposite direction (antiferromagnetic alignment), thus lending itself

to the RVB state stabilized by quantum fluctuations. Here, the word stabilization

is not to be understood as obtaining a stable and stiff spin configuration, because

for a spin-1/2 system the uncertainty principle dictates that the zero-point motion

becomes comparable to the size of the spin itself even at absolute zero temperature.

As a reults, the system will be rather in a fluid-like state, hence the nomenclature

"quantum spin liquid". If realized, this system could represent a true example of a

QSL in two dimensions.

Figure 1.1: The RVB state on a triangular lattice.

In the years following the early theoretical works on QSLs, there has been a
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continual growth of numerical and experimental research efforts strongly motivated

by the desire to discover real material systems in which entanglement and other

diverse magnetic phenomena can be observed. There are several material classes

that have been studied with considerable success such as the organic compound i -

(ET) 2 Cu2 (CN) 3 and related cousins, which show no sign of magnetic order down

to 30 mK despite the large exchange energy scale [6-8], the Kagome-lattice antifer-

romagnet ZnCu3 (OH)6 C 2 also known as herbertsmithite displaying characteristics

of gapless spin excitations [9-11], the more exotic hyper-Kagome structure found in

Na4 1r3 08 that consists of a three-dimensional network of corner-sharing triangles [12],

and more recently, the structurally perfected triangular antiferromagnet YbMgGaO 4

revealing a continuum of magnetic excitations alongside a low-T power-law tempera-

ture dependence of the heat capacity [13-15], as well as highly frustrated pyrochlore

lattices consisting of corner-sharing tetrahedra [16-19].

From theory, it is predicted that a telltale sign of the QSL behavior is the frac-

tional spin excitations, known as spinons. Due to the entangled character of the

macroscopic singlet to which all spins in the lattice contribute, the spin liquid ground

state cannot be expressed as a product of individual singlet states. This gives rise

to a fractionalization of the particle statistics. These chargeless elementary quasi-

particles coexist with emergent gauge fields and are believed to have been observed

in the systems listed above in various thermodynamic and neutron scattering exper-

iments [8-10]. Nevertheless, despite the many materials that have been proposed as

ideal spin liquid candidates, the experimental observation of a pure QSL behavior in

real spin systems has remained elusive for many decades after Anderson's proposal

of the RVB state in 1973; and therefore, the search for more candidate materials has

continued. Doubts about the observed spin liquid-like features partly stem from the

fact that most of these materials suffer from anisotropic and higher-order exchange

interactions, structural imperfections, magnetic impurity states and effects of the

antisymmetric Dzyaloshinsky-Moriya interaction [6,20-22].

o-RuCl 3 , which is another putative QSL material, has more recently risen to

prominence and is the compound that is studied throughout the majority of this the-
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sis. This material is also no exception to the general observation that these magnetic

systems are susepetible to numerous imperfections preventing a true manifestation

of the QSL behavior. In fact, although various experimental probes have discovered

signatures reminiscent of a field-induced QSL state above 7.5 T in the form of a broad

continuum of magnetic excitations, a-RuCl 3 is known to order into a zig-zag anti-

ferromagnetic phase below the N6el temperature of ~ 7 K. Nonetheless, what makes

this transition metal compound together with various iridates particularly special

and fundamentally different from most of the previous examples, is the nature of the

frustration that prevails in these two-dimensional (2D) honeycomb systems or related

Kitaev compounds [23-26].

We have briefly mentioned lattices where geometrical frustration plays an essential

role in the observed quantum spin liquid dynamics; conversely, on the other side of the

spectrum lie compounds that exhibit exchange frustration, which mainly arises from

strongly anisotropic and bond-directional Ising-type spin interactions [271. These so-

called Kitaev interactions along neighboring bonds cannot be satisfied simultaneously

and can potentially lead to a frustrated behavior and drive the system into a Kitaev

QSL state. One very important feature of the Kitaev model, that has led to its

popularity, is its exact solvability on the 2D honeycomb lattice. There exist only

very few models of quantum spin systems that have an exact solution, and those are

often times highly idealized and unrealistic [28-32]. In fact, the exact ground state

of a S = 1/2 antiferromagnetic Heisenberg lattice is still unknown. It was not until

Jackeli and Khaliullin's pioneering work that Kitaev physics was observed in real

material systems such as Na 2IrO 3, a-Li2 IrO 3 and a-RuCl 3. In their seminal paper,

these layered honeycomb materials, also called spin-orbit assisted Mott insulators,

were successfully represented using an effective Jeff = 1/2 band description [23,24].

In subsequent years, the success of Kitaev's seemingly artifical spin model has fueled

intense research not only restricted to the compounds just mentioned, but was further

extended into three-dimensional Kitaev systems and the triangluar lattice compound

Ba3IrTi 2O9 , in which a combination of geometric and exchange frustration effects can

be observed [33].
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Efforts to search for QSL characteristics in the iridates were in part hampered

by the presence of relatively strong Heisenberg interactions and other long-range spin

exchange terms besides trigonal distortions of the oxygen octahedra [24,34-36]. These

can give rise to significant deviations from the ideal Kitaev behavior. Devoid of some

of these complications, a-RuCl3 has increasingly gained attention in recent years as a

more promising candidate to realize the much anticipated Kitaev QSL state. However,

as mentioned already, a-RuCl 3 orders magnetically due to other significant exchange

contributions that are distinct from the Kitaev term [26,37-39].

Early on it was realized that an extended Kitaev model supplemented with isotropic

Heisenberg and anisotropic off-diagonal f' terms would better capture the physics ob-

served in this Mott insulating compound. Yet, the majority of the studies have

focused on the spin liquid aspect of the empirical findings with little emphasis on

satisfactorily establishing the spin wave excitations associated with the underlying

zig-zag magnetic phase. This is concerning in view of the fact that more recently

an alternative interpretation for the observed continuum of magnetic excitations has

been put forth by Winter et al. [40]. In this study, the broad features, that were

previously believed to originate from the fractionalized quasiparticle excitations of a

QSL state, suggesting a dominant Kitaev exchange term, are instead attributed to

incoherent magnon excitations and related magnon breakdown effects. Such a find-

ing not only challenges the currently established theory in regards to the QSL phase

in this material, but also prompts a careful assessment of the low-energy magnon

excitation spectrum in this compound, which is the spectroscopic fingerprint of the

existing exchange interactions in a magnetic system. The correct identification of the

fundamental magnetic excitations can place constraints on the exchange interactions

that govern the spin Hamiltonian, which will be key for obtaining a more accurate

and complete picture of the relevant low-energy physics in this system, in particular

with regard to one of the most sought-after experimental goals in quantum condensed

matter systems-discovering a true quantum spin liquid.

To this end, this dissertation is structured in the following way: Chapter 2 con-

tinues with some introductory information on the Kitaev spin model, provides some
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relevant background on the crystal structure of a-RuCl 3 and presents a brief litera-

ture review mainly focusing on some of the important results that will be pertinent

to developing a basic understanding of the magnetic properties of this compound.

In chapter 3, we then introduce our experimental technique, which is used to deter-

mine the spin-wave spectra at the magnetic zone center in oz-RuCl3 . Next, chapter 4

is dedicated to a discussion of our experimental findings and our results from linear

spin-wave calculations where we focus on finding a minimal model that can sufficiently

describe the observed magnetic behavior probed by our THz spectroscopy technique.

Finally, Appendix A we will give a brief overview on the second van der Waals anti-

ferromagnet investigated in this thesis work, namely NiPS 3. Some preliminary data

will be given and we will briefly discuss the photoinduced control of the magnetic

properties in this compound using optical pulses.
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Chapter 2

Kitaev physics in the Mott insulator

a-RuCl 3

2.1 The Kitaev model

In this section, we will begin with an overview of the pure Kitaev model as initially

proposed by Alexei Kitaev in 2006 [27], although it is currently well-established that

in its original form this model gives an incomplete description of real material systems

and has to be supplemented with additional exchange terms [24,41]. In its simplest

form, the model comprises spin- 1/2 moments on a two-dimensional honeycomb lattice

that interact via highly anisotropic Ising-like interactions, which differ for each bond

direction. From its exact solution, it was found that spin-flip excitations in this system

would generate Z2 gauge fluxes and Majorana fermions, which are non-Abelian anyons

with fractionalized particle statistics [27].

A schematic diagram that conceptually demonstrates the exchange frustration,

which was briefly mentioned in the previous chapter is shown in Fig. 2.1(a). Here,

the magnetic easy-axis of all three sites that surround the central one is along one of

the orthogonal directions x, y or z in the Kitaev basis (symbolically shown as colored

arrows on the Bloch sphere). Consequently, the moment in the central position is

pushed into a frustrated state, because not all three interactions can be simultane-

ously satisfied to minimize the exchange energy. Of course, in generalizing this type of
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interaction to the entire lattice one realizes that all spins experience the same degree

of exchange frustration, thus giving rise to an entangled QSL state which hosts frac-

tionalized excitations. Figure 2.1(b) depicts the arrangement of multiple magnetic

sites on a bipartite honeycomb lattice where bonds connecting the different sites are

colored according to their respective magnetic easy-axis direction given in (a). The x-,

y-, and z-bonds correspond to the red, green and blue lines, respectively. Essentially,

the Kitaev interaction describes an exchange coupling mechanism in which spins that

are connected by say an x-bond interact with each other through the x components

of the spins, hence the analogy Ising-like.

(a) (b)

Figure 2.1: (a) The exchange frustration that follows from the anisotropic Ising-like
exchange interactions along each bond direction. This figure is adapted from Fig. 5
of ref. [1]. The coordinate axes in the Bloch sphere define the Kitaev basis. (b) The
spin-1/2 honeycomb lattice showing the three anisotropic bonds at an angle of 1200
with respect to each other, labeled by different colors.

Mathematically, this type of interaction can be represented by the following spin

Hamiltonian on a honeycomb lattice where each term is associated with a distinct

bond direction

=Z KxS SS + SlKy SSjY + KzSizSz. (2.1)
ii ii ii

In his work, Kitaev showed that the QSL phase hosts two types of fractional Majorana

excitations depending on the relative strength of the K.'s, which are the Kitaev
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exchange couplings on each -y bond-in the isotropic limit, the model predicts a

gapless spin liquid.

The realization of Kitaev physics in condensed matter systems had to await the

discovery by Jackeli and Khaliullin that in a certain class of materials exhibiting

relatively strong spin-orbit coupling effects -also referred to as spin-orbit assisted

Mott insulators-in which it is possible to express the magnetic moments in the

lattice using a local Jeff = 1/2 description, the Hamiltonian can be expressed in the

form of the quantum compass model as described by Kitaev when a certain bonding

geometry is satisfied 1231. However, before we explain the implementation of such a

Jeff description in a-RuCl 3, it will be instructive to take a closer look at the crystal

structure of this compound.

2.2 Kitaev physics in a-RuC1 3

2.2.1 Crystal structure of a-RuCl3

Although the identification of RuCL3 as a possible spin liquid material is relatively

new, the experimental evidence of the room-temperature monoclinic structure in the

a-phase dates back to 1965 [42]. a-RuCl 3 is a Mott insulating transition metal halide,

whose structure is made up of almost ideal RuCl6 octahedra. When arranged in an

edge-sharing geometry these units form honeycomb planes of Ru3+ ions as seen from

the projection of the unit cell onto the ab-plane in Fig. 2.2(b). More recently, a lot of

debate has been revolving around the crystal structure of this compound until it was

established that the structure transforms from a room temperture monoclinic phase

(C2/m) with an AB-type stacking order into a rhombohedral phase with R3 symme-

try and ABC-type stacking order below a temperature of ~ 150 K. This first-order

transition takes only place by the sliding motion of subsequent layers in different

stacks, whereas within the stacks the D3d symmetry is preserved [43,44]. The struc-

ture in the high-temperature monoclinic phase is shown in Fig. 2.2. As we will see

in the next section, the edge-sharing geometry of the RuCl 6 octahedra in each layer
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will have important implications for the realization of Kitaev couplings in a-RuCl3.

Figure 2.2: (a) A side view of the crystal structure of a-RuCl 3 in the high-temperature
C2/m monoclinic phase. The unit cell is composed of two honeycomb layers stacked
along the c-axis. In this geometrical arrangement, two adjacent RuCl6 octahedra
share an edge that is perpendicular to the Ru-Ru bonds. (b) Top view of the crystal,
which depicts the honeycomb lattice formed by six Ru3 + ions.

2.2.2 Exchange pathways in Mott insulating a-RuCl 3

The theoretical demonstration of bond-directional exchange interactions in the iri-

dates was initiated by Jackeli and Khaliullin in 2009 [23]. Their work showed that

the 900-bond arrangement of edge-sharing IrO6 octahedra critically determines the

exchange interactions of the Ir local moments through a combined effect of strong

electronic correlations and spin-orbit coupling. It was argued that these effects con-

sequently lead to two possible exchange pathways between Ir ions via two oxygen

sites. Here the magnetic ions are in a d' electronic configuration, this is also the

case in RuCl3. In following years, this discovery in iridates has led to similar works

in a-RuCl 3 where it was realized that similar physics also applies to the magnetic

Ru3 + ions that belong to the 4d series albeit with reduced spin-orbit coupling [23,451.

The applicability of similar arguments in this material primarily followed from the
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fact that it possesses a layered structure associated with weak van der Waals forces

between the honeycomb layers [461, but more important than the previous factor is

perhaps the nearly ideal octahedral shape of the RuCl6 units where the Cl-Ru-Cl are

found to be within 10 of 900. This is in contrast with the angle of about 850 measured

in Na2 IrO3 [451.

To see how the compass-model can be realized in ao-RuCl3 , it is instructive to recall

that this compound belongs to a class of materials known as Mott insulators, which

generally exhibit an intricate balance of electronic correlations, spin-orbit coupling

and crystal field effects.

eg____
Spin-orbit entangled J = ) Mott

insulator

d orbitals
A - 2.2 eV )., -liZ UND

C L S f.,=1/2 SOC + U ---------- U-1.5 eV

splitting A- 0.15 eV I. - 1/l
Spin-orbit Jeff = 3/2 Electronic

coupling correlations 1., /

Figure 2.3: Schematic representing the formation of the spin-orbit entangled
Jeff = 1/2 moments for Ru3 + ions in the 4d5 configuration (adapted from Fig. 2 of
ref. [1]).

Altough not very clear from the crystal structure presented in Fig. 2.2, the Ru

ions are positioned at the center of each octahedral cage, which consists of six Cl

ions. Naturally, this corresponds to a modification of the spherical symmetry of the

isolated ionic electron states in response to the local symmetry determined by the

surrounding Cl ions, ultimately giving rise to the splitting of the orbital states into

the threefold degenerate t2g band and the twofold degenerate eg band. As a result,

the five electrons will be re-distributed into the t2g orbitals with a total spin S = 1/2

and an effective orbital moment L = 1. The relatively strong spin-orbit coupling

strength in this material due to the heavy Ru ions, estimated to be on the order of

A ~ 150 meV, induces further splitting of the t2g band into a fully filled band with

Jeff = 3/2 and a half-filled Jeff = 1/2 band. It is the reduction of the bandwidth
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of the Jeff = 1/2 band combined with the on-site electronic correlation (Coulomb

repulsion) that gives rise to the Mott gap and an effective Jeff = 1/2 description.

A band diagram summarizing the influence of the crystal field, spin-orbit coupling

and Coulomb repulsion effects on the orbital degeneracy and character is shown in

Fig. 2.3.

Next, we will see how a superexchange mechanism naturally accounts for the

highly bond-directional Ising-like interactions in the iridates and RuCl 3 that are found

in the low spin state of the d'-configuration and can be described via effective S = 1/2

moments [23]. We will only consider the 90'-bonding geometry, which refers to the

common case, when the anions at the vertices of each octahedron (Cl in the case of

a-RuCl 3 ) make an angle of 900 with the two nearest transition metal cations. This

bonding geometry is illustrated in Fig. 2.4 (a), where two 90 -exchange paths with

Cl(1) and Cl(2) are shown via the dashed lines.

In the 90'-bonding arrangement, only the dxz and dy, orbitals are available for

bonding between the central Ru ions and the Cl(1)/Cl(2) ions, which all lie in the xy-

plane. Thus, as can be seen in Fig. 2.4 (b), in this configuration the hopping matrix

only consists of off-diagonal matrix elements. The hopping terms that belong to the

two distinct exchange paths interfere destructively and give rise to the cancellation of

the isotropic Heisenberg term, hence resulting in transfer amplitudes that are highly

anisotropic in character. This unusual type of exchange mechanism also known as ex-

change frustration can be described with a Hamiltonian of the form H = E KS7S ,

where -y represents the Kitaev axes (i, 9 and i), which form an orthogonal basis of

the exchange spin interactions. This is precisely why the compass model proposed in

Kitaev's seminal work can be implemented in the Mott insulating compound a-RuCl 3

with partially filled d orbitals to describe the magnetic interactions of this material.
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Top view
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Bonding through the Ru-Cl(1)-Ru link4-1

Figure 2.4: (a) Kitaev exchange couplings between Ru spin-1/2 moments as a result
of superexchange intearctions mediated by two Cl ions (Cl(1) and Cl(2)) along two
separate exchange paths. (b) Schematic representation of the bonding geometry be-
tween the Ru and Cl ions and their respective orbital interactions that give rise to
the highly anisotropic Ising-like exchange mechanism in RuCl 3.

2.2.3 Experimental signatures of the Kitaev quantum spin liq-

uid behavior in a-RuCl 3

Although a-RuCl3 has long been known as an antiferromagnetic material since the

1960s [42,47,48], it was not until Kitaev's proposal subsequently followed by Jackeli

and Khaliullin's pioneering study on the implementation of the Kitaev model to

several real materials that experimental signatures of the Kitaev quantum spin liquid

behavior in Mott insulating materials have been seen [23,24,27].

In the beginning, the majority of research efforts were centered on exploring the
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iridates; however, the strong absorption cross-section of the Ir 4 ions and its magnetic

form factor have limited its use as an ideal Kitaev material [34]. Additionally, it was

found that most iridates have a significant isotropic Heisenberg term, which makes

a minimal Kitaev model less applicable to these systems [34]. Later studies on the

a-RuCl 3 system, on the other hand, have suggested a dominant Kitaev interaction

along with signatures of a low-temperature magnetically ordered state at the lowest

temperatures [49-53]. These have been observed via Raman and inelastic neutron

scattering (INS) measurements in the form of broad continua, as well as in thermo-

dynamic measurements such as entropy, magnetic susceptibility and magnetic specific

heat [37,51,54,55]. In particular, the thermodynamic features have been predicted by

theory to occur at two distinct temperature scales-a result that follows from the frac-

tionalization of the spin-1/2 degrees of freedom into two types of Majorana fermions,

namely Z 2 fluxes and itinerant fermions, which release their entropy at two different

temperatures and give rise to a characteristic two-peak structure.

In scattering experiments, fractional excitations, the hallmark of the QSL state,

have been reported to exist at temperatures well above the magnetic ordering tem-

perature as well as at lower temperatures [49-51, 56-59]. In particular, INS spectra

at the F-point reveal excitations that are consistent with a QSL state. A simple ar-

gument to understand the observation of a broad scattering spectrum is that when

local excitations create single quasiparticles, then an experiment like neutron scatter-

ing that probes the spectrum of spin flips would show a sharp dispersive excitation;

however, if a spin flip is fractionalized there would be a wide set of total energies that

can be realized for any total momentum of the two particles. These broad excitations

have been observed in INS data near the magnetic F-point spanning a relatively wide

energy range from about 4 to 15 meV for temperatures from 5 to 120 K [52, 53].

Similarly, Raman scattering which probes pairs of Majorana fermions has revealed a

continuum spectral feature that spans across a relatively wide energy range in addi-

tion to several phonon modes associated with the crystal structure of a-RuCl 3 [57].
This brief overview of the signatures of the Kitaev QSL is not exhaustive and the

interested reader is encouraged to review other references given in this thesis and
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other studies not covered here.
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Chapter 3

Terahertz spectroscopy

Time-domain terahertz spectroscopy (TDTS) is a powerful coherent technique that

has provided access to the lower-energy end of the electromagnetic spectrum, com-

monly referred to as the "THz gap". More specifically, the terahertz band spans the

frequency range from 0.1 to 10 THz (~0.4 to 40 meV), where 1 THz = 1012 Hz = 1 ps -

300 pm - 4.14 meV. Measurements in this spectral range have historically been dif-

ficult to perform due to the lack of reliable and efficient terahertz sources and de-

tectors, which can operate at frequencies that fall within the range of the traditional

microwaves and far infrared wavelengths. Over the past few decades, research ac-

tivities in the realm of terahertz science, both from a fundamental and an applied

standpoint, were made possible through major technological advances in the fields of

electronics and optics.

As far as condensed matter systems are concerned, THz techniques have pro-

vided valuable insights into the carrier dynamics in metals and semiconductors,

photo-induced quasiparticle dynamics/melting of superconductivity and charge den-

sity waves in cuprates, and the physics of low-energy collective excitations and fun-

damental excitation gaps in a vast number of other correlated materials [60-77.

Additional application areas of THz technology are in the areas of spectroscopy and

imaging, and include but are not limited to the characterization of collective modes in

proteins and other biomolecules, rotational non-destructive medical testing in cancer

diagnosis, security screening and detection of explosives [78-811.
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Currently, there exist several different ways to generate THz radiation-these can

be grouped into two main categories based on their operation principles: accelera-

tion of electrons and use of nonlinear media. In the former approach, THz emission

can be obtained in relatively simple tabletop arrangements either by the ultrafast

photo-excitation of a biased photoconductive antenna resulting in broadband THz

emission [82-84] or the use of the so-called backward wave oscillators, which are elec-

trovacuum microwave generators that yield continuous wave (CW) radiation under

an applied magnetic field when supplied with a high voltage [85,86]. Another less

practical method, but one that is capable of producing light intensities that exceed

conventional sources by orders of magnitudes, are large-facility free electron lasers,

in which electrons are accelerated to relativistic speeds through periodic magnetic

fields [87-89].

A spectroscopic technique, distinct from apparatuses that rely on the principle

of accelerating charges and time-varying currents, is the generation of THz emission

from nonlinear crystals such as zinc telluride (ZnTe) and lithium niobate (LiNbO3)

among various others [90-92]. This process, which is known as optical rectification

in a nonlinear medium, is the THz generation technique that is utilized in this work,

and will be explained in more detail in the following sections. Next, we will proceed

with a discussion of the inverse of this process, namely the electro-optic detection of

THz pulses, give a description of the implementation of the TDTS set-up in our lab

and finally lay out a procedure for obtaining complex material parameters.

3.1 Coherent time-domain terahertz spectroscopy

The availability of pulsed coherent laser souces over the past few decades has served as

a technological foundation for the development of time-domain terahertz spectroscopy.

In contrast to conventional Fourier transform infrared spectroscopy (FTIR), which

involves the use of an incoherent light source for the generation of light at infrared

wavelengths and a thermal detector to measure the light intensity in the frequency do-

main in an interferometric scheme, TDTS operates in the time-domain and therefore
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allows for the measurement of the entire THz waveform, yielding information about

the amplitude and the phase of the electric field. This is achieved by employing a

coherent gating pulse in the detection stage, which is derived from the same laser as

the pump pulse that is used to generate the THz radiation. Key advantages offered

by this phase-sensitive technique are the ability to simultaneously determine complex

materials' properties without the need to resort to Kramers-Kronig relations as well

as an enhanced dynamic range [93].

3.1.1 Generation and detection of THz radiation in ZnTe

Optical rectification

In our lab, THz pulses spanning a frequency range from 0.5 to 2.5 THz are generated

via optical rectification (OR) in the non-centrosymmetric crystal ZnTe based on a

collinear geometry. In this electro-optic generation scheme, to efficiently generate

THz pulses, the emitter crystal is cut along the (100)-direction and positioned such

that the angle between the near-infrared pump beam polarization and the [001-axis

of the crystal is approximately equal to 54.7'. The experimental configuration is said

to be collinear in that the generated THz waves propagate in the same direction as

the fundamental beam at 800 nm when the phase-matching condition is satisfied.

This occurs when the phase velocity of the THz beam matches the group velocity

of the optical beam. Consequently, difference-frequency generation in the ZnTe crys-

tal takes place between the various frequency components that comprise the optical

pulse. Through this mechanism, we obtain THz pulses with their spectral content

fundamentally limited by the bandwidth of the driving field, although in reality, when

imperfect phase-matching conditions, phonon absorption in the ZnTe crystal and the

frequency dependent nonlinar susceptibility are taken into account, the usable band-

width is reduced significantly.

More formally, the OR process can be described by a second-order nonlinear po-

larization, which is induced in the crystal by the relatively strong driving fields of the

pump beam. The polarization, which is proportional to the intensity envelope of the
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Figure 3.1: A simplified depiction of THz generation via optical rectification in ZnTe.
(left) A Gaussian pulse with its envelope shown in blue, the carrier in black and its
intensity in red. The induced nonlinear polarization inside the crystal is proportional
to the instensity of the electric field. (right) After passing through the crystal medium
THz waves will be radiated whose time-dependence is dictated by the second-order
time derivative of the intensity of the optical pulse (red curve).

generation pulse (red trace in Fig. 3.1), then acts as a source term in the electromag-

netic wave equation and gives rise to a mixing of different Fourier components in the

pump pulse.

For a mathematical formulation of the generation mechanism, we will introduce

the basic expression of nonlinear polarization, which can be found in most standard

textbooks on optics. The polarization of a medium in response to an electric field

is linear in E when the field strength is sufficiently weak. However, more generally,

in the presence of stronger fields the linear expression fails to properly reflect the

nonlinear response of the medium and should instead be rewritten as a Taylor-series

expansion in the electric field,

p = co[XK 1 E + X(E2 + X 3 + ... ]. (3.1)

This is because the strong electric field from the laser source gives rise to a nonlinear

large-amplitude motion of the electrons within the medium in a modified potential

energy landscape. Here, EO is the permittivity of free space and XW's are the ith_

order nonlinear susceptibilities. The most relevant terms are the first two on the

right hand side of eq. (3.1), which represent the first-order linear and second-order
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nonlinear responses of the medium, respectively, and higher-order terms can be ne-

glected. Generally, a finite second-order nonlinear polarization is only observed when

the nonlinear medium is non-centrosymmetric as is the case for ZnTe. This follows

from symmetry operations that define the crystal structure.

In the simplest scenario, when a monochromatic sine wave is assumed, it is

straightforward to obtain the second-order nonlinear polarization that consists of

two terms-one of which describes a second-harmonic generation process and the

other an optical rectification mechanism also known as difference frequency mixing

via PNL OC X 2 EO(cos(2wt) + 1). Due to the inherently second-order character of these

processes, it is natural to expect that both terms have a quadratic dependence on

the amplitude of the driving field, in other words they are proportional to the light

intensity.

The generalization to ultrashort pulses, which are typically characterized by a

Gaussian temporal profile E(t) = Eoe-1.38(t/T) 2 eiwot, where wo is the central frequency

and i is the pulse duration (close to 100 fs) of the optical laser beam, should however

be done using the following tensor formalism

PNL = Xijk (W1 - W 2; W1, w 2)Ej(wl)E(w 2 ). (3.2)

This expression only represents the optical rectification process that takes place in

the crystal; the second-harmonic generation process is not relevant to our discussion

of THz generation and will be neglected. By plugging this nonlinear polarization into

the generalized wave equation, which can be derived from Maxwell's equations, one

obtains an expression of the following form, ETHz(t) OC (- 2 _ 8 log t2 )e-4ogt 2 /T2 . The

frequency spectrum of the THz field can then be obtained by simply taking its Fourier

transform, which for a pulse duration of ~ 100 fs would correspond to a bandwidth

in the range from 0 to 8 THz, although it is important to note that several factors,

that can reduce the measured bandwidth and were listed above, are not taken into

consideration here. A schematic of the generation process is depicted in Fig. 3.1,

which demonstrates the working principle in a very simplified way. Here, the THz
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electric field follows a time evolution that closely matches the second-time derivative

of the intensity of the optical beam. This is because the intensity induces a nonlinear

polarization in the medium, which acts as a source term in Maxwell's equations.

Electro-optic sampling

The electro-optic sampling process that enables the detection of THz pulses by using

an elecro-optic nonlinear crystal such as ZnTe or GaP, is governed by the same non-

linear equation that we have just seen above in Eq. 3.2 and can be regarded as the

reverse of optical rectification. The equivalence of these processes follows from the

symmetry operations defined in the crystal (ZnTe is a zincblende crystal with 43m

point group symmetry), which determine the permutations of the sub-indices of the

nonlinear susceptibility tensor.

This technique is also known as the Pockels effect, and how its physics is related

to that of optical rectification can be more clearly seen by taking the limit of w2 -+ 0.

This corresponds to the situation in which a DC electric field (the THz field in our

case) changes the polarization of the optical pulse at frequency w 1. In other words,

the THz field, which co-propagates through the detection crystal with a weak optical

gating pulse, generates a birefringence in the detector crystal and thereby rotates the

polarization of the probe beam. The phase shift experienced by the probe beam is

determined by n+ and n_ which are the refractive indices defined along the principal

axes of the crystal

n = no i (1/2)ni3r41ETHz. (3.3)

The phase is then given by their difference, # = (n+ - nr)wd/c = nir4 1wdETHz/c.

Here, no is the refractive index at the optical frequency in the absence of a THz field

(- 3 at 800 nm), d is the thickness, r41 is the linear electro-optic coefficient of the

crystal (- 3.9 pm/V for ZnTe) and c is the speed of light. It is possible to measure

this phase shift, which depends linearly on the THz electric field, by monitoring the

amplitude modulation of the optical pulse. Experimentally, this can be detected by

38



using a quarter waveplate (QWP), a polarizing beam splitter and two photodiodes

(PD) as shown in Fig. 3.2.

Wollaston
prism PD1

ZnTe crystal QWP

PD2

Figure 3.2: A cartoon representation of the electro-optic sampling process in a ZnTe
crystal. The phase delay experienced by the weak optical probe beam can be obtained
by measuring the intensity difference between the cross-polarized signals at PD1 and
PD2.

The linearly polarized probe beam does not undergo a polarization rotation in the

absence of a THz pulse and becomes circularly polarized when it transmits through

the QWP after which it is then split into two equal amplitude vertical and horizontal

components. Only when both beams with a relative time delay of At with respect

to each other are incident on the detector crystal simultaneously, will the optical

beam become elliptically polarized. Next, the elliptical polarization is converted by

the QWP into vertical and horizontal components shifted by #, which can then be

spatially separated using a Wollaston prism and detected as I+ and I- on PD1 and

PD2. It is possible to obtain expressions of these intensities using the Jones matrix

formalism for propagation through the all of the optical components shown in Fig. 3.2

as

I+ = 10 I sin )~ (1 (3.4)
2 2

where Io is the intensity measured by the photodiodes in the absence of THz radiation.
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The approximation to the right of the equation is valid in the linear detection regime.

By taking the difference of the intensities 1 and dividing by Io, one arrives at the

following relatively simple expression

=0 nor41ETHz d (3-5)

ZnTe is generally the crystal of choice when one is interested in performing mea-

surements with relatively small THz fields on the order of several kV/cm due to its

fairly large electro-optic coefficient. For AI/I0 - 12% and a 1 mm thick crystal we

estimate a THz field strength of ~ 4 kV/cm in our THz spectroscopy setup. GaP,

on the other hand, with its smaller r41 and larger detection bandwidth allows the

detection of stronger and more broadband fields.

One important factor in choosing the optimum crystal for the detection of THz

beams is the thickness of the material. Generally, the dispersion of the optical and

THz pulses inside the medium severely limit the usable frequency range for a given

thickness, which is why these crystals are typically polished down to several hundreds

of y m- this becomes especially important when performing time-resolved measure-

ments to preserve the time-resolution. One problem however that one encounters with

such thicknesses are multiple internal reflections of the THz pulses from the surfaces

of the crystal that cannot be separated from each other. Another disadvantage that

follows from a reduced thickness of the crystal is a weaker signal as AI/Io directly

scales with d. Therefore, to minimize effects of multiple reflections, the crystal with

the desired cut, (110) for ZnTe, is carefully glued onto another piece, which is made

of the same material but a different orientation that does not exhibit electro-optical

properties.

Lastly, by varying the time delay (At) between the optical probe and the THz

beams, it is possible to obtain the full time-domain profile of the THz pulse as depicted

in Fig. 3.3. Panel (a) shows a typical time-domain THz pulse that was generated and

measured using an optical beam from a Ti:Sapph regenerative amplifier that produces

100 fs, 800 nm central wavelength pulses at a 5 kHz repetition rate. The amplitude
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spectrum as a function of frequency on the other hand is obtained by taking the

Fourier transform (FT) of the time-domain pulse as shown in Fig. 3.3(b), which

yields a useful frequency range of ~ 0.5 to 2.5 THz. The full spectrum is plotted on a

semi-log scale. Typically deviations from the expected theoretical THz waveform can

be seen in form of a persistent high-frequency ringing as a result of dispersion effects

and phonon absorption in ZnTe, which was not considered when plotting Fig. 3.2(b).
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Figure 3.3: (a) THz electric field trace generated and detected from 1 mm-thick ZnTe
(b) The FT amplitude spectrum of the THz pulse giving a frequency range of - 0.5
to 2.5 THz.

3.1.2 Implementation of the THz spectroscopy set-up

To obtain optical pulses of 100-fs duration, 800-nm central wavelength (~1.55 eV) at

a repetition rate of 5 kHz with an average output power close to ~ 4 W, we used

a Spectra-Physics Pro Titanium:Sapphire (Ti:Sapph) regenerative amplifier system.

This amplifier system is employed to obtain relatively high pulse energies ~ 800 pJ,

which is especially important for time-resolved experiments in which a strong pump

field is used to drive the system out of equilibrium. The amplifier is pumped by an

Empower 30 Q-switched Nd:YLF laser that lases at 527 nm and seeded by a 100-fs

Tsunami Ti:Sapph oscillator operating at 80 MHz.

The laser beam that is used in the THz generation and detection processes is
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obtained by splitting the ouput from the laser with an 80:20 beam splitter after the

amplifier with 80% of the beam reserved for pump-probe experiments. The remaining

20% is then split by a pellicle beam splitter in a 92:8 ratio for the generation and

detection stages of the TDTS apparatus, respectively. From this point on these beams

will be referred to as generation and probe beams. In the standard configuration, after

a series of optics, which are mainly used to reduce the beam to approximately a third

of its original size and re-direct it to the desired location, the beam is sent through

an optical chopper which is important for the modulation of the generation beam at

half the laser repetition rate. More details on the operation and importance of the

chopper in this experimental measurement scheme are given in the next section.

For the THz radiation generation medium we used a 1 mm-thick ZnTe crystal

in the (100) orientation. The spot size of the pump beam typically used for this

process is - 2 mm. To prevent the residual 800-nm pump high-pulse-energy beam

from damaging our off-axis parabolic mirrors, we dumped the unused portion of the

generation beam using a 1.5 mm-thick absorbing sheet of black teflon, which mostly

transmits all of the emitted THz radiation in the spectral range of interest. To

collimate the diverging THz beam, focus it onto our sample, then re-collimate and

focus it again onto a second ZnTe crystal for its detection, we used a set of four

2 inch-diameter 90' off-axis parabolic gold mirrors in a confocal geometry. Their

focal lengths in order of placement away from the generation crystal are 6 in, 4 in,

4 in, and 3 in, respectively, which resulted in a magnification ratio of ~ 2/3.

The spot size of the generation beam was carefully chosen due to the trade-off

between obtaining a smaller spot size on the sample, which is generally advantageous

for studying smaller crystals, and a greater loss on the first parabolic mirror caused

by a smaller generation beam. Similarly, the fluence of the generation beam, which

is determined by its size on the ZnTe crystal is an important factor that determines

the stability and electric field strength of the resulting THz electric field. Therefore,

the average power of the generation beam was chosen to be ~ 250 mW, which could

be arbitraily set via a combination of a half waveplate and a thin-film polarizer. The

power was set to this level making sure that no white spot was seen on the crystal
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surface indicating the onset of higher-order nonlinear processes, which could induce

a higher measurement noise. Also critical was the focal length of the last parabolic

mirror as having this one short enough ensures a tight THz spot on the detection

crystal, which is paramount for an enhanced dynamic range in our measurements.

A schematic of our THz setup is depicted in Fig. 3.5, which was designed to operate

in transmission geometry. Although not shown here (some details regarding our

pump-probe setup can be found in Appendix A), we can also perform time-resolved

measurements in an extended pump-probe configuration by choosing a pump photon

energy from 125 meV all the way up to 3.1 eV. This can be achieved by means of

difference frequency generation, optical parametric amplification and second harmonic

generation, which will however not be used throughout this work.
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relative humidity in the atmosphere, the THz system was enclosed and maintained

under a continuous flow of dry air, this area is indicated by the grey rectangular area

in Fig. 3.5. For this purpose, we used a commercial regenerative air dryer system

(DelTech WM-13N), which provided us with a very cost-efficient and limitless supply

of dry air. For noise reduction purposes, the flow rate was regulated to a minimum

that is needed to obtain a relative humidity of 0.1 %.

For the detection stage, again a crystal thickness of 1 mm was used for ZnTe. To

reduce the detection noise, it was critical to reduce the spot size of the probe beam,

which ensures that the THz electric field experienced by the entire probe beam is

relatively constant and maximum throughout. This was done using a telescope with

a 2:1 imaging ratio. After passing through the detection crystal the probe pulses are

sent through a quarter waveplate, a Wollaston prism onto a pair of photodiodes PD1

and PD2. The balanced signal is then amplified by a pair of current pre-amplifiers

(Stanford Research Systems SR570) and acquired by a computer using a DAQ card

interface (National Instruments PCI-6143), which allowed the digital recording of the

data.

In our spectrometer setup we used a standard optical cryostat from Janis (ST-100)

equipped with optical grade z-cut quartz windows that allow the transmission of THz

waves with >86% in the desired spectral range. With this cryostat we were able to

reach a base temperature of about 4 K all the way up to room temperature. To record

the temperatures during the measurements, two temperature sensors were mounted:

one onto the sample mount at a position very close to the sample and one directly onto

the cold finger. At the lowest temperatures we could easily achieve a relatively small

thermal gradient of 0.2 K between these two sensors. For our successive sample

and reference measurements, the cryostat was mounted on a horizontal motorized

translation stage, which allowed us to perform the scans in an automated and precise

manner.

For the field-dependence studies of a-RuCl 3 , we have primarily utilized a split

superconducting magnet cryostat by Janis (Model 7THL-SOM2-10). A separate but

very similar optical system to the one we have just seen was built to accommodate
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Figure 3.5: The split coil superconducting magnet in our lab, capable of reaching
magnetic fields from 0 to 7 T and temperatures from 1.8 to 300 K.

the larger dimensions of this cryostat. The THz magneto-optics system is capable of

reaching temperatures varying from about 1.8 to 300 K and magnetic fields from 0 to 7

Tesla. A photograph of the magnet cryostat is shown in Fig. 3.5. This system was also

further extended by adding a motorized polarization rotator to perform polarization

rotation measurements in samples that exhibit interesting magneto-optical effects.

However, these type of measurements are beyond the scope of this thesis and will

not be discussed. More details on the implementation of a polarization modulation

setup can be found elsewhere [95, 96]. Although the magneto-spectrometer design

is generally identical to the previous design, there are a few major differences such

as longer focal lengths for the off-axis parabolic mirrors to accommodate the large

size of the magnet. More specifically, the four mirrors were chosen with focal lengths
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of 9.5, 7.5, 7.5 and 7 in in the order they appear starting from the generation to

the detection crystal position. Due to a limited amount of space allocated for the

magnet setup, we used a 450 angle for the first mirror. All of the optics used in this

system were mounted on an elevated platform built from aluminum extrusions and a

large breadboard such that the height of the optical components matched roughly the

center of the cryostat windows. For the repeated sample/reference scans translating

the entire magnet cryostat did not seem very practical, instead a stepper motor with

an integrated encoder (SM2315D from Animatics) was attached to the sample tube

to ensure smooth vertical motion from sample to reference in between measurements.

3.1.3 Data acquisition and analysis

To measure the time-domain THz electric field using the DAQ card, we implemented

the method described by Werley et al. [97]. In this measurement scheme, an optical

chopper is used to modulate the generation beam at half the laser repetition rate, i.e.

f = 2.5 kHz to ensure that half of the time in an alternating fashion the generation

pulses are blocked. This means that only 50 % of the probe pulses were detected by

the photodiodes when the THz pulses were also present. To achieve this the chopper

phase was phase-locked to the laser source and the TTL signal of the chopper was

used as a trigger for the DAQ card, ensuring that whenever the rising edge of the

logic signal is detected the DAQ case would record the voltage from the pre-amplifier

units.

To see how this method works, let us begin by considering four pulses Al, A2, Bi

and B2 measured on two photodiodes PD1 and PD2, respectively. This corresponds

to a measurement of two consecutive pulses mainly split by the Wollaston prism into

mutually orthogonal polarizations. For the recorded signals Al and BI the THz

pulses were present, whereas for signals A2 and B2 the THz beam was blocked by the

chopper blades. In the presence of the THz beam the recorded signal on PD1 and

PD2 is I+ AI and I - AI, respectively, where I is the signal intensity in the absence

of the THz pulse and Al is the intensity change induced by the presence of the THz

pulse. In our next consecutive measurement of pulses A2 and B2, we also obtain I on
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both photodiodes, thus by carrying out the following mathematical operation

1 (Al B I(I AI I-AI AI (3.6)

it is possible to obtain AI/I, which as we have already seen is a quantity that is di-

rectly proportional to ETHz. For reduced statistical noise, this operation was averaged

over 500 consecutive pairs of pulses for every point in THz time. Here, the THz time

refers to the different time delays between the detection and the THz pulses, which

can be varied by scanning the path length of the detection pulse using a delay stage.

This in turn allows for a measurement of the entire THz electric field as a function of

time as was illustrated in Fig. 3.3.

Using THz time-domain spectroscopy it is possible to simultaneously obtain the

real and imaginary parts of the response functions such the dielectric function, the

optical conductivity and the complex refractive index, which can all be obtained from

the complex transmission coefficient. This is different from the more conventional

FTIR technique in that one does not need to use Kramers-Kronig relations which

can often times lead to erroneous calculations of the optical constants as a result of

extrapolations of data over wide frequency ranges. Because the recorded signal in our

measurement is the electric field in time as opposed to intensity, the full amplitude

and phase information of the pulses is retained.

To extract useful optical information from our measurements it is necessary to

subsequently measure a sample of interest in comparison with a reference, which

may either be a clear aperture in the case of a bulk sample measurement or a bare

substrate if a thin film is studied on top of another substrate material. The complex

transmission coefficient is then calculated simply by dividing the Fourier transforms

of the sample electric field by the reference electric field. For practical purposes, we

will only consider the case of an optically thick sample where temporal windowing of

the time-domain signal is possible and mutliple reflections of the THz pulse from the

material-air interace do not have to be considered. Also in this particular case, the

reference measurement will just simply be the electric field measured through a clear
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aperture with the same size as the sample. From the Fresnel equations, it is possible

to write expressions for the signals measured through the sample and through air

Esam = 2 2n -inwd/cE. (3.7)
n+1 n+1

Eref-air = e-iwd/cEo, (3.8)

where n is the complex index of the sample as a function of frequency, d is its thickness,

c is the speed of light and EO is the incident THz electric field. The first term on

the right hand side of the sample response represents the transmission coefficient at

an air-sample interface, while the second term corresponds to transmission at at the

sample-air interface. The exponential term, on the other hand, accounts for the phase

shift experienced by the pulse during propagation through the medium. Although we

do not have additional transmission coefficients in the case of air due to the absence

of interfaces, we still need to account for the phase shift experienced by the pulse

when propagating through air for a thickness of d. From the division of these two

expressions we then obtain

T(w) Esam 4n ei(n1)/c(3.9)
Eref-air (n + 1)2

Unfortunately, there is no analytical solution to eq. 3.9. To find the complex refrac-

tive index as a function of frequency from the experimentally measured transmission

coefficient it is possible to use a numerical method that was developed by Duvillaret et

al. [98]. In this approach one defines an error function with terms that quadratically

depend on the difference of the natural logrithm of the amplitudes of the experimen-

tal and computed T and the difference of the argument of T. After the index of a

substrate material is obtained via this procedure, it is possible to then perform a

thin-film measurement, in which a thin film is placed on a thick substrate and find

an expression that relates the measured transmission coefficient to the conductivity
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T(w) = n, + 1 - el) (3.10)
(n. + I + Zoo-l)

where ZO is the impedance of free space, o- is the complex conductivity of the film,

I is its thickness and n, is the substrate index and 6d is the difference in thickness

between two different substrates of the same kind, where one is used for the reference

measurement and the other for the sample measurement. Then, by a simple inversion

of the transmission coefficient, it is possible to extract the the optical conductivity of

the thin film as follows

n, + 1 e-in6 d/c
u-(w) -=~ Tw - 1). (3.11)

Zo d T (w)

The precise determination of the conductivity of a thin film sample on a thick sub-

strate relies on the knowledge of the substrate index, which we have already seen

above. Another important point in this extraction procedure is that although exact

knowledge of 6d is not possible due to variations in thickness from substrate to sub-

strate, this method works well by setting 6d to a specific value that minimizes the

oscillations in the extracted conductivity, which ensures finding the physically correct

solution.

The spectroscopic technique TDTS has proven very useful for characterizing the

optical properties of a number of materials in the THz regime under equilibrium con-

ditions. An extension of this technique applied to study the dynamic processes after

a pump pulse drives the sample under investigation out of equilibrium is known as

time-resolved THz spectroscopy. Following an initial photoexcitation, the electody-

namic response of the sample is probed using a THz pulse as was already described

in the earlier sections. Depending on what is intended to be measured, it is possible

to use pump pulses ranging from THz all the way up to optical frequencies. A brief

section describing this method for optical pump beams at 800 nm can be found in

the Appendix.
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Chapter 4

Low-energy magnon dynamics in

oz-RuC1 3

4.1 Introduction

In recent years, considerable interest has been directed towards the realization of

unconventional magnetic phases such as the quantum spin liquid state [11, 99-104].

Particular focus has been placed on the possible experimental observation of frac-

tionalized quasiparticle excitations in a number of transition metal compounds with

substantial spin-orbit coupling [24, 41, 105-109] following Kitaev's exactly solvable

model of anisotropic bond interactions on a two-dimensional honeycomb lattice [27].

In these systems, the transition metal cations are coordinated by six anions at the

vertices of an almost ideal octahedron [45,110], as illustrated in Fig. 4.1(a), and give

rise to spatially-dependent exchange interactions [23-25,111-113].

In the quest for the ideal Kitaev material, a-RuCl3 has been proposed as a promis-

ing candidate. However, unlike ideal QSLs that do not exhibit long-range magnetic or-

der due to strong quantum fluctuations, oz-RuCl 3 enters into a zig-zag AF state below

a N~el temperature of TN- 7 K [37,39]. Nevertheless, spectroscopic probes including

inelastic neutron scattering (INS) [50-53], Raman scattering [57,58], TDTS [114-116]

and electron paramagnetic resonance (EPR) [117] have discovered signatures of a field-

induced QSL state above 7.5 T in the form of a broad continuum at the magnetic
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r point of the two-dimensional Brillouin zone. Yet, a complete understanding of the

origin of these excitations as well as of the spin dynamics is still lacking. Therefore, it

is crucial to study the salient features of the spin-wave excitations in the unperturbed

or weakly perturbed state.

(a) Z (b)

a

Figure 4.1: (a) Ru3 + ions coordinated by six Cl- ions at the vertices of an almost
ideal octahedron give rise to Kitaev exchange couplings along the '- , - and i-axes
in the Kitaev basis as shown in red, green and blue, respectively. (b) Schematic
magnetic configuration of zig-zag AF order on the 2D honeycomb lattice formed by
central Ru3+ ions below TN.

Revealing the spin excitations of complex quantum magnets is key to developing

a minimal model that explains the underlying magnetic correlations in the ground

state. Here, we investigate the low-energy magnons in a-RuCl 3 by combining TDTS

under an external magnetic field and model Hamiltonian calculations. We observe

two absorption peaks at 2.0 and 2.4 meV, which we attribute to zone-center spin

waves. Using linear spin-wave theory (LSWT) with only nearest-neighbor terms of

the exchange couplings, we calculate the AF resonance frequencies and reveal their

dependence on an external field applied parallel to the nearest-neighbor Ru-Ru bonds.

We find that the magnon behavior in an applied magnetic field can be understood

only by including an off-diagonal F exchange term to the minimal Heisenberg-Kitaev

model. Such an anisotropic exchange interaction that manifests itself as a result of

strong spin-orbit coupling can naturally account for the observed mixing of the modes

at higher fields strengths.

The zig-zag ground state was theoretically shown to be stabilized using the nearest-

neighbor Heisenberg-Kitaev (HK) model [24], in partial agreement with the experi-
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mentally observed magnetic excitation spectrum [49]. Yet, deviations from this spin

model have been discovered early on, calling for additional terms in the Hamilto-

nian [26, 35, 37, 41, 50, 118-123] such as the off-diagonal F coupling (a symmetric

exchange that is off-diagonal in the Kitaev basis and couples the spin components

parallel to the bond orientation) and other terms beyond the nearest-neighbor ex-

change interactions. Effects of these exchange mechanisms have been observed in

the low-temperature magnetization [124], specific heat [125], magnetic susceptibil-

ity [37,124-126] and nuclear magnetic resonance spectra [127] of a-RuCl3 , revealing

strong anisotropies for different magnetic field orientations. Despite extensive efforts

to explain these observations, to date a definitive consensus on the minimal theoret-

ical model describing the magnetic dynamics in oz-RuCl3 has not been reached. A

promising route to identifying this model is to address the response of the low-energy

excitation spectrum to external perturbations [128], which directly reflect the com-

plex interplay between different coexisting phases. In this regard, the magnetic field

dependence of the magnon modes at THz frequencies in a regime below the threshold

for the field-induced QSL state (0 to 5 T) is of particular relevance in a-RuCl 3-

In this thesis, we combine TDTS with LSWT and study the behavior of the low-

energy magnons in a-RuCl3 . Using this approach as a function of external magnetic

field, we distinguish features that were previously not resolved by other probes. We

observe two magnon modes at 2.0 and 2.4 meV, whose amplitudes and frequencies

show a complex field dependence between 0 and 4.8 T. By employing an extended

HK model we can capture the zero-field magnon frequencies and the qualitative de-

pendence of the mode frequencies on the applied magnetic field. This allows us to

significantly restrict the extensive exchange parameter space that can realize a zig-zag

ordered state. Our results are suggestive of a scenario in which the off-diagonal F

exchange interaction plays a key role in determining the low-energy physics of the

material and imparts a field-induced mixing of modes at higher fields.
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Figure 4.2: Temperature dependence of the DC in-plane susceptibility of a-RuCl 3 at
H = 1000 Oe.

4.2 Experimental and theoretical methods

4.2.1 Crystal growth and characterization

The growth of high-quality single crystals of a-RuCl3 was carried out using the vac-

uum sublimation method. Commercial-grade RuCl 3 powder (Alfa-Aesar) was dehy-

drated in a quartz ampoule for a day. The vacuum-sealed ampoule was then placed

inside a temperature gradient furnace set at 1080'C for 5 hours. Next, the furnace

was allowed to cool down to 650'C at a rate of 2'C per hour. The 1:3 (Ru:Cl) stoi-

chiometry of our crystals was confirmed using electron-dispersive x-ray measurements.

Our sample was further characterized by magnetic susceptibility, which shows a clear

signature of a single magnetic transition at TN - 7.5 K as determined from the cusp

of the curve in Fig. 4.2. The susceptibility as a function of temperature was measured

in an in-plane field of H = 1000 Oe. The appearance of a single sharp magnetic tran-

sition at TN confirms an ideal ABC stacking sequence in the low temperature phase

and a monoclinic C2/m crystalline symmetry at room temperature of our sample, as

stacking faults in the form of an AB-type stacking order have been associated with

an additional TN of 14 K [37,38,44,124,125]. The presence of minimal stacking faults

54



in our sample was also corroborated by single crystal x-ray diffraction.

4.2.2 Time-domain terahertz magneto-spectroscopy

A 5-kHz, 800-nm central wavelength, 100-fs Ti:Sapph amplifier system was utilized

to generate THz pulses via optical rectification using a ZnTe crystal. The resulting

THz radiation was focused onto the sample using off-axis parabolic mirrors, and

subsequently detected via electro-optic sampling in a second ZnTe crystal using a

weak 800-nm gate pulse. For our spectroscopic measurements, we used a home-built

THz magneto-optical spectroscopy setup in a transmission geometry. The sample was

placed in a helium cryostat with a split-coil superconducting magnet to apply static

magnetic fields (Hext) in the 0 to 5 T range at temperatures varying from 2 to 300

K. In our experiments, the sample was zero-field-cooled and TDTS was performed in

the Voigt geometry. In this measurement scheme, the external magnetic field, Hext,

is oriented perpendicular to the THz propagation direction, in the honeycomb plane

along the b-axis which is shown in Fig. 4.1(b). The incident THz magnetic field was

chosen to lie either along the a- or b-axis. The crystal axes were determined via x-ray

diffraction.

To obtain the transmitted THz field as a function of frequency, the measured time-

domain signal was Fourier transformed yielding a frequency response from 0.4 to 2.5

THz (~ 1.65 to 10 meV). For a sufficiently thick sample where temporal windowing of

the time-domain signal is appropriate, the frequency dependent complex transmission

coefficient can be calculated by comparing the measured electric field through the

RuCl 3 sample and a bare aperture reference of the same size,

Esam(W)
f (W)

(h + 1)2(41

Here, i(w) is the complex transmission coefficient, Esam and Eref are the complex

frequency-domain THz electric fields of the sample and reference, respectively, h is the
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Figure 4.3: The real part of the refractive index of a-RuCl 3 as a function of frequency
at 2 K (black) and 10 K (red).

complex refractive index of the sample, w is the frequency, d is the sample thickness

and c is the speed of light in free space. There is no analytical solution to Eq. 4.1,

but h can be numerically extracted following the iterative procedure developed by

Duvillaret et al. [98]. Figure 4.3 shows the real part of the refractive index (n) of the

a-RuCl3 sample, which has a thickness of 0.83 mm, at 2 K (black) and 10 K (red).

We obtain 1 - li(w)l from the magnitude of the complex transmission coefficient.

Owing to the nearly constant index of refraction, this quantity can be simply expressed

as a function of the absorption coefficient,

|n-)a =- (4.2)
(n +1)2

where a(w) = wr,/c. This approximation is justified by the relation n > r, where

h = n - in.

4.2.3 Assignment of resonances and fitting of spectra

The coherent motion of spin moments in magnetically ordered materials following

excitation by a magnetic pulse of THz light is characterized by a free-induction de-
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Figure 4.4: 1 - i(w) as a function of energy below the Nel temperature at 2 K.

cay and can be observed as a peak in the Fourier amplitude spectrum at the res-

onance frequency of the mode. Classically, the equation governing the motion of

spins is described by the torque exerted on the magnetic moments [129] via d m/dt

= -y m x (h + Heff), where -y, m, h and Heff are the gyromagnetic ratio, magnetic

moment, time-dependent THz magnetic field and effective magnetic field experienced

by the spins, respectively. In a broader sense, collective modes can be formulated by

their amplitude, width and energy, and their response to external parameters such

as magnetic field and temperature [130]. Figure 4.4 shows a representative spectrum

of 1 - I(w) I below TN with the THz magnetic field (h) along the b-direction and

no external field. We observe two distinct resonances (labeled I and II) around 2.0

and 2.4 meV associated with the zig-zag ordered magnetic phase, each of which is

characterized by its amplitude Aj, standard deviation -i and mean pi, where i = I,

II. This allows fitting of the spectra to the following functional form,

Ale-(j-)2/202 + A e-(U-Ar)2/2un2 + Bw + C (4.3)

in the spectral range from 0.4 to 0.8 THz. In this narrow spectral window, we model

the resonances using two Gaussian functions and the last two terms are used to model
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the background (dashed line in Fig. 4.4) that originates from the broad continuum

as reported elsewhere [114, 1151. The background is found to exhibit a negligible

magnetic field dependence. We note that in our analysis, we do not employ a time-

windowing or referencing procedure to get rid of spurious etalon effects and spectral

features associated with the high temperature phase in contrast to previous exper-

imental works [114, 115]. This in turn allows us to spectrally resolve two closely

spaced resonances and study their intrinsic behavior as a function of temperature

and magnetic field.

4.2.4 Minimal spin model

For our spin-wave calculations, we consider the following spin Hamiltonian on a hon-

eycomb lattice

[=Z - Si + KS S + F(S"SP + S S"!)] - gjpBHext - 3 Si (4.4)
ij

where J, K and F represent the Hamiltonian exchange parameters for the Heisenberg,

Kitaev and symmetric off-diagonal F term, the sum (i, j) is over all nearest neighbors

and g, IB and Hext in the Zeeman term correspond to the g-factor, the Bohr magneton

and the external magnetic field, respectively. Here, a, # are perpendicular to the

Kitaev spin axis -y. The zig-zag order is a collinear order at wavevector M in the two-

dimensional Brillouin zone. For the class of Hamiltonian we consider, we find that at

zero field the spin moment may be oriented anywhere within the plane of the Bloch

sphere that is perpendicular to the ordering wavevector Q. This relation between

real space and the spin Bloch sphere arises from the strong spin-orbit coupling of the

Hamiltonian.

To determine the dispersion of magnetic excitations at finite magnetic fields, we

compute the spin-wave spectrum in the partially-polarized zig-zag AF ordered spin

configuration (i.e. the classical ground state at nonzero magnetic fields). Here, the

zeroth-order starting point for the spin-wave calculations is a four-sublattice non-
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collinear magnetic configuration that is a function of Hext and the various spin-orbit-

coupled magnetic exchanges. For simplicity, we focus on magnetic field orientations

that are perpendicular to the plane along which the spins are confined in zero field,

i.e. parallel to Q, and take the ordering wavevector to be only along one type of bond

direction, say z-bonds. Canting of the local moments along the field is then a linear

process in the field magnitude. We work with magnetic field magnitudes below the

saturation field of 7.5 T.

For a given set of values of Hext, and the Heisenberg, Kitaev and F spin exchanges,

we first compute the orientation of the zig-zag-ordered spins in the classical ground

state of the model, and then calculate the spectrum of spin fluctuations using stan-

dard Holstein-Primakoff substitution within the local spin basis. The local polarized

moment m (where m = 1 corresponds to the fully polarized classical state) is found

to be m = 2B(2J + K - F/2 + K2 - KF + (9/4)F2-1. Here, B is the Zeeman term

including the g-factor and the Bohr magneton. This relation is consistent with that

found in [120]. We note that the linear spin-wave analysis for such strong spin-orbit

coupling was recently compared with exact diagonalization [40, 131], which shows

agreement with the dispersion at low energies and additional magnon breakdown

effects at higher frequencies.

Throughout this work, we restrict ourselves to a minimal three-parameter model

for the exchange couplings including only the nearest-neighbor terms. Due to strong

spin-orbit coupling, LSWT is expected to break down. Correspondingly, next-leading-

order corrections to the linear spin-wave Hamiltonian would not fully capture the

highly nonlinear effects that arise in the real quantum system. While additional

higher-order exchange terms have been shown to produce a reasonably good de-

scription of the spin dynamics (especially further-neighbor Heisenberg interactions)

[40,111,119,120,131], we remark that such corrections are only expected to modify

the dispersion away from the I point. Below we focus only on the two lowest energy

modes, where our spin-wave analysis is expected to be robust.

The determination of the exchange interaction terms for the spin Hamiltonian

is based on two criteria. Our primary focus is on identifying parameter sets that
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can realize the zig-zag state and simultaneously match our experimentally observed

magnon resonances at two distinct energies as a function of field at the magnetic F

point. Additional emphasis is given to finding a good correspondence between the

calculated magnon dispersion and the spin-wave spectra obtained via inelastic neutron

scattering at zero field along the high symmetry directions. In these earlier studies,

gapped spin excitations with minima near 2 meV at the M point of the Brillouin

zone as well as a local minimum at the r point have been observed. [50,53]. In this

respect, below in the subsection on LSWT, we will consider three parameter regimes

that stabilize zig-zag order in RuCl3 with zero-field modes close to the experimentally

observed energies of 2 and 2.4 meV.

4.3 Results and discussion

4.3.1 Temperature and magnetic field dependence of resonance

amplitudes

To clarify the nature of the observed resonances, we first study their evolution as

a function of our tuning parameters, temperature (T) and external magnetic field

(Hext).

Temperature dependence

Figure 4.5 compares the temperature dependence of the amplitude of modes I and II

at two magnetic field strengths, 0 and 4.8 T. For Hext = 0 and h 11 b, we observe

that the amplitude of resonance II undergoes an order parameter-like temperature

dependence with an onset around TN ~ 7 K (Fig. 4.5(a), circles). In contrast, the

amplitude of resonance I does not exhibit any discernible temperature dependence

(Fig. 4.5(a), triangles) and displays only a weak singularity at TN. Strikingly, when

a magnetic field of 4.8 T is applied the mode acquires a significant temperature

dependence similar to that of resonance II with a critical temperature around 6.5 K

(Fig. 4.5(b)). This onset temperature determined for both resonances matches well
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Figure 4.5: Amplitude of both magnon modes at 2.0 and 2.4 meV as a function of
temperature at (a) 0 T and (b) 4.8 T, respectively. The solid lines are guides to the
eye.

with the location of the maximum in the susceptibility and the specific heat anomaly

that has been reported previously and was associated with the zig-zag magnetic order.

For a more complete analysis of the temperature dependence we, measured the

sample at 4.8 T in two additional configurations with Hext 11 a, h 11 b, and Hext 1 b,

h 11 a, which are presented in panels (a,b) of Fig. 4.6, respectively. Even though a

relatively shallow anomaly near 7 K is detectable, in comparison to the traces given

in Fig. 4.5 the resonances in these two configurations can be considered relatively

immune to variations in temperature as suggested by the relatively flat response of

the amplitudes. We also performed measurements well above the Nel temperature.

Figure (4.7) shows two traces above TN in comparison with the spectrum at 4 K.

Though much weaker, it is interesting to observe that both resonances persist up to

the highest temperatures.

To summarize our experimental findings with regards to the temperature depen-

dence, Figs. 4.5, 4.6 and 4.7 uncover a number of peculiar features: First, an uncon-

ventional change in the temperature evolution of mode I is seen, transitioning from a

flat response to one that is similar to mode II, second, in addition to the pronounced

scaling behavior upon ordering below TN when h 11 b, at all temperatures we clearly
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Figure 4.6: Amplitude of both magnon modes at 2.0 and 2.4 meV as a function of
temperature for the configurations (a) h |1 b, Hext| a and (b) h 1| a, Hext b,
respectively, at 4.8 T.

observe the persistence of two resonances though much weaker up to 300 K which is

far above the known magnetic phase transition temperature of ~ 7 K, and third, a

flat temperature dependence of the amplitudes of modes I and II is recorded when

the THz polarization remains the same, but the external field direction is changed to

the a-direction, which all require further scrutiny and clarification. In order to assign

the resonances and ultimately verify that their temperature scales determined above

is consistent with a magnon picture, we first consider possible origins of the modes

on the basis of their observed behavior. We will begin our discussion by reviewing

earlier reports on the structure and phonon characteristics in this material.

In the literature, there exists some controversy surrounding the issue of the actual

structure of RuCl 3 in different temperature regimes. The singling out of the correct

structure of this material at various temperatures is essential as it aids in determining

whether there exists a correlation between the associated phonon behavior and the

dynamics of the observed Kitaev spin liquid phase as well the low-temperature mag-

netically ordered zig-zag state. In fact, a first-order transition from a monoclinic to a

rhombohedral structure that is observed in a-RuCl3 [44,59,124] has been interpreted

as evidence of a magneto-elastic coupling scheme and a natural explanation for the

observed phonon anomalies in this material [59,132]. This raises the question as to
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Figure 4.7: Spectra measured at various temperatures up to 300 K.

whether a similar mechanism could explain the unconventional temperature response

of mode I, invoking a phonon picture for the observed resonances.

Although a few early studies have suggested a P3 112 space group [47,48], soon

it became clear that the room temperature structure is characterized by the mono-

clinic C2/m space group [421. In the following years, this has led to the erroneous

assumption that the crystal remains in the same structural phase upon lowering the

temperatue. Later, from a sequence of far-infrared reflectance as well Raman and

x-ray diffraction measurements, it was found that that RuCl 3 shows a strong hys-

teretic behavior in the range from 70 to 160 K due to a first-order transition from a

high-temperature monoclinic phase with C2/rn symmetry associated with an AB-type

stacking to a low-temperature rhombohedral phase with R3 symmetry with an ABC

stacking order [43,44,59]. With the assumption that the 3D crystal structure can be

reduced to a system of weakly van der Waals-bonded 2D honeycomb layers with D3d

symmetry, the factor group method predicts a total of three in-plane IR-active opti-

cal modes [1331. These have been observed in subsequent FTIR spectroscopy studies

that were performed in a transmission geometry [44] at 180, 300 and 600 cm- 1 (100

cm- 1 ~ 3 THz). In addition, another much weaker phonon-like feature near 120 cm -1

was recorded, suggesting that the overall C2/m symmetry may perhaps play a sub-

sidiary role in the phonon behavior of this material. This conclusion has also been
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mainly derived from the fact that no additional modes or mode splittings were seen

upon sweeping the temperature across the structural phase transition in which the

stacking sequence drastically changes from three to two layers [441. An observable

change in the phonon spectrum would necessarily imply a change in symmetry within

the 2D stacks.

Equipped with the knowlege that all expected in-plane phonon modes of the high-

temperature monoclinic phase have been observed experimentally and recognizing

that the system only undergoes a reordering along the stacking direction c, a phonon

interpretation for modes I and II seems inconsistent given that both resonances are

seen at elevated temperatures up to 300 K. The phonon scenario also fails when

cosidering that the temperature evolution of the resonances depends strongly on the

external field direction as can be seen from a direct comparison of Fig. 4.5(b) and

Fig. 4.6(a). It is, however, instructive to recall that in systems with strong spin-lattice

coupling an energy exchange between the spin and the lattice systems is generally

expected and therefore it is possible to observe a magnetic field dependence in phonon

parameters [134]. Nevertheless, the lack of evidence of any changes in the structural

peaks in diffraction experiments around 7 K suggests instead a magnetic origin of the

modes. Thus, their assignment to optical phonons, backfolded acoustic phonons or to

the same magnetic mode split by the presence of occasional stacking faults, which has

previously been associated with a higher TN of 14 K [37,38,124,1251, can be readily

ruled.

From our observations, we conclude that the two resonances are distinct excita-

tions of the underlying zig-zag AF order of a-RuCl3 with a single TN of 7 K. However,

it is important to point out that our data does not preempt magneto-elastic coupling

effects and it remains to be seen whether/to what extent these interactions are rel-

evant in the context of the low-temperature behavior of a-RuCl3 . In particular, it

would be interesting to see whether such a coupling mechanism could explain the

unconventional temperature behavior of mode I which can be clearly seen from a

direct comparison of the 0 T and 4.8 T data in Fig. 4.5(a,b). In fact, it is not uncom-

mon to observe anomalous contributions to spin-wave excitations that originate from
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anharmonic spin-phonon interactions. Lastly, to address the existence of the weak

but finite amplitudes of both resonances above TN (Fig. 4.7), this is not surprising

as it is known that short-range magnetic correlations survive well above the ordering

temperature of 7 K [51,131]. Further confirmation of the magnon character of these

resonances is provided below in the next section.
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Figure 4.8: (a) Magnon excitation spectra at 2 K in the Voigt geometry with the THz
magnetic field h 11 b. The applied external magnetic field is parallel to the b-axis
and varies from 0 to 4.8 T as indicated by the color bar. Vertical dashed lines show
the frequencies of each mode at 0 T. (b) Magnetic field dependence of the amplitudes
of mode I (circles) and mode II (triangles) below TN obtained by fitting the spectra
with two Gaussian profiles and a constant linear background. Error bars indicate the
95% confidence interval.

Magnetic field dependence

In addition to the temperature dependence, evidence for the existence of two distinct

magnetic resonances rather than one is given by the dependence of these modes on

an external magnetic field. In Fig. 4.8(a), we compare the spectra taken in the Voigt

geometry (Hext, h |1 b, external field varying from 0 to 4.8 T) at 2 K. Figure 4.8(b)

tracks the field-dependent amplitude of resonances I and II. Notably, the application

of Hext first results in an enhancement of resonance II (circles). This initial rise in the

mode strength up to 3 T is subsequently followed by a spectral weight redistribution
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Figure 4.9: Magnon excitation spectra at 10 K in the Voigt geometry (Hext I b)
with the THz magnetic field h 11 b. The applied external magnetic field varies from
0 to 4.8 T as indicated by the color bar.

between the two modes at larger fields. Similarly, spectra for h 11 a are presented

below in Fig. 4.11. We note that modes I and II appear in both configurations, which

will be further discussed below.

Next, we performed measurements as a function of magnetic field in the Hext,h I b
configuration at 10 K, just above the magnetic ordering temperature. While for

T < TN the amplitudes of the resonances possess a significant dependence on the

magnitude and direction of Hext and h, the spectra seem relatively insensitive to

variations in the external field for T > TN (Fig. 4.9). Once again, the stark difference

in the spectral responses to an applied field below and above the N~el temperature

is compatible with the interpretation that both resonances are associated with the

low-temperature ordered phase, effectively giving rise to a magnon description of the

system.

We also confirmed the existence of two distinct modes in a second a-RuCl 3 crystal

(Fig. 4.10). Although minor differences between samples I and II are apparent, which

can be explained by sample to sample variation, overall the spectra exhibit the same

features as the field is varied. Similar to what is seen in Fig. 4.8, in Fig. 4.10 mode

I also gains a notable spectral weight at increasing field strengths. The field-induced
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Figure 4.10: Magnon excitation spectra of sample 2 in the Voigt geometry (Hext b)
and the THz magnetic field h | b at 2 K.

change in the optical activity of the mode is naturally expected in a-RuCl 3 as a result

of strong spin-orbit coupling and may possibly reflect the modification of selection

rules in the magnetic dipole transition matrix elements. Relatedly, such a mechanism

could potentially also explain the anomalous temperature evolution of mode I at

different field strengths that is shown in Figs. 4.5(a,b). Although further theoretical

studies elucidating the nature of mode I are needed, such changes may emerge from

anharmonic effects linked to the symmetry breaking in this material and an associated

magneto-elastic coupling below ~150 K [44,59,132]. Regardless of their nature, it

follows from the markedly different magnetic field dependences of both branches that

their assignment as a single mode cannot explain our data.

Consistent with the hypothesis of a magnetic origin of these resonances, we note

that mode II has recently been observed in independent TDTS [114-116, 135] and

EPR [117] experiments and assigned to a q= 0 magnon of the zig-zag ordered phase.

On the other hand, while signatures of mode I have also been seen in previous measure-

ments [53,114], this resonance has never been discussed. Specifically, both INS [53]

and TDTS [114] spectra taken at different magnetic field amplitudes showed two dis-

tinct features at the r point of the Brillouin zone, similar to ours. While both studies

modeled the spectrum in terms of a single spin-wave peak, our extensive temperature
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and field dependence precludes this interpretation. This aspect is of pivotal impor-

tance, as the correct identification of the fundamental magnetic excitations places

constraints on the exchange interactions governing the spin Hamiltonian as will be

discussed in Section B.

To explain our findings, we note that the threefold rotational symmetry of the a-

RuCl3 honeycomb layers leads to the appearance of the zig-zag order in three distinct

domains, related by a spin-orbit-coupled rotation. At zero field, these equivalent

domains coexist with ordering wavevectors parallel to the x-, y- and z-bonds (Qj,

Q2 and Q3, respectively) [131,136]. It is expected that the domains do not align

along a particular direction in the absence of a field, as the rotational symmetry is

preserved. In contrast, in the low-field regime up to < 2.5 T, our data reveals clear

characteristics of domain rearrangement in agreement with earlier studies [53,136].

Changes in the domain populations can be inferred from the information that

when Hext $ 0, the orientation of local moments across the sample depends on the

magnetic field strength through two mechanisms: (i) Within each domain, "up" and

"down" spins cant towards Hext through a particular functional form, and (ii) The

fraction of spins within each domain varies as a function of Hext. Classically, it is the

fluctuations of these local moments that produce the resonance modes. Ultimately,

the system will favor an arrangement of moments that minimizes the exchange energy,

which can be achieved when the zig-zag chains are oriented perpendicular to the

applied field.

Additional insight and confirmation for the domain-rearrangmenet scenario was

also revealed by the dependence of both resonances to an applied field for Hext 11 b

and h 11 a (Fig. 4.11). In this configuration, we observe that the amplitude of mode

II decreases substantially when Hext >1 T, while mode I remains largely unchanged.

This is in stark contrast with the initial rise in amplitude of mode II and the sub-

sequent spectral weight redistribution among modes that is observed for h 11 b (see

Fig. 4.8(a,b)). This response is consistent with the argument given above that a

rotation of the moments will take place such that the ordering wavevector becomes

parallel to the external magnetic field. A continuous increase in the field strength
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along the b-axis will eventually give rise to the preferrential selection of the domain

with wavevector Q3 that is parallel to b (or z-bond) in conjuction with a suppressed

population of the remaining two domains (Qi and Q2) in order to satisfy the exchange

interactions that stabilize the AF zig-zag order. We find that a complete suppression

of these domains occurs around 2 T based on the onset of the plateau region of mode

II in Fig. 4.8(b). This description is also consistent with the observation of a flat

temperature response of the amplitudes of both modes for Hext b and h a as

shown in Fig. 4.6(b).
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Figure 4.11: (a) Magnon excitation spectra at 2 K in the Voigt geometry with the
THz magnetic field h 1| a. The applied external magnetic field is parallel to the b-axis
and varies from 0 to 4.8 T as indicated by the color bar. Vertical dashed lines show
the frequencies of each mode at 0 T. (b) Magnetic field dependence of the amplitudes
of mode I (circles) and mode II (triangles) below TN obtained by fitting the spectra
with two Gaussian profiles and a constant linear background. Error bars indicate the
95% confidence interval.

4.3.2 Spin-wave analysis in a magnetic field and mixing of

modes

Irrespective of the detailed microscopic description of the precessional spin motion,

our experimental findings suggest that anisotropic exchange mechanisms beyond the

pure Kitaev interaction play a dominant role in ao-RuCl 3 consistent with previous
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works [37,40,50,120,123,126]. To provide a quantitative estimate of these couplings,

a clear observable is the evolution of the spin-wave energies with an external field, as

this quantity can be captured within the framework of LSWT. The experimentally

determined energies as functions of field for resonances I and II are shown in Fig. 4.12

with purple and blue symbols, respectively. Mode I only possesses a weak field depen-

dence, shifting slightly towards higher energies as the field increases, whereas mode

II softens more steeply with an applied field.

2.8

2.6

2.4

E

> 2.0

1.8

0 2 4
Magnetic field (T)

Figure 4.12: Magnetic field dependence of the energies of modes I (filled triangles)
and II (filled circles) below TN in the Hext, h | b configuration at 2 K. The lightly
shaded areas mark the half-width at half-maximum of the Gaussian line shapes.

Next, for a field applied in the b-direction, we obtain the magnon dispersions

using LSWT as presented in Fig. 4.13. Panels (a,c,e) show the calculated dispersions

for Hext = 0 along high symmetry directions of the magnetic Brillouin zone, while

panels (b,d,f), on the other hand, correspond to the magnetic field evolution of the

two lowest-lying magnon branches at the r point. By varying the magnitude of Hext,

we study how the spin-wave energies renormalize under the influence of the magnetic

field. We study in detail the behavior of the spin waves employing a model Hamil-

tonian with (1) finite J, K and F = 0 (Fig. 4.13 (a,b)), (2) ferromagnetic J (J < 0),

antiferromagnetic K (K > 0) and F > 0 (Fig. 4.13 (c,d)), and (3) antiferromagnetic
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J (J > 0), ferromagnetic K (K < 0) and F > 0 (Fig. 4.13 (e,f)).

As a starting point, it is reasonable to consider a simple model that comprises

the least number of exchange terms. It has been pointed out that a KIF description

alone is not sufficient to stabilize zig-zag order [120]. Thus, we explored the regime

of finite J and K (r = 0) with our primary focus being a good agreement between

spin-wave calculations and the lowest two magnon modes observed at 2 and 2.4 meV

via THz spectroscopy at zero field. We restrict our parameter range to (J, K) = (-

1.75, 3.1). Although (1.75, -3.1) yields the same zero-field mode energies, here, we

do not consider this parameter regime as a zig-zag state has been found to only exist

in the nearest-neighbor HK model when the Kitaev coupling is AF, i.e. K > 0. In

Fig. 4.13(a), we plot the magnon dispersion at zero field along the high-symmetry

directions of the magnetic Brillouin zone. In this coupling scheme, the magnetic order

is established via the ferromagnetic (FM) Heisenberg exchange within the chains while

adjacent zig-zag chains couple antiferromagnetically through K > 0. Notably, at zero

field, the calculated magnon energies at the r point capture the experimental data

points of Fig. 4.12 (marked by filled black symbols in Fig. 4.13(a)).
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Figure 4.13: (a,c,e) Magnon dispersions obtained from spin-wave calculations for
Hext = 0 along high symmetry directions of the magnetic Brillouin zone and (b,d,f)
energy versus field of the relevant lowest two magnon branches in a--RuCl 3 at the F
point for Hext 11 b using an (a,b) HK model, (c,d) HKF model with K>0 and (e,f)
HKF model with K<0. Dashed lines are guides to the eye indicating the mixing of
modes and the solid symbols mark the experimental points obtained via TDTS.

We next turn to the field dependence of the calculated magnon dispersions and
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compare these with our data. The disagreement between the calculated spin-wave

dispersion in an applied field (Fig. 4.13(b)), in which the lowest two modes soften

whereas the higher ones bend upward, and the experimental data shown in Fig. 4.12

illustrates that the contribution of an off-diagonal F interaction beyond the nearest-

neighbor J and K exchange couplings is crucial. A notable discrepancy is also apparent

between the spin-wave spectra obtained by inelastic neutron scattering revealing a

noticeable dip at the M point [50,531 and the calculated magnon dispersions in the

HK model. Additionally, a significant F coupling has been suggested to account for

the different Curie-Weiss temperatures that were measured for external fields applied

parallel and perpendicular to the honeycomb planes [37,120,126]. In the following

section, we demonstrate that a spin model supplemented with a significant anisotropic

F interaction is indeed in better agreement with the experimentally observed magnon

behavior in this study. We will further demonstrate that although a FM Kitaev term

in our model may potentially explain the empirical field dependence of the modes,

our careful search of the parameter space corroborates that an AF Kitaev iteraction

is better at fitting the F-point spin waves.

Figure 4.13(c) shows the calculated energy-momentum dispersion relation of four

magnon branches at Hext = 0 for a dominant F and a sizeable AF Kitaev term. An

excellent match is obtained when J = -0.95 meV, K = 1.15 meV and F = 3.8 meV

near the Brillouin zone center. This is highlighted by the filled circles and triangles,

which denote the values of the magnon energies extracted from our TDTS data for

Hext = 0. Importantly, a finite F term is required to reproduce the measured magnetic

field evolution of the energies of the spin-wave excitations at the magnetic F point

as probed by our TDTS measurements (Fig. 4.12). A qualitative agreement with

our experimental results is retrieved, in that resonance I blueshifts with increasing

field while resonance II redshifts. Additionally, we observe that the reported gap

of - 2 meV seen near the M point in previous neutron scattering studies [49, 50,

52, 53] can be reproduced by our chosen parameter set fairly well. Concerning the

field evolution of the magnon intensity at the M point as reported by Banerjee et

al. in INS [53], we find a close match between its field behavior and that observed
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for the amplitude of mode II as seen in Fig. 4.8. To clarify this point, the field

dependence in our study as well as that of neutron scattering show an initial rise

in amplitude/intensity of the spin-wave peak as the field is increased from 0 to 2 T,

which is then followed by a decrease as the field is further increased. This is in fact not

surprising considering the calculated spin-wave dispersion shown in Fig. 4.13(c). Our

calculations predict that the magnon dispersion of mode II along the r - M direction

is such that its energy at the M point corresponds to 2 meV, in good agreement with

the neutron scattering data. The consistency between these data sets is evidence of

the predictive power of our proposed model with the exchange parameters given as

(J, K, F) = = (-0.95, 1.15, 3.8).

The fitted parameters predict a crossing of the two distinct modes at - 3.6 T

(Fig. 4.13(d)). Conversely, our experimental finding points towards the existence of

an apparent avoided crossing. Hence, we argue that the correct interpretation of our

data presented in Fig. 4.12 is a field-induced mixing between the two magnon modes.

To motivate this interpretation, we rely on phenomena arising in other systems that

show clear mixing behavior. In general, two energetically close elementary excitations

can be considered as coupled quantum oscillators when they are characterized by simi-

lar energies, the same momentum and the same symmetry [137]. When the frequencies

are brought sufficiently close to each other upon tuning an external parameter (Hext in

our case), the underlying interaction between the two modes leads to their hybridiza-

tion, the mode eigenvectors becoming indistinguishable. Clear signatures of mode

mixing are represented by similar temperature dependencies, inter-mode transfers of

spectral weight and mode frequency repulsion [137-1401.

In this respect, the peculiar temperature dependence shown by the amplitude of

mode I at 4.8 T (Fig. 4.5(b)) in our experiments, as well as the redistribution of

spectral weight occurring between the two modes starting around 3.5 T (Fig. 4.8(b))

are strongly reminiscent of a similar mode mixing character. By the same token,

the two resonances become comparable in amplitude near 4.8 T (see Fig. 4.8(b)),

implying an enhanced coupling between the two excitations. This coupling scheme

is further supported by the noticeable magnon peak broadening and the concomitant
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growth of the overlapping region at higher fields (3 to 4.8 T), which is bounded by

the lightly shaded areas that mark the half-width at half-maximum of the Gaussian

line shapes (Fig. 4.12).

From previous studies of magnon-magnon interactions, it is known that highly

nonlinear effects are large and unavoidable for a strongly spin-orbit coupled Hamil-

tonian. The off-diagonal anisotropic F term in particular has been demonstrated to

play an important role in nonlinear spin dynamics, giving rise to the breakdown of the

single-particle formalism [40,119,120,131]. These effects have in fact been highlighted

in exact diagonalization calculations [40,131,1411 and various other approximation

schemes [26, 120, 141,1421, in which strong anharmonicity and decay into magnons

necessarily arise as a consequence of the Kitaev and F terms in the Hamiltonian. Con-

sequently, it may be anticipated that a considerable mixing between the two spin-wave

branches in Fig. 4(d) occurs in line with our empirical observation (Fig. 4.12).

With such anharmonic effects observed in a-RuCl 3, a natural question that arises

is the relevance of magneto-elastic interactions that have been reported to prevail in

this system in the temperature range of ~ 70-150 K [44,59,132]. Although there is no

direct evidence of a change in the crystal structure in the low-temperature regime near

7 K where the zig-zag order is stabilized, it remains to be explored whether and to

what extent the strong spin-lattice interactions as revealed by Raman studies and the

magnon mixing behavior reported in our current work are related to one another. Such

anharmonic magnon interactions are expected since the off-diagonal F interaction is

known to originate from the symmetry breaking of the crystal structure due to lattice

distortions [123]. However, further theoretical and experimental studies are required

to investigate the relevance of these effects in the context of the low-temperature

behavior of zig-zag ordered a-RuCl3 .

Lastly, we demonstrate that our data can also be fitted reasonably well with an

alternative set of exchange parameters, in which the Kitaev term is ferromagnetic.

The magnon dispersions from our model with dominant ferromagnetic K, where K

= -3.50 meV, F = 2.35 meV and J = 0.46 meV, are depicted in Fig. 4.13(e,f). The

scenario in which K is ferromagnetic has been investigated by several ab-initio and
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experimental studies [26,46,50,51,141,143] and is predominantly believed to account

for temperature changes in the response function and the energy spectrum observed in

inelastic neutron scattering. Our findings indicate however that although a ferromag-

netic Kitaev term in our model may potentially explain the empirical field dependence

of the modes, an antiferromagnetic Kitaev iteraction is better at fitting the IF point

spin waves.

To resolve this dichotomy, we consider a recent exact diagonalization study that

proposes an effective model supported by a strong ferromagnetic Kitaev coupling

[123]. Suzuki and Suga report good agreement of their model with both INS and

heat capacity measurements. Another major finding of their study is that the en-

ergy scale of the low-energy spin-wave excitations as observed in THz experiments is

primarily governed by the Heisenberg and off-diagonal Gamma exchange interaction

terms. Conversely, the intensity observed at the I point in INS experiments, which

originates from the continuum of Majorana excitations, is largely determined by a

characteristic energy scale that is comparable to the dominant Kitaev interaction.

These considerations could potentially explain the notably smaller magnitude and

different sign of the Kitaev term estimated by our model than that obtained in vari-

ous other studies as this work is primarily concerned with the spin-wave excitations

on the lower end of the spectrum at energies below 2.5 meV.

We note that our measurements together with LSWT presented herein cannot

establish the actual sign of the Kitaev term, i.e. K < 0 or K > 0. It is important

to note that there is still disagreement about the sign of the Kitaev exchange in

the literature, because no single sign can give the most satisfying account for all

the published data. Nevertheless, our key focus in this study is to highlight the

important role played by the anisotropic I' term in the spin Hamiltonian [40, 123],

which is confirmed by both parameter sets. Moreover, the identification of two closely-

spaced spin-wave excitations via THz spectroscopy and their respective field evolution

allows us to significantly restrict the parameter space to a very narrow window and

determine the hierarchy of exchange terms in this spin-orbit coupled material.
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4.4 Conclusions

To conclude, we studied the low-energy magnon dynamics of a-RuCl 3 using TDTS.

Our data suggest the presence of two magnon modes, whose amplitudes and energies

as a function of external magnetic field evolve distinctly. From the magnetic field

dependence of the magnon energies at the Brillouin zone center and the observed

anti-crossing behavior near 4.8 T, we infer a set of exchange parameters using lin-

ear spin-wave calculations. Our experiments strongly suggest the ubiquity of other

exchange mechanisms beyond the simple HK model, in particular the off-diagonal '

coupling, as well as the importance of nonlinear magnon processes in the spectro-

scopic signatures of a-RuCl 3.
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Appendix A

Controlling magnetism in the

antiferromagnetic charge-transfer

insulator NiPS 3 using optical

pump-THz probe spectroscopy

A.1 Introduction

At the very end of this thesis work, we performed measurements of NiPS 3 , which is

another honeycomb-structured compound that orders antiferromagnetically and has

recently attracted attention as a promising candidate van der Waals (vdW) material

for magnetic applications in the 2D limit [144,145]. Similar to its ferromagnetic

cousins such as Cr1 3 [146] and CrGeTe 3 [147], NiPS3 and several other compounds

belonging to the same family such as FePS 3 and MnPS 3 have been shown to exhibit

antiferromagnetic order down to the 2D limit [144,148]. While the XY model has been

successfully demonstrated to describe the observed zig-zag type antiferromagnetic

order in NiPS3, the Ising and the Heisenberg models have been shown to give a better

description of the zig-zag and N~el-type antiferromagnetism in FePS 3 and MnPS 3,

respectively [149]. More recently, indications of strong spin-charge correlations have
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been seen in NiPS 3 using optical ellipsometry in the spectral region from 1.5 to

5 eV [145]. The observation of a significant spectral weight transfer in this energy

window at the magnetic ordering temperature of TN - 154 K has been interpreted as

evidence of a strong coupling between the electronic and magnetic structures in this

compound.

As discussed in the main part of this thesis, we already showed that static THz

spectroscopy serves as a sensitive probe of the magnetic order through magnon res-

onance. However, the ability to optically control the antiferromagnetic spin state of

such materials on an ultrafast timescale is crucially important; in particular, due to its

potential in various device applications such as magnetic switching of new generation

memory devices and sensors, all-optical detection and control of magnetoelectricity in

heterostructures etc. [150-153]. This has however been notoriously difficult to achieve

due to the absence of magnetization in perfectly compensated antiferromagnets. A

promising route to achieve control of spin dynamics has been the utilization of strong

THz pump pulses to manipulate magnetic order on ultrafast timescales, which is also

known as the field of THz magnetism, as the THz spectral range corresponds to many

fundamental modes that are present in various material systems including magnetic

resonance modes. In this approach, rather than depositing the excess energy in the

pump pulse into charge and lattice degrees of freedom, the THz pulse directly cou-

ples to the spins through a mechanism known as the Zeeman torque owing to the

magnetic field component of the pump field or through nonlinear electric-dipole cou-

pling to the electric field [73,154,155]. Nevertheless, the study of such dynamical

processes requires the use of intense ultrashort THz pulses exceeding strengths of 1

MV/cm, for which free-electron lasers, accelerator-based sources or nonlinear optical

methods such as the tilted-pulse front technique are employed, which often times are

techniques that are not easily accessible or not straightforward [156-158].

Another rather simple but more indirect approach is the irradiation of the mag-

netic sample via femtosecond optical pulses, which with more recent technological

advances have the advantage of being shorter than the typical timescales required

for processes such as the precessional motion and the spin-lattice relaxation. The
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utilization of ultrafast control of antiferromagnets using optical pulses has already

been explored for several applications such as ultrafast demagnetization dynamics in

NiO, quenching of AF order in FeBO 3 , a laser-induced transformation from an AF to

a FM phase in FeRh films and optical switching and investigation of spin dynamics

in multiferroic manganites [159-1641. One problem, however, with this approach is

that the system under study suffers from laser-induced heating effects. However, as

mentioned above Kim et al. reported a strong spin-charge coupling in the negative

charge transfer insulator NiPS 3 close to the magnetic transition temperature, which

is an aspect that has not been extensively explored in the literature and could prove

useful for the ultrafast spin control in this system via 100-fs optical pulses without

complications arising from thermal effects.

A.2 Experimental methods

To perform optical pump/THz probe measurements for the investigation of the nonequi-

librium spin dynamics in NiPS 3 , the sample is first excited using a strong optical pulse

of 5-kHz repetition rate, 100-fs duration and 800-nm central wavelength, which is from

the same Ti:Sapph laser that is used to generate THz pulses. A THz pulse, whose

generation was discussed in section 3.1.1, is then used to probe the optical properties

of the sample in the THz regime. A schematic representation of a typical optical

pump/THz probe experiments is shown in Fig. 1.1.

To gain information about the pump-induced nonequilibrium state, the pump-

probe delay time, denoted as T, is varied. This way one typically measures the

pump-induced changes to the electric field transmitted through the sample, which is

known as the differential field AE. This can be related to the optical conductivity if a

reference sample is also measured. In the measurements below, we perform 1D pump

scans, in which the pump-probe delay - is varied while the THz time is fixed at the

peak of the THz waveform. This type of measurement yields the frequency-averaged

material properties upon photoexcitation as a function of delay time.
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Figure 1.1: Schematic of the time-resolved optical pump/THz probe experimental
setup.

A.3 Preliminary experimental results

A.3.1 Static THz measurements

For our static TDTS measurements, the crystal axes were oriented using x-ray diffrac-

tion as shown in Fig. A.2(c), where the corners of the regular hexagon show the hon-

eycomb lattice formed by the magnetic Ni ions. Very similar to that seen in a-RuCl 3

also this structure exhibits zig-zag antiferromagnetic order as indicated by the red

and blue arrows. Fig. A.2(a,b) show the absorption coefficient of the crystal with the

THz magnetic field oriented along the a and b axes, respectively, revealing a distinct

anisotropy in its magnetic behavior. For hTHz 1 a, the purple arrows in Fig. A.2(a)

mark the peak frequencies where the AF resonances are observed at the lowest and

highest temperatures, with the peak amplitude clearly vanishing as higher tempera-

tures are reached as well as a significant softening in the mode frequency. Although

a very weak feature is still discernible around 140 K, it completely disappears at

150 K, thus setting the transition temperature to be near 145 K, which is slightly

lower than the reported N6el temperature of TN- 154 K [1451. The resonance mode
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is centered around 1.3 THz at the lowest temperature of 5 K. Similar measurements

were performed in two other samples, in which the resonance was found at the same

frequency, however with no observable anisotropy, thus revealing the susceptibility of

these crystals to imperfections likely caused by the mishandling of samples or stacking

faults introduced in the growth process.

(a) (b) (c)
60 -20K

hTHZ|| THZ IW

150 K

E' 4 ~-~4- K-140K

125 K

~75 K
20 -2 5K-5K

----------- ___ ___ b0
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5

Frequency (THz) Frequency (THz) a

Figure A.2: Absorption coefficient a of NiPS3 obtained from static TDTS measure-
ments at various temperatures with the THz magnetic field along two different crystal
axes.

The very sharp resonances in the hTHZ 11 a configuration with an onset close to the

reported Nel temperature of ~ 154 K is a strong indication of the magnon charac-

ter of the features although further measurements investigating a possible structural

transition near TN should be done to exclude a phonon scenario. Another interesting

aspect would be to study the behavior of the absorption peaks at relatively high mag-

netic field strenghts, as our measurements with fields up to 4.5 T (not shown here)

did only show very little variation in the peak position (hardening) and its amplitude.

A.3.2 Non-equilibrium behavior using optical pump-THz probe

spectroscopy

To study the nonequilibrium dynamics of this material, we also performed optical

pump-THz probe measurements as described in the previous section.

In Figure A.3, we display the photoinduced change as a function of pump-probe

delay normalized to the maximum of electric field E, which denotes the peak of the
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Figure A.3: (a)AE/E for a fixed pump fluence at the lowest temperature showing
the long-lived oscillations on top of an initial exponential decay background. (b)
Pump-induced signal after subtraction of the exponential decay, inset: FFT power
spectrum revealing an oscillation frequency of ~ 1.3 THz.

THz waveform in the absence of a pump pulse. Figure A.3 (a) shows the temporal

dynamics of the pump-induced modulation of the THz transmission, which can be

modeled fairly well as an initial exponential decay with a characteristic time of several

ps and long-lived oscillations which exist over a timescale of > 60 ps. To obtain

the frequency of the damped sinusoidal oscillations the exponential background was

subtracted (Fig. A.3 (b)) yielding an oscillation frequency of - 1.3 THz, which agrees

well with the observed magnon resonance in our static measurements. The additional

spikes in the signal are caused by artifacts resulting from multiple reflections of the

pulse within the sample.

To get a better understanding of the observed oscillations in the temporal dynam-

ics of AE, we further performed the same measurements at the lowest temperatures

as a function of fluence (plots not shown here). Although no discernible change occurs

with regard to the oscillation frequency, the exponential background was seen to get

enhanced with increasing fluence. The fluence of the pump pulses were in the range

from ~ 0.2 to 0.55 mJ/cm 2 .
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A.4 Final remarks

Although several features of our data indicate that the optical pulses are capable of

directly manipulating the magnetic order observed in NiPS 3, which may likely point

to a strong spin-charge coupling in the system as suggested by an earlier study [145],

further studies are needed to confirm the origin of the observed oscillations. Possible

mechanisms for the observed modulation in the transmission of the THz field upon

excitation of an optical pulse at varying pump-probe delays could be an ultrafast

energy exchange between the spin and lattice degrees of freedom, giving rise to the

modulated quenching dynamics of the antiferromagnetic order. Another origin for

such demagnetization behavior could arise from factors which are electronic in nature.

It was reported that NiO, which has the same valence as NiPS 3, has weak on-site

d-d transitions [165]. Similarly, weak peaks were also observed for NiPS 3 in optical

conductivity measurements at very similar energies in the range from 1.2-1.8 eV [145].

Thus, with a photon energy of 1.55 eV falling within this range, it is possible that the

photoexcitation of the crystal results in a renormalization of the electronic structure

of this material, which may further have given rise to an ultrafast modulation of the

magnetization dynamics. Although our data suggests a very interesting mechanism

responsible for the observed oscillations to clarify its origins further experiments need

to be performed.
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