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Abstract

The development of novel states of matter is a signi�cant aspect of modern physics

research, with quantum phase transitions playing a crucial role. The complex interplay

between di�erent electronic ground states during such transitions opens the path for

intriguing discoveries such as quantum criticality. Heavy-fermion materials, which

exhibit both the Kondo e�ect and the Ruderman{Kittel{Kasuya{Yosida (RKKY)

interaction, serve as an ideal platform for exploring these phenomena. By tuning

the strengths of the Kondo and the RKKY correlations using a non-thermal control

parameter, particularly to the quantum critical regime where the two e�ects compete

with each other, heavy-fermion materials often display unexpected phenomena, such

as unconventional superconductivity and non-Fermi-liquid behavior. Despite decades

of extensive research, the underlying mechanisms behind quantum criticality continue

to be debated. Direct information about the evolution of quasiparticles and their

dynamics across quantum phase transitions remains a missing, but crucial aspect

required to resolve these debates.

With the work performed during the course of this thesis, we strive to provide

insights into the ultrafast electronic dynamics across quantum phase transitions in

heavy-fermion materials by deploying terahertz time-domain spectroscopy (THz-TDS).

THz-TDS measurements serve as a non-invasive probe to coherently excite and detect

the heavy-fermion bands and temporally �lter the signals originating from di�erent

excitation processes. We place emphasis on the evolution of the quasiparticle spectral

weight and the THz optical-transport property, which were otherwise not accessible

or distinguishable before.

We present the investigations on two prototypical systems which exhibit quan-

tum phase transitions driven under di�erent control parameters { CeCu6� xAux by

chemical doping concentration and YbRh2Si2 by the external magnetic �eld. In

the CeCu6� xAux system, we reveal the quasiparticle spectral weight in the RKKY-

dominant side of the magnetic phase diagram and verify the physical origins of the

correlated-induced THz responses. Furthermore, we use time as a �lter to separate

the optical conductivities contributed from the correlation-induced and the single-

particle-like dynamics. Moving forward to the YbRh 2Si2 system, fermionic critical

slowing down is identi�ed from the logarithmic increase of the quasiparticle spectral
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Abstract

weight in the quantum critical regime. The observations nicely agree with a two-band

Fermi-liquid model developed throughout the investigation. Lastly, the present thesis

also covers a preliminary study about the impact of dimensionality on the quasiparticle

spectral weight.

All the observed results highlight that THz radiation is a versatile tool for investi-

gating the temporal evolution of strong-correlations physics and for unveiling ultrafast

electronic dynamics. Beyond heavy fermions, THz radiation can also be employed to

investigate other quasiparticles that exist within the same energy range, such as in-

clude magnons, phonons, and plasmons, amplifying its potential for broad scienti�c

exploration.
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Zusammenfassung

Die Erforschung neuartiger Materiezust•ande ist ein wichtiger Aspekt der modernen

Physik. Hierbei spielen Quantenphasen•uberg•ange eine entscheidende Rolle. Das kom-

plexe Zusammenspiel zwischen verschiedenen elektronischen Grundzust•anden w•ahrend

solcher •Uberg•ange bereitet den Weg f•ur faszinierende Entdeckungen wie das Ph•anomen

der Quantenkritikalit•at. Materialien mit schweren Fermionen, die sowohl den Kondo-

E�ekt als auch die Ruderman-Kittel-Kasuya-Yosida (RKKY)-Wechselwirkung aufwei-

sen, stellen eine ideale Plattform zur Erforschung dieser Ph•anomene dar. Wird die

St•arke von Kondo- und RKKY-Korrelationen - insbesondere im quantenkritischen

Bereich, in dem die beiden E�ekte miteinander konkurrieren - mit Hilfe eines nicht-

thermischen Kontrollparameters ver•andert, treten in Schwere-Fermionen-Systemen

h•au�g unerwartete Ph•anomene auf, beispielsweise unkonventionelle Supraleitung sowie

nicht-Fermi-
•ussiges Verhalten. Trotz jahrzehntelanger intensiver Forschung werden

die der Quantenkritikalit•at zugrunde liegenden Mechanismen weiterhin diskutiert. Di-

rekte Informationen •uber die Entwicklung von Quasiteilchen sowie ihre Dynamik bei

Quantenphasen•uberg•angen sind ein fehlender, aber entscheidender Aspekt, der zur

Kl•arung dieser Debatten erforderlich ist.

Mit den in dieser Arbeit durchgef•uhrten Untersuchungen versuchen wir, Einblicke

in die ultraschnelle elektronische Dynamik w•ahrend Quantenphasen•uberg•angen in

Schwere-Fermionen-Systemen zu gewinnen. Dabei nutzen wir die zeitaufgel•oste Tera-

herzspektroskopie (eng. THz time-domain spectroscopy, THz-TDS) als nicht-invasive

Methode zur koh•arenten Anregung und Detektion schwerer Fermionenb•ander sowie

zur zeitlichen Filterung der Signale, die von verschiedenen Anregungsprozessen herr•uh-

ren. Unser Hauptaugenmerk liegt dabei auf der Entwicklung des spektralen Gewichts

der Quasiteilchen und der optischen Transporteigenschaften im THz-Bereich, welche

sonst unzug•anglich oder nicht unterscheidbar w•aren.

Wir stellen die Ergebisse von Untersuchungen an zwei prototypischen Syste-

men mit Quantenphasen•uberg•angen vor, die durch unterschiedliche Kontrollparam-

eter gesteuert werden - Im Fall von CeCu6� xAux benutzen wir die chemische Do-

tierungskonzentration und im Fall von YbRh 2Si2 ein externes Magnetfeld als jew-

eiligen Kontrollparameter. F•ur das CeCu6� xAux -System zeigen wir, dass das spek-

trale Gewicht der Quasiteilchen auf der von der RKKY-Wechselwirkung dominierten
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Zusammenfassung

Seite des magnetischen Phasendiagramms liegt und identi�zieren die physikalischen

Urspr•unge der korreliert induzierten THz-Antwort. Dar•uber hinaus nutzen wir die

zeitliche Abh•angigkeit der detektierten Signale aus, um die Beitr•age zur optischen

Leitf•ahigkeit zu trennen, die von der korrelationsinduzierten bzw. einzelteilchenarti-

gen Dynamik stammen. Im YbRh2Si2-System wird die kritische fermionische Ver-

langsamung durch den logarithmischen Anstieg des spektralen Gewichts der Qua-

siteilchen im quantenkritischen Bereich identi�ziert. Die Beobachtungen stimmen

gut mit einem Zwei-Band-Fermi-Fl•ussigkeits-Modell •uberein, das im Rahmen dieser

Arbeit entwickelt wurde. Abschliessend umfasst die vorliegende Arbeit auch vorl•au�ge

Ergebnisse •uber den Ein
uss der Dimensionalit•at auf das spektrale Gewicht der Qua-

siteilchen.

Alle beobachteten Ergebnisse zeigen, dass THz-Spektroskopie ein vielseitiges In-

strument zur Untersuchung der zeitlichen Entwicklung stark korrelierter Systeme und

zur Beobachtung ultraschneller elektronischer Dynamik ist. Neben schweren Fermio-

nen kann die THz-Strahlung auch zur Untersuchung anderer Quasiteilchen eingesetzt

werden, die im gleichen Energiebereich existieren, wie z. B. Magnonen, Phononen und

Plasmonen, was ihr Potenzial f•ur die Grundlagenforschung als Ganzes erh•oht.
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CHAPTER 1
Introduction

Strongly correlated electron systems provide a fascinating platform in the quest for

novel states of matter. These systems display intricate collective behaviors originating

from the correlations between the particles that cannot be described solely with the

single-particle approximation [1]. Typical examples include high-temperature supercon-

ductivity, colossal magnetoresistance materials, multiferroic materials, heavy-fermion

materials[1,2,3], etc. Understanding and manipulating these correlations hold the key

to future developments in the exotic states of matter[4].

Heavy-fermion materials are at the forefront of strong-correlation research dedi-

cated to the emergence of unconventional phenomena. These include unconventional

superconductivity, quantum phase transitions, and the manifestation of novel quan-

tum states such as the Kondo insulating state and non-Fermi-liquid state[3]. This class

of materials is typically made of rare-earth or actinide elements with partially �lled f -

orbitals. The strong correlation between the moments of the localizedf -electrons and

the conduction electrons leads to the formation of heavy quasiparticles with e�ective

masses up to three orders of magnitude higher than the bare electron mass[2]. These

heavy quasiparticles signi�cantly alter the physical properties of the materials, provid-

ing a pathway to analyze the role of correlations within di�erent compounds. What

makes heavy-fermion materials even more attractive from the fundamental aspect is

the occurrence of quantum critical phenomena[5,6], in which quantum 
uctuations be-

come a decisive factor at phase transitions near absolute zero[7]. It was reported in the

early 1990s that the strength of these correlations could be tuned via a non-thermal

control parameter, leading to the competition between the Kondo e�ect (screening of

the spins) and the RKKY interaction (ordering of the spins). This interplay further in-

duces quantum phase transitions between magnetically ordered and disordered ground

states[8]. Near the crossing point, the so-called quantum critical point, magnetic insta-

bilities give rise to exotic properties such as unconventional superconductivity beyond
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1. Introduction

the conventional Bardeen-Cooper-Schrie�er theory[9,10], non-Fermi-liquid behavior be-

yond the Landau theory[8], etc.

Since the realizations of quantum criticality in heavy-fermion materials, numer-

ous experimental and theoretical e�orts[9,11,12,13] have sought to reveal the underlying

physics. One of the key questions that remain unresolved is { What happens to the

quasiparticles near the magnetic quantum critical point[3]? Two theoretical models

have been the focus of intensive discussions and debates: the conventional spin-density-

wave scenario and the unconventional scenario. The primary distinction between these

two scenarios lies in the response of the composite, fermionic quasiparticles at the quan-

tum critical point. In the conventional scenario, these heavy quasiparticles remain

una�ected, forming both the magnetically disordered and ordered ground state via a

spin-density wave[14]. In contrast, in the unconventional scenario, these heavy quasi-

particles disintegrate, resulting in a discontinuous change in the Fermi surface[3,13,15].

The contrasting characteristics of these scenarios highlight the need for direct experi-

mental evidence concerning quasiparticle evolution. This thesis attempts to shed light

on this perspective by using the THz-TDS technique as a coherent and non-invasive

method to investigate the spectral weight of quasiparticles.

The present thesis is structured as follows:

Chapter 2 introduces the scienti�c background necessary to appreciate the results

presented in this thesis. Besides a brief overview of heavy-fermion materials, we

will introduce the concept of quantum phase transition, as well as state-of-the-art

experimental approaches to study the properties of heavy-fermion materials. We focus

particularly on the fresh insights that can be gained from the THz-TDS.

Chapter 3 presents the experimental methods utilized for synthesizing and charac-

terizing the heavy-fermion materials used in this thesis in bulk or thin-�lm forms.

We place emphasis on the technical details of THz-TDS, which is the core technique

applied for investigating ultrafast dynamics of heavy quasiparticles.

Chapter 4 investigates the evolution of quasiparticle spectral weights within the pro-

totypical CeCu6� xAux system that exhibits a concentration-induced quantum phase

transition. In the RKKY-dominant compounds ( x = 0.2 and 0.3), the suppression

of spectral weight at temperatures higher than the magnetic ordering temperature

indicates the onset of a temperature-independent RKKY interaction. Additionally,

the response of the spectral weight in the quantum critical compound (x = 0.1) ex-

hibits a linear dependence over the incident THz radiation �eld strength and shows

a constant occurrence time. These observations verify the robustness of the intrinsic

Kondo-correlated phase coherence.

Chapter 5 leverages the unique bene�t of the time-based separation between the

responses emerging from interband and intraband transitions when excited with THz

2



radiation. Given that these excitation processes arise from disparate physical sources,

we can distinctively separate and analyze each response. This ability enables us to

gain a deeper understanding of their unique contributions to the overall THz optical

conductivity.

Chapter 6 explores the evolution of quasiparticle spectral weights in the heavy-

fermion system, YbRh2Si2, which exhibits a magnetic-�eld-induced quantum phase

transition. We observe a unique feature of the THz absorption strength signaling

the fermionic critical slowing down at the critical magnetic �eld while reducing the

temperature. A two-band Fermi-liquid theory is developed to corroborate the non-

monotonic temperature dependence of the absorption strength, which considers the

Kondo breakdown and the fermionic critical-slowing-down behavior.

Lastly, in Chapter 7 we switch our discussion from bulk single crystals to heavy-

fermion thin �lms. In this preliminary study, we aim to synthesize epitaxial �lms of

the CeCu6� xAux system with the stoichiometry of heavy-fermion compound (x = 0)

and investigate the impact of dimensionality on the quasiparticle weight and THz

optical transport property.

Chapter 8 summarizes the �ndings and provides a broad outlook of the results

obtained in this thesis.
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CHAPTER 2
Heavy Fermions

This chapter provides a brief introduction to heavy-fermion (HF) materials and the

scienti�c background to appreciate the results of this thesis. We begin with a historical

overview of HF materials and proceed with a discussion on the theoretical models used

commonly for describing their behavior. We then move on to the critical phenomena

that emerge across quantum phase transitions (QPTs) in the HF materials, which lays

our interest in studying the underlying mechanism for developing new states of matter.

Lastly, we elaborate on how THz radiation can reveal ultrafast electronic dynamics

through coherent interactions with HF materials. The chapter is primarily based on

the textbooks and reviews referenced as[3,5,6,10,11,12,13,16,17].

2.1 Heavy-fermions materials

The �rst HF compound, CeAl 3, was discovered by Andreset al. in 1975 in speci�c-heat

measurements[2]. While extracting the Sommerfeld coe�cient 
 , which represents the

electronic contributions to the heat capacity, the authors realized that 
 increased to

a large value of about 1620 mJ�mol� 1�K � 2 [18]. As the Sommerfeld coe�cient can be

correlated to the e�ective mass m� under the relation of 
=
 0 � m� =m0, the e�ective

mass of electrons in CeAl3 is estimated to be 2000 times higher than that of the

electrons in Cu[19]. Roughly at the same time, Steglichet al. reported another HF

material, CeCu2Si2, which exhibits unconventional superconductivity below a critical

temperature of Tc = 0.5 K [20,21]. Since then, these materials have been the focus of

intense interest. The term HF was introduced to describe the electronic excitations in

this new class of compounds. These quasiparticles with enhanced masses signi�cantly

alter the physical properties, such as the Sommerfeld coe�cient and conductivity of

electrons (see Section 2.3).
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2. Heavy Fermions

HF materials are intermetallic compounds that usually contain an element with

partially �lled f -orbitals, such as rare-earth elements like Ce and Yb, or actinides

like U, Np, and Pu [11]. Common HF materials include CeCu2Si2 [20], CeCu6
[22],

CeCoIn5
[23], YbRh2Si2 [24], UPt 3

[25], UPd2Al 3
[26], UBe13

[27], etc. The partially �lled

orbitals in each atom construct a matrix of localized magnetic moments that hy-

bridize with the conduction electrons, leading to the formation of heavy quasiparticles

at su�ciently low temperatures. This hybridization between localized moments and

conduction electrons is described by the Kondo e�ect, with the Kondo temperature

TK representing the temperature scale for the onset of such hybridization. The theory

was proposed by Kondo in 1964[28,29] to describe the unusual minimum of electrical

resistance observed in metals containing magnetic impurities[30] (see Section 2.1.1).

Besides the Kondo e�ect, the localized states can also indirectly interact with each

other via the conduction electrons. Thereby, the properties of the HF systems are

primarily governed by the interplay between the Kondo e�ect and the RKKY interac-

tion. Thanks to this interplay, it was demonstrated by von L•ohneysen et al. that HF

materials can be tuned through a quantum phase transition (QPT) into an antiferro-

magnetic ground state by chemical doping, pressure, or external magnetic �elds[8,31].

The transition point that separates the two ground states marks the quantum critical

point (QCP). The nature of a QCP is manifested in critical 
uctuations. In magnetic

QPTs, the magnetic 
uctuations in the vicinity of QCP o�er a pathway for novel states

of matter to emerge (see Section 2.2 for more details). To understand the physics be-

hind HF materials, we will take a few steps back and start from the foundation of HF

materials { the Kondo e�ect.

2.1.1 The Kondo effect

In a pure metal, it is generally assumed that the electrons can move easily within

the material when the vibrations of the atoms are small at low temperatures. There-

fore, the electrical resistance is estimated to decrease with reduced temperatures (see

Appendix D for the Fermi-gas approach). Due to static defects within the materials,

the resistance may saturate below 10 K[30] and remains �nite at the lowest accessible

temperatures, see the blue curve in Fig. 2.1(a). The residual resistance indicates the

number of defects in the material. This can be observed in simple metals like Cu or

Au. Some metals can exhibit a conventional superconducting state due to the itinerant

electrons from the d shell, such as Nb belowTc = 9.5 K, or Ta below Tc = 4.5 K [19].

For these metals, the electrons lose the resistance, and the value drops to zero atTc

(see the green curve in Fig. 2.1(a)).

Under this picture, adding more defects would only lead to an increase in the

residual resistance while the temperature dependence remains similar. This picture

immediately changes upon adding magnetic impurities into the materials. In 1961,
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Figure 2.1: (a) The temperature dependence of resistance in metals which exhibits simple

metallic behavior (blue) or superconducting behavior (green) below � c. If the metals contain

a small fraction of magnetic impurities, such as Fe-doped Cu alloys in (b), the resistance in-

creases due to the Kondo effect. (b) The normalized electrical resistance of the dilute Fe-doped

Cu alloys. The minima that occur as a function of the doping concentrations imply the onset of

the Kondo effect. The schematic in (a) is adapted from literature [30] with permission. Copyright

Physics World (2001) © IOP Publishing. The schematic in (b) is reprinted from literature [32] with

permission. Copyright Royal Society of London (1961) © The Royal Society (U.K.)
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2. Heavy Fermions

H 0 =
X

k ; %

� k cy
k %ck %: (2.1)

Here, � k is the energy of the free-electron state of momentumk. cy
k %and ck %are

the creation and annihilation operators of a spin %(= up " , or down #) conduction

band electron. H s-d describes the exchange coupling between the spins of the magnetic

impurity ( z component) Sz and the conduction electrons, respectively. It has the form

H s-d = J~%(0) � ~S with J , ~%(0) and ~S as the coupling constant, the spin-density operator

and the spin of the localized moment, respectively. A more microscopic expression is

given by[16,33,34]

H s-d =
X

k;k 0

Jk;k 0

�
Sz(cy

k;" ck0;" � cy
k;#ck0;#)

| {z }
Coulomb type

+ S+ cy
k;#ck0;" + S� cy

k;" ck0;#
| {z }

Exchange type

�
; (2.2)

where S+ (S� ) is the spin operator that increases (decreases) the spin state of the

impurity. The four terms in Eq. (2.2) represent di�erent types of scattering processes

within the system, corresponding to Figs. 2.2 (a) { (d). The �rst two terms describe

the Coulomb-type processes without any exchange between the spins, i.e., the spins

retain their orientations ( " or #) after the scattering events (see also in Figs. 2.2

(a) and (b)). In contrast, the last two terms describe the exchange-type processes

when both the spin of the conduction electrons and magnetic impurity are 
ipped

due to the exchange interaction, see Figs. 2.2 (c) and (d). These scattering events

show that the magnetization of the impurity undergoes 
uctuations as the spins can

be transferred between the conduction electrons and the localized magnetic impurity,

leading to the localquenchingof the magnetic moments, so-called the Kondo screening

e�ect. The quenched magnetic moment is commonly called the Kondo singlet, and

the temperature scale on which the Kondo singlet starts to form is called the Kondo

temperature TK . At TK , the singlet acts as a strong scatterer and leads to an increase in

the electrical resistivity � , resolving the unusual behavior in magnetic-impurity-doped

metals, see the red curve in Fig 2.1(a). By applying a second-order perturbation term,

Kondo solved the logarithmic relation between electrical resistivity � and temperature

T, resulting in the expression � Kondo / ln(1=T) for temperatures below the Kondo

temperature (T < T K ).

Apart from electrical transport properties, the formation of Kondo singlets also

changes the energy spectrum of the material. When the temperature is aboveTK , the

local spectral weight of the orbital is located at the orbital energy "0 far below the

Fermi energy "F . At TK , the spin exchange scattering between the magnetic impurity

and the conduction electrons causes a small fraction of the spectral weight to be locally

transferred to the Fermi energy level, leading to an expansion of the Fermi surface.
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Figure 2.2: The scattering events based on Eq. (2.2) are illustrated with � � and � � represent the

situation before and after the scattering process, respectively. The spin states of the conduction

electrons are marked in red (up) and blue (down). For the magnetic impurity, the spin states are

marked in black (up) and gray (down). In (a,b), the spins of the conduction electrons and the

magnetic impurity remain unaffected throughout the scattering process. In (c,d), both spins �ip

after the scattering events. (e) The Friedel oscillations simulated based on the RKKY interaction

equation, as described in Eq. (2.9).
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2. Heavy Fermions

mediated by the conduction electrons (see Section 2.1.2). The e�ective Hamiltonian

is derived in the Schrie�er-Wol� limit [35,36] as following:

H two-impurity = H 0 +
�

JKondo ~%(0) � ~S1 + JKondo ~%(R) � ~S2| {z }
H s-d of two magnetic impurities

�
+ JRKKY ~S1 � ~S2: (2.3)

where JKondo is the Kondo coupling constant andJRKKY is the RKKY coupling con-

stant. ~S1 and ~S2 are the spin operators of the magnetic impurity at 0 and R, re-

spectively. If JKondo � JRKKY , each of the two localized spins would form the sin-

glet state independently, and the interaction between these singlets become weak. If

JKondo � JRKKY , the two localized spins form a singlet state together, making the

Kondo coupling less signi�cant[17]. The two-impurity Kondo model provides a funda-

mental understanding of the interplay between the Kondo e�ect and the RKKY inter-

action. However, in practice, this model may not be su�cient to accurately describe

the properties of lattice systems when the number of magnetic impurities increases,

requiring the development of more comprehensive models such as the Anderson lattice

model (refer to Section 2.1.3).

2.1.2 The RKKY interaction

The RKKY interaction is an indirect exchange interaction between magnetic impuri-

ties embedded in a metallic host. It was �rst proposed by Ruderman and Kittel[37] in

1954 that localized nuclear magnetic moments can induce spin polarization to the sur-

rounding conduction electrons sea. Following their work, Kasuya[38] and Yosida[39,40]

further extended the model to treat the coupling of localized rare-earth 4f moments

with the conduction electrons. The combined results of these studies, which is now

referred to as the RKKY interaction, show that the spin polarization of the conduc-

tion electrons oscillates in sign as a function of distance from the localized moments.

More remarkably, such interaction can be carried over to relatively large distances,

revealing its long-range nature. A complete description of the RKKY interaction can

be found in textbooks[40,41,42,43,44] and other references[37]. Here, we present a brief

introduction to the fundamental concepts.

We begin with the scenario with one localized magnetic impurity and one mobile

conduction electron. The spin of the impurity can induce the polarization of the con-

duction electron by the s� d exchange interaction, as mentioned in Eq. (2.3). In other

words, the polarization of the conduction electron can be a�ected by a �eld generated

from the spin of the impurity with Zeeman energy[40]. The Fourier component of the

�eld is given by [40,41]

10



2.1. Heavy-fermions materials

Hq =
2J

Ng� B
Sz: (2.4)

Here, g is the g-factor and � B is the Bohr magneton. The �eld Hq polarises the

conduction electron, which propagates through the lattice[41]. Within the linear ap-

proximation with respect to the coupling constant J , the magnetic-moment density

of conduction electron induced by this �eld can be expressed as[40],

M (r ) =
1
V

X

q

� qHqe� i q�r ; (2.5)

where V represents the volume of the system andr represents the distance between

the two spins. The susceptibility � q is given by[40]

� q = � Pauli
1
2

f (
q

2kF
): (2.6)

Here, � Pauli refers to the Pauli paramagnetic susceptibility andkF is the Fermi wavevec-

tor. f (x) is a function de�ned by f (x) = 1 + log j(1 + x)=(1 � x)j�(1 � x2)=2x. Note

that the function exhibits a singularity at f (x) = 1, where q = 2kF . This re
ects the

presence of the Fermi surface with 2kF being the diameter of the Fermi surface[40].

Upon substituting Eq. (2.4) and Eq. (2.6) into Eq.(2.5), and perform the integration

over q, we then obtain

M (r ) =
12�
V

Ne

N
J

g� B
Sz� Pauli F (2kF r ); (2.7)

where

F (x) =
� xcosx + sin x

x4 : (2.8)

The equations above provide a direct indication of the oscillating feature of spin density

around a scattering center, also referred to as the Friedel oscillations[11,42,43]. Depend-

ing on the distance between the localized and the mobile electrons, the spin states will

change with period 1=2kF .

We now turn our attention to the scenario with localized spins that locate at site

i and j with a distance of Rij . The interaction between the localized spins is mediated

through the double scattering of a mobile electron (k ! k0 ! k) [37]. The Hamiltonian

of RKKY interaction [3,45] (H RKKY = JRKKY ~S1 � ~S2, see Eq. (2.3)) can be calculated

into the form [37,40,45]

H RKKY (R) =
~S1 � ~S2

4
j� kFkF j2m�

(2� )3~2

2kFRcos(2kFR) + sin(2 kFR)
R4 (2.9)
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2. Heavy Fermions

assumingi =1, j =2, and Rij = R. Figure 2.2(e) illustrates the dependence of RKKY

coupling constant JRKKY as a function of the separation between the pair of magnetic

impurities Rij . Similar to the earlier scenario, RKKY interaction induces a damped

oscillation of JRKKY between positive and negative values. This implies that the

magnetic impurities tend to order, either ferromagnetically (positive) or antiferromag-

netically (negative) via indirect exchange coupling over a long range[37,44].

2.1.3 The periodic Anderson lattice model

Based on the two-impurity model, it becomes evident that while considering the be-

havior of HF materials, both the Kondo e�ect and the RKKY interaction need to be

considered in the Hamiltonian. In addition, the system becomes more complicated

when the number of impurities increases. Below, we introduce the periodic Anderson

model which is designed to describe systems having a dense and periodic magnetic

lattice embedded in the conduction sea. In its simplest form, the model contains

four di�erent parts: (i) the unperturbed kinetic energy of the conduction electrons,

H 0;c, (ii) the exchange interaction energy between the conduction electrons and the

f -electrons, H s-d, (iii) the unperturbed energy of the localized f -electrons on the im-

purity atom, H 0;f , and (iv) the onsite repulsive energy between thef -electrons at

di�erent impurity sites, H corr . The model's Hamiltonian can be expressed as follow-

ing [16,17]:

H Anderson =

H 0;cz }| {X

k; %

� kcy
k%ck% +

H s-dz }| {X

k;i;%

(Vke� kr i cy
k%f i% + V �

k eik r i f y
i%ck%)

+
X

i;%

� f f y
i%f i%

| {z }
H 0;f

+ Uf

X

i

f y
im " f im " f y

im 0#f im 0#

| {z }
H corr

:
(2.10)

Here, V is the hybridization parameter representing the overlap between the atomic

potentials of the localized and the delocalized band orbitals from the neighboring

sites. f y
im% and f im% are the creation and annihilation operators for the localizedf

states with energy � f . The �rst term ( H 0;c) describes the dispersion relation of the

conduction electrons, similar to the Kondo impurity models in Eqs.(2.1) and (2.3).

The second term (H s-d) describes the hybridization between the conduction electrons

and the localized f -spins on each lattice sitei , similar to Eq. (2.2). The third term

(H 0;f ) depicts the dispersion relation of the f -states. The last term (H corr ) includes

a strong Coulomb repulsion energyUf between two electrons of opposite spin in the

f state and a short-range interaction between these spins.
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2.2. Quantum phase transitions

Equation (2.10) can be simpli�ed to the single-impurity picture by considering the

f orbital only on a single site[35,46]. It can also be expanded by additional terms such as

second-neighbor hopping or Coulomb repulsion between electrons on di�erent sites[13].

In general, the model can be used as the foundation for calculating the electronic

band structure of HF materials. As HF materials involve strong correlations, several

approximation methods can be used to assist the calculation, such as the Gutzwiller

method, the Slave boson method, and many other theoretical methods summarized

in the literature [12,13,17].

The periodic Anderson lattice model considers the competition between the

Kondo e�ect and the RKKY interaction, which further determines the ground state

and the low-temperature properties of the system. If the Kondo e�ect is dominant,

the magnetic moments of the impurities will be screened, and the system will exhibit

a magnetically disordered state. On the other hand, if the RKKY interaction prevails,

the magnetic moments of the impurities will align, leading to a magnetically ordered

ground state. This interplay allows tuning the strength of correlations, leading to the

fascinating �eld of quantum critical phenomena.

2.2 Quantum phase transitions

QPTs are phase transitions between two (or more) ground states that occur at abso-

lute zero. Instead of thermal 
uctuations, QPTs are driven by quantum 
uctuations

which are tuned by non-thermal control parameters such as pressure, magnetic �eld,

or chemical doping. Although QPTs occur at zero temperature, the in
uence of

quantum 
uctuations is experimentally reported to expand to a broad non-zero tem-

perature regime of quantum criticality, where unconventional states emerge due to

critical 
uctuations. Figure 2.3(a) shows a schematic phase diagram of a magnetic

QPT. Upon tuning the control parameter � , the system undergoes phase transitions

between the magnetically ordered and disordered states. The two ground states are

separated by the quantum critical point (QCP) when the control parameter reaches

a critical value of � c. HF materials are particularly interesting for studying quantum

criticality because of the delicate interplay between the Kondo e�ect and the RKKY

interaction within these systems. This unique interplay allows for tunable correlations,

which can give rise to a wide variety of emergent states of matter in the vicinity of

the QCP, such as non-Fermi-liquid (NFL) behavior, unconventional superconductivity,

etc (see Section 2.2.2 for more details).

To understand QPTs, it is useful to compare them to classical phase transitions

(also referred to as thermal phase transitions), which will be included in the following

section. We will focus on the case where the order parameter evolves continuously
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Figure 2.3: (a) Schematic of a magnetic QPT in the vicinity of QCP. As the classical critical

temperature (solid line) is reduced by tuning a non-thermal control parameter � , the thermal

�uctuations become less dominant and eventually are replaced by quantum �uctuations when

the temperature reaches absolute zero at � � . The dashed lines represent the boundaries of

the quantum critical regime (red-shaded area). (b) The Doniach diagram illustrates the compe-

tition between the Kondo energy � B� K (blue curve) promoting singlet formation and the RKKY

interaction � B� RKKY (green curve) favoring long-range magnetic ordering, as a function of the

exchange-coupling strength � � and the density-of-states at the Fermi level � � � F� .
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2.2. Quantum phase transitions

which can be quanti�ed with critical exponents under a power law:

� / j � j � � : (2.11)

Here, � is the critical exponent of the correlation length, and � is the reduced temper-

ature representing the distance to the critical temperatureTc
[47]:

� =
T � Tc

Tc
: (2.12)

Analogously, the characteristic correlation time � , a measure of the characteristic

timescale over which the 
uctuations of a system persist or remain correlated, will

also diverge as� / � z / j � j � �z (with z denotes as the dynamic critical expo-

nent) [35,48]. The critical behavior is responsible for the power-law dependencies on

the order parameter. For instance in magnetic systems, the speci�c heatCV , the

sublattice magnetization M , and the susceptibility � m :

CV (T) / j � j � � ; M (T) / j � j � � ; and � m (T) / j � j � ' : (2.13)

� , � , and ' denote the critical exponents of each observable and describe the universal

behavior of continuous phase transitions. The values of these critical exponents depend

on the symmetry of the order parameter and the dimensionality of the system[47].

The question of how quantum mechanics come into play in a continuous phase

transition lies behind the competition between two energy scales { the classical 
uc-

tuations (or thermal energy) scalekBT and the quantum 
uctuations scale ~! c. Here,

~ is the reduced-Planck constant,! c is the characteristic frequency of the quantum

oscillation inversely proportional to the correlation time, and kB is the Boltzmann con-

stant. In the phase diagram where~! c � kBT, the purely classical description can be

applied to describe the order parameter 
uctuations. In contrast, when ~! c � kBT,

quantum mechanics turns into a decisive factor in the system[47,49], giving rise to new

behavior arising from the QCP with T ! 0. The in
uence of quantum 
uctuations

can be expanded to a �nite temperature range above the QCP, where both quantum

and thermal 
uctuations are equally important in the dynamics ( ~! c � kBT). This

�nite temperature region is often referred to as the quantum critical regime (see the

red-highlighted area in Fig. 2.3(a)).

Describing the dynamics of quantum criticality is an ongoing subject in condens-

ed-matter physics. One key characterization that applies universally to strongly inter-

acting QCPs relates to the thermal equilibrium time, � eq, which is the time the system

takes to relax back to the local thermal equilibrium state after external perturbations.

In the quantum critical regime, � eq can be expressed as[50]
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2. Heavy Fermions

� eq = Ceq
~

kBT
(2.14)

whereCeq is a dimensionless universal number that depends only on the dimensionality

of the system and the global spin symmetries of the Hamiltonian. Quantum criticality

manifests itself with the ability to have the shortest � eq due to comparable quantum


uctuations (see the red highlighted area in Fig. 2.3(a)). For regions other than the

quantum critical regime, i.e., where ~! c � kBT in Fig. 2.3(a), � eq has a larger value.

2.2.2 Quantum criticality in heavy-fermion materials

Quantum criticality was experimentally challenging to observe and study, primarily

due to the lack of suitable materials and experimental limitations at extremely low tem-

peratures. It was not until the 1990s when a prototypical HF compound, CeCu6, was

reported to exhibit a QPT from the HF ground state to an AFM state by pressure,

magnetic �elds, or chemical doping concentration[5,16,48]. Since then, HF materials

have become one of the prototypical systems for exploring quantum critical phenom-

ena.

The tunable feature of HF materials results from the delicate balance between the

two interactions that we have introduced earlier { the Kondo e�ect (Section 2.1.1) and

the RKKY interaction (Section 2.1.2). Apart from resolving the Hamiltonian terms

based on the periodic Anderson lattice model (Eq. (2.10)), Doniach proposed a gen-

eralized picture that purely considers the comparison of these two energy scales[34,51].

The energy scales of the Kondo e�ect and the RKKY interaction are known to be

controlled via a non-thermal control parameter � , which a�ects the e�ective coupling

parameter J0 between the localized moments and the conduction electrons. On the

one hand, the Kondo e�ect screens the magnetic moment of the localizedf -electrons

below TK via the spin-exchange process, producing a spin singlet state with a binding

energy kBTK , giving

TK / exp(�
1

N ("F )J0
): (2.15)

Here, N ("F ) is the density-of-states at the Fermi level[34]. On the other hand, the

RKKY interaction enhances the long-range magnetic order, where thef -electrons are

mediated by the spin state of the conduction electrons via indirect interaction. The

energy of the RKKY interaction is proportional to

TRKKY / N ("F )J 2
0 : (2.16)

16



2.2. Quantum phase transitions

The interplay between the strengths of TK and TRKKY determines the ground state

properties of the HF materials. As indicated in Fig. 2.3(b), if TK > T RKKY , then

the low-temperature ground state tends to be a Kondo-screened, paramagnetic phase.

When TK < T RKKY , the system favors a magnetically ordered phase. The quantum

critical regime is realized at the crossing point where the two interactions are similar

in the energy scales (see the black circle marked in Fig. 2.3). The instability of spins

within this regime provides an excellent environment for the emergence of novel ground

states such as NFL behavior in the CeCu6� xAux (CCA) system [8], or unconventional

superconductivity in CeCu2Si2 [20].

The Doniach model has been e�ective in elucidating a broad range of HF mate-

rials. Nevertheless, it continues to face certain challenges. As mentioned earlier, the

model only compares the energy scales and does not provide the detailed mechanism

behind the QPT [3]. In addition, the model assumes a homogeneous distribution of

magnetic impurities. In real materials, these impurities are often not uniformly dis-

tributed. Therefore, investigating disordered electronic systems becomes crucial to

improve the model[52].

2.2.3 Quantum critical scenarios

Many of the HF materials are experimentally proven to exhibit QPTs between a HF

and (mostly) an AFM state at low temperatures. Near the transition point, the

magnetic instability often manifests itself as NFL behavior that goes beyond the equi-

librium Landau theory [8]. One of the experimental signatures of NFL relies on the

temperature dependence of the resistivity,� (T) = � 0 + A0T � , with 1 � � � 1.5 clearly

deviating from the Fermi-liquid behavior of � = 2. Here, A0 represents the pre-factor

of the temperature term. Two main theoretical scenarios are currently discussed and

debated as being the origin mechanism for NFL behavior near the QCP. The �rst

model is the conventional spin-density-wave (SDW) scenario in two or three dimen-

sions introduced by Hertz[7], Millis [53], Stewart [22,54], Continentino [55], and Moriya [56].

It is often referred to as the Hertz-Millis scenario. The second model is the unconven-

tional scenario based on the breakdown of the Kondo e�ect at the QCP introduced

by Si [57], Coleman[58], and Senthil[59]. Below, we provide brief introductions for each

scenario.

Conventional scenario

Within the conventional SDW scenario, the NFL behavior originates from a partial

disintegration of the Fermi surface as the SDW ground state induces a hybridization

gap at the Fermi surface. A SDW ground state is typically characterized by an in-

commensurate modulation of the spin density of conduction electrons. This periodic

modulation of spins is described by a speci�c wavevector known as the nesting vec-
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2. Heavy Fermions

tor. The nesting vector connects portions of the Fermi surface that have a similar

density-of-states and are parallel to each other. In the vicinity of QCP, the strong

spin 
uctuations lead to changes in the periodicity and form a hybridization gap �

at the Fermi energy "F . The formation of � enables the overall energy of the system

to be reduced by condensation energy" condensation that is proportional to the product

of density-of-states of the nested Fermi surfacen(0) and the square of the hybridiza-

tion gap, giving " condensation / n(0)� 2. This relationship highlights that the larger

the nested areas on the Fermi surface, the more likely a SDW ground state can be

promoted.

The conventional scenario has predicted the temperature dependence of physical

properties depending on the spatial dimensions of the system. In three-dimensional

cases, the electronic speci�c heat shows a temperature dependence of
 = CV =T /
p

T

and the electrical resistivity exhibits a relationship of � / T1:5. In two-dimensional

cases, a logarithmic divergence of
 is expected 
 / ln(1=T), while the electrical

resistivity has a linear dependence on temperature under� / T . Several HF materi-

als, especially the ones exhibiting unconventional superconductivity, can be described

under this scenario, such as the �rst-discovered HF superconductor CeCu2Si2 [20,21],

CeNi2Ge2
[21], CeRu2Si2 [14], etc.

Unconventional scenario

Despite the experimental evidence of the conventional SDW scenario, the model fails

to explain some HF materials' behavior. Typical examples include CeNi2Ge2 and

CeCu5:9Au0:1
[60] that exhibits a logarithmic temperature dependence of the speci�c

heat CV =T even though the systems are both three-dimensional. The mismatch leads

us to an alternative approach with the unconventional scenario.

The unconventional scenario deviates from the conventional one by focusing on

the disintegration of the heavy quasiparticles, i.e., the collapse of the Fermi surface,

at the QCP. Though there exist di�erent microscopic mechanisms for describing this

process, it is generally believed that the destruction may be associated with the sepa-

ration of spins and charges of the heavy quasiparticles[14]. We know from the Kondo

e�ect that the formation of quasiparticles leads to an expansion of the Fermi surface

to accommodate the additional weight of the localized magnetic moments near the

Fermi surface (see the single-impurity model in Section 2.1.1). When the system is

approaching the QCP from the HF (paramagnetic) ground state, the Fermi surface

changes from a large volume to a small one. This implies that local 
uctuations of

the Fermi surface are responsible for the quantum critical behavior instead of the

momentum-dependent 
uctuations as in the case of the conventional scenario. The lo-

cal 
uctuations of Fermi surface can manifest in the magnetic structure determined by

neutron-scattering measurements, where the correlated spin 
uctuations are observed

along multiple nesting vectors instead of a single one (conventional scenario)[14,61].
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Figure 2.4: (a) The conventional (upper) and unconventional (lower) scenario for describing the

quantum critical phenomena at the magnetic QCP. (b) The characteristic energy scales of vari-

ous collective excitations in correlated systems. The schematic in (a) is adapted and reprinted

from literature [63] with permission. Copyright (2000) Springer Nature. The schematic in (b) is

reprinted from literature [64] with permission. Copyright (2011) American Physical Society.
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2. Heavy Fermions

the Kadowaki-Woods ratio2 which is � 10� 5 � 
cm mol 2 K2 J� 2 [69,70]. The e�ective

mass of the quasiparticlesm� can be approximated via A / (m� )2, � 0 / m� , and

CV =T = 
 / m� .

Further insights into HF materials are gained by monitoring variations of the

Fermi surface as a result of magnetic 
uctuations. By distinguishing whether there

exists a jump from small to large Fermi surface, the HF materials can be classi�ed

based on the two quantum critical scenarios introduced in Section 2.2.3. For instance,

the de Haas-van Alphen measurements are used to study the Fermi surface of HF

materials such as CeCu6 [71] and UPt3
[72]. In this technique, the magnetic suscepti-

bility, � , is measured as a function of magnetic �eld strength and the applied-�eld

angle with respect to the crystallographic axes. By analyzing the frequency and am-

plitude of the oscillations in � under the Lorentz force, we can obtain information

about the shape and the size of the Fermi surface. This information is important for

understanding the electronic band structure and the e�ective masses of the quasiparti-

cles. The de Haas-van Alphen measurements are non-destructive. However, it requires

high-quality single-crystalline samples which can be technically challenging with some

of the compounds. Additionally, the interpretation of the de Haas-van Alphen scans

often requires proper theoretical models to provide accurate analysis of� by its oscilla-

tion frequency and amplitude. Recent advancements in angle-resolved photoemission

spectroscopy (ARPES) and scanning tunneling spectroscopy (STS) provide additional

pathways to access the electronic band structure. ARPES uses photons to eject elec-

trons from the surface of the samples and measure their energy and momentum. By

analyzing these two quantities, the occupied electronic band structure can be recon-

structed. STS, on the other hand, uses a sharp tip to scan over the surface of the

samples and measure the electronic properties with atomic-scale spatial resolution. It

can provide information on the momentum-space properties and the electronic struc-

ture [6]. When applying ARPES or STS, a good surface quality of the samples is

crucial. Surfaces with impurities or defects may a�ect the electronic structure and

lead to misleading results. In addition, a rough surface can scatter electrons and

reduce the signal level.

Numerous other experimental techniques have been employed on the HF mate-

rials, as outlined in textbooks[9,11]. These experimental techniques are often used

in combination to study the electronic, magnetic, and structural properties of HF

materials. While these investigations based on steady-state equilibrium experimental

schemes are well in place, the knowledge of the electronic dynamics and the quasi-

particles near the QCP is still lacking. Recently, fresh insights on the dynamics of

quasiparticles have been revealed by deploying ultrafast single-cycle THz pulses. In

2 The ratio of the coe�cient of the T 2 term in the electrical resistivity ( A) to the square of the

Sommerfeld coe�cient ( 
 ).
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2.3. Experimental methods to study heavy fermions

the following, we will introduce the fundamental property of THz radiation and its

application in HF materials.

2.3.1 Applications of THz radiation in heavy-fermion materials

The range of THz typically spans from 0.1 to 10 THz, with corresponding physical

scales of 1 THz = 1012 Hz � 1 ps � 4 meV (photon energy) � 33 cm� 1 (wavenumber)

� 300� m (wavelength). Elementary excitations in condensed matter, such as phonons,

magnons, etc., lie in the THz range, making THz radiation an e�cient and powerful

tool to address these low-energy excitations[64] (see Fig. 2.4(b)). In particular, most

of the modes contain dipole-allowed transitions, which allows THz radiation to be cou-

pled. With the technical advancement of ultrafast spectroscopic tools, THz radiation

has been extensively used in various research �elds, such as detecting the vibrational

modes in molecules[73], identifying signatures of light-induced superconducting-like

features[74], or other aspects that were not accessible before[75]. Recent advances in

high-power THz sources have broadened the applications of THz radiation, enabling

the study of nonlinear e�ects in materials [76], ultrafast magnetization dynamics[77],

and the manipulation of electronic, spin, and lattice degrees of freedom[78,79,80].

Over the past few decades, THz radiation has been used to study the electro-

dynamic response of HF materials. Here, THz radiation is used as a passive probe

that provides complex-valued re
ection or transmission properties, from which we can

obtain relevant information such as the e�ective mass or the bandwidth of the Kondo

resonance, based on di�erent theoretical models. The general trend of the optical

conductivity ranging from GHz to THz frequencies is reported to be similar among

several HF materials[81]. At high temperatures, HF materials exhibit metallic behav-

ior that follows the Drude model (see Chapter 5 for more details). In contrast, at low

temperatures, a narrow resonance associated with the Kondo-correlated many-body

ground state can be found centered at zero frequency in the real part of the optical

conductivity. Comprehensive overviews and examples on this aspect are included in

review articles[66,81].

Recently, Wetli et al. [82] and Pal et al. [83] utilize ultrafast THz radiation as an

active tool to drive the HF materials into a non-equilibrium state and study the

dynamics of quasiparticles. At su�ciently low temperatures (e.g., at TK ), the f -states

with localized magnetic moments hybridize with the conduction electrons, causing the

redistribution of the electronic density of states near"F . Thereby, a hybridized band

forms within the material, as illustrated in Fig. 2.5 for the equilibrium state. This

hybridized band structure has two key features. The �rst one is the distinct band

gap opening �, also referred to as the avoided band crossing (see Section 2.1.1). The

energy scale of � usually lies in the meV range, which is inversely related to the
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2.3. Experimental methods to study heavy fermions

kBTK =
h
� K

=
2� ~
� K

: (2.17)

When the singlet states have recovered, i.e., the hybridized bands have been reestab-

lished, the HF materials release the excess energy in the form ofecho-like pulses (see

the yellow pulse in Fig. 2.5 for t = � K ). For HF materials, � K usually lies in the

picosecond (ps) range, i.e., a timescale that can be resolved by electro-optic sampling

in the THz-TDS settings (see Chapter 3 for technical details). In the HF compound

CeCu6, for instance, a Kondo temperature of TK � 6 K can correspond to a delay

time of � K � 8 ps. This delayed response is a distinct, background-free measure of

the Kondo correlation e�ect. By properly examining the delayed response either in

the time or frequency domain, essential information such as the spectral weight can

be acquired. The direct estimation of quasiparticle spectral weight is a central result

of this thesis. This estimation is achieved by performing a temporal integration of

the delayed response in the time domain. The relationship between the quasiparticle

spectral weight and the temporal integration of the delayed echo-like response is phe-

nomenologically described by a nonlinear rate-equation model, which we will discuss

in the next section.

2.3.2 Nonlinear rate-equation model

The nonlinear rate-equation model, proposed by Wetliet al., is a semi-classical ap-

proach for describing the delayed echo-like response observed in the CCA system[82].

This model considers the transition of photoexcited electrons from the conduction

band (c) to the equilibrium HF band (h). The temporal variation of the density of

photoexcited electrons,� e(t), can be represented as

d� e(t)
dt

= � � c! h � e(t): (2.18)

In this equation, � c! h represents the transition rate, which can be expressed in terms

of the dipole transition matrix elements based on the Fermi's golden rule. The matrix

element describes the probability of a transition occurring between the initial and the

�nal states, as well as the spectral density of the �nal state. In this context, the

transition rate between the initial state i c and the �nal state f h with the transition

matrix element hf h jdji ci (where d is the electric dipole moment associated with the

transition between the two states) and the spectral density of the �nal state ~w�
K can

be written as

� c! h =
2�
~

jhf h jdji cij 2 ~w�
K : (2.19)
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2. Heavy Fermions

Since the HF state results from the many-body correlation e�ect, ~w�
K is not a static

quantity but a dynamic one that is proportional to the number of Kondo singlets

forming the HF bands. In other words, ~w�
K depends on the temporal evolution of the

density of electrons residing in the HF band at time t,

~w�
K (t) = w�

K
� e;0 � � e(t)

� e;0
= w�

K

�
1 �

� e(t)
� e;0

�
; (2.20)

where w�
K and � e;0 represent the equilibrium values of the Kondo spectral weight and

of the electron density in the HF band, respectively. By incorporating Eq. (2.20) into

Eq. (2.19), we simplify the equation to the following:

� c! h =
2�
~

jhf h jdji cij 2 w�
K

�
1 �

� e(t)
� e;0

�
: (2.21)

We now work on estimating the equilibrium Kondo spectral weight in the HF

materials. As mentioned in Section 2.1.1, a Kondo resonance is typically characterized

by a Lorentz function with a width of � kBTK and a height of � 1=(�
 ). Here, 


represents the e�ective hybridization amplitude in the periodic Anderson lattice model,

equal to 
 = �V 2Nc (with V as the volume andNc as the density of states of the

conduction electrons). Further, 
 can be estimated from the dipole matrix element

as 
 � � jhf h jdji cij 2Nc
[82]. Combining these relations, the equilibrium Kondo spectral

weight is expressed as:

w�
K =

kBTK



� Nc: (2.22)

Consequently, a nonlinear rate equation for the normalized density of photoexcited

electrons,n(t) = � e(t)=� e;0, is formulated as:

dn(t)
dt

=
d� e(t)

dt
1

� e;0
= �

4�
� K

(1 � n) n: (2.23)

This is achieved by combining Eq. (2.17), Eq. (2.21), and Eq. (2.22). The electric �eld

of the emitted THz response is proportional to the temporal occupation of the nor-

malized density of the photoexcited electrons as�E (t) � dn(t)=dt. From the solution

of Eq. (2.23), the electric �eld amplitude is thus given as:

�E (t) =
dn(t)

dt
� e;0 = �

� e;0�
� K

1

cosh2
�

2� ( t
� K

� 1)
�

=
�E0

cosh2
�

2� ( t
� K

� 1)
� :

(2.24)
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Figure 2.6: Sketch of the relaxation dynamics originate from the photo-excited HF bands based

on the solution of the non-linear rate equation in Eq. (2.24). The schematic is adapted from

literature [82] with permission. Copyright (2018) Springer Nature.
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Figure 2.7: The temperature dependence of the normalized electric-�eld amplitudes collected

from (a) the HF compound CeCu� (� � 0), (b) the quantum critical compound CeCu�� � Au�� �

(� � 0.1), and (c) the AFM compound CeCu� Au� (� � 1). The green-highlighted areas high-

light the signals originating from the Kondo-correlation-induced many-body response. The in-

sets in each �gure show the time windows between � 3.5 ps to � 8.5 ps where the echo-like

pulses were observed. The schematic is adapted from literature [82] with permission. Copyright

(2018) Springer Nature.
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2.3. Experimental methods to study heavy fermions

a normalization factor to achieve a consistent re
ected power for each trace. The

speci�c time range may vary depending on the materials being investigated (i.e.,� K ),

the incident THz pulse, and the trivial re
exes from the setup. In the second step,

background subtraction is carried out to exclude the temperature-independent o�sets

caused by experimental noise and the incoherent spectral-weight contributions to the

Kondo-correlation physics[82]. For each sample, we determine the o�set value by the

highest-temperature point, typically at 300 K, and then subtract the o�set value from

each of the time traces. Finally, the spectral weight is obtained through temporal

integration within the chosen time window where the echo-like pulses are identi�ed.

This approach allows us to acquire background-free, coherent quasiparticle spectral

weights. The normalization and background subtraction sequence can be alternated

based on the sum rule of integration. The mathematical expressions for the extraction

procedure are provided in Appendix C.2.

Figure 2.8: (a) The temperature dependence of quasiparticle weight per unit area in the

CeCu6� x Aux system. The measured samples include CeCu6 (blue), CeCu5:9Au0:1 (red) and

CeCu5Au (black). The weight is derived from the integrated intensity of the echo-like response,

as shown in Fig. 2.7. (b) The temperature dependence of the normalized Kondo temperature

from CeCu6 (black) and CeCu5:9Au0:1 (red). The schematic is adapted from literature [82] with

permission. Copyright (2018) Springer Nature.

The results of the CCA system, reported by Wetli et al., reveal that the spectral

weights of the HF (x = 0) and the quantum critical compound ( x = 0.1) exhibits

logarithmic increase down to about 30 K. Towards 2 K, the spectral weight of the HF

compound reduces by around 40%; while, the spectral weight of the quantum critical

compound collapses, reconciling with the unconventional scenario (see Fig. 2.8(a)).

Additionally, the delay time, which is inversely correlated to the Kondo temperature,

shows no changes within the experimental resolution (see Fig. 2.8(b)). See Chapter 4

for detailed descriptions and the extended study.
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The discovery of these echo-like pulses paves the way for further understanding

of the quantum critical behavior in HF materials. Since THz radiation exclusively de-

tects coherent quasiparticles, these echo-like pulses contain valuable information about

the spectral weight and the dynamics of heavy quasiparticles, which were previously

inaccessible or indistinguishable.





CHAPTER 3
Experimental methods

This chapter gives an overview of di�erent techniques used for the present thesis, cov-

ering the sample synthesis process, the THz-TDS setup, and other methods for char-

acterizing the samples. The bulk samples are provided by our collaborators: CCA

compounds (x = 0, 0.1, 0.2, 0.3, 1.0) from Prof. Dr. Hilbert von L•ohneysen at the

Karlsruhe Institute of Technology and PD Dr. Oliver Stockert at the Max Planck

Institute for Chemical Physics of Solids; YbRh2Si2 (YRS) and Yb(Rh 0:94Ir 0:06)2Si2
compounds from Prof. Dr. Cornelius Krellner and Dr. Kristin Kliemt at the Goethe

University Frankfurt. The thin-�lm samples are prepared with the assistance of Prof.

Dr. Morgan Trassin at ETH Zurich. The samples are measured in the THz-TDS

setup with the guidance of Prof. Dr. Shovon Pal at ETH Zurich. Basic characteriza-

tion of the structural properties is carried out using X-ray di�raction (XRD), X-ray

re
ectivity (XRR), and atomic force microscopy. For the thin-�lm samples, further

characterization with scanning transmission electron microscopy is performed by our

collaborators Corinne Bouillet at the French National Centre for Scienti�c Research.

3.1 Sample growth

The availability of high-quality single crystals is vital for studying the intrinsic phys-

ical properties of materials. Especially with the HF materials, minor defects or dis-

crepancies in the chemical stoichiometry may lead to very di�erent phenomena with

misleading interpretations[84]. Single-crystal growths with the Czochralski method,


ux method, 
oating zone method, and Bridgman method are often used in the HF

community [11]. In the following, we will introduce the Czochralski method and the


ux method used in the synthesis of bulk samples presented in this thesis. Then we

will move on to the growth technique for thin-�lm samples.
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3. Experimental methods

3.1.1 Single-crystal growth

The single crystalline samples presented in this thesis are grown using two di�erent

methods { the Czochralski method for the CCA compounds and the 
ux method for

both YRS and Ir-doped YRS compounds.

Czochralski method

In the Czochralski method, raw materials of the target compounds are mixed and

molten in a crucible[11,85]. By inserting a small seed crystal into the melt, the single

crystal begins to form and continues to grow while the seed is pulled out from the

melt. One of the main advantages of the Czochralski method is its ability to grow

large crystals at relatively low production costs[11]. The quality of the grown crystal

is a�ected not only by the melting temperature but also by the rotational speed of the

melt and the pulling speed of the seed. The CCA compounds used in the following

experiments include the basic compound CeCu6 with x = 0, and Au-doped compounds

with x = 0 :1; 0:2; 0:3, and 1. All of them are obtained from the stoichiometric mixtures,

molten in a tungsten crucible[86,87].

Flux method

In the 
ux method, the raw materials are mixed and dissolved in a low-melting-point

solvent[11,88]. The solution is placed in a crucible made of high-melting-point mate-

rials and then treated at high temperatures. The setting temperature is maintained

below the decomposition temperature of the target compounds. After the solvation is

complete, the crucible is cooled down for crystal formation[85,88]. Depending on the

materials to be synthesized, the 
ux method can be performed under di�erent cooling

processes, gas environments, 
ux/crucible materials, etc. The YRS crystals used in

the following experiments are grown by the indium-
ux method. The raw materials

of the target compositions (Yb ingots, Rh/Ir powder, and Si pieces) and In shots[88]

are placed together in an Al2O3 crucible and sealed in a tantalum tube under a pure

Ar atmosphere to prevent contamination from oxygen or water. The tube is heated

up to 1600� C to achieve the solvation. For the cooling process, a modi�ed Bridgman

technique is used, which involves slowly withdrawing the tantalum tube from the fur-

nace at speeds as low as 0.1 mm/h[88]. The resulting platelet-shaped single crystals

have dimensions of 2 mm� 3 mm � 70� m. Great e�orts have been made to improve

the aforementioned process for achieving larger and purer single crystals of YRS. For

instance, it has been observed that the size of the single crystals depends highly on

the starting composition of Yb, Rh, and Si. In addition, the temperature-time pro�le

of the crystal growth also a�ects the quality of the grown crystals [88].
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3.2. Terahertz time-domain spectroscopy

3.1.2 Thin-�lm growth

The �lms used in this thesis are grown by the direct-current (DC) sputtering method.

DC sputtering is a physical vapor deposition technique where the gas atoms are ionized

into positively charged ions by electrons, accelerated towards the negatively charged

target material, and deposited onto the surface of the selected substrate[89]. The entire

process is carried out in a high-vacuum chamber with pressure at the level of 10� 7 mbar.

The prerequisite for achieving a high-quality epitaxial �lm is to maintain a controlled

growth environment. This begins with choosing an appropriate substrate material

that ful�lls the lattice-matching conditions for preventing the strain. Other control

parameters, such as the DC level, the temperature of the substrate, the background

gas, and the temperature-time pro�le of the sputtering process, are also crucial for

optimizing the growth conditions. In addition, the di�usion property of the target

material will also in
uence the homogeneity of the sputtered �lm. In this thesis, we

aim to grow the very �rst �lm of the selected HF material, CeCu 6. We use Ar for the

background gas based on its relative mass and its ability to transfer kinetic energy to

the target atoms. For the substrate, we choose the (100)-cut yttria-stabilized zirconia

(YSZ) for its lattice matching condition with CeCu 6 and its optical properties in

the THz range. To ensure that the atoms of the deposited material have su�cient

mobility for arranging themselves into a crystalline state, the YSZ substrate is heated

to a temperature range between 80� C to 750� C. See Chapter 7 for a more extended

discussion.

3.2 Terahertz time-domain spectroscopy

THz-TDS is a spectroscopic technique for determining the properties of a sample

probed by ultrafast, single-cycle pulses of THz radiation. As mentioned in Sec-

tion 2.3.1, THz radiation has been used to retrieve information on low-energy col-

lective excitations in correlated systems and drive materials out of the equilibrium

state, revealing the underlying dynamics in many-body systems. In the present thesis,

THz-TDS is used to drive the HF materials into the non-equilibrium state by coher-

ently breaking the Kondo singlet states and detect the recovery of the hybridized

bands at a delayed time, as introduced in Section 2.3.1. Below, we will introduce

the technical details of the experimental setup and the additional control parameters

designed and implemented based on the experimental requirements.

3.2.1 Experimental setup

The THz setup used in this thesis is depicted in Fig. 3.1 for a re
ection geometry. The

fundamental beam for generating and detecting THz pulses comes from an ampli�ed
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Figure 3.1: The schematic of the THz-TDS setup in the re�ection geometry.
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Figure 3.2: The working principle of optical recti�cation for THz generation, involving difference

frequency generation between the spectral components of an ultrafast fs laser pulse. With a

120 fs laser pulse and ZnTe as the generation crystal, the generated single-cycle THz pulse has

a temporal width of � 2 ps. The Fourier-transformed THz spectrum exhibits a central frequency

of � 0.9 THz.
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3. Experimental methods

properties of the nonlinear crystal signi�cantly in
uence the strength of the nonlinear

interaction and the phase-matching conditions[93,94]. Additionally, the incident power

of the fundamental fs pulse directly a�ects the amplitude of the generated THz radi-

ation and its interaction with the crystal [95]. For more details on the mathematical

expression and technical information, see Appendix A.

In our experiments, we use a 0.5-mm-thick, (110)-cut ZnTe single crystal for THz

generation. ZnTe has a large� (2) component, high transmittance for THz radiation

and the fundamental wavelength, as well as phase matching condition with the fun-

damental wavelength at 800 nm[94]. The transverse and longitudinal phonon modes

of ZnTe are reported to be at 5.3 THz and 6.15 THz[96], respectively. The frequencies

in between this range will be absorbed by the ZnTe crystal. As the desired frequency

range of our experiments lies between 0.1 THz to 3 THz, the absorption e�ect is neg-

ligible in this case. The generated THz pulse and spectrum are shown in Fig. 3.2.

Other generation crystals that are available in the group can be found in Appendix A.

THz detection via electro-optic sampling

The residual 10% of the fundamental beam is used as the sampling beam to detect

the phase and the amplitude of the THz pulse via the electro-optic sampling (EOS)

method. It is an indirect detection method based on the linear electro-optic (EO)

e�ect, known as the Pockels e�ect[95]. When the THz electric �eld is applied to an

EO crystal, it induces birefringence, which modi�es the refractive index of the crystal

as

� n = n3
0rE THz ; (3.3)

where r is the e�ective EO coe�cient, n0 is the unmodi�ed refractive index at the

frequency of the sampling beam, andETHz is the applied THz electric �eld. While the

sampling beam passes through the EO crystal at the same time as the THz pulse, the

polarization of the sampling beam will be modi�ed because of the changes in refractive

index � n. Further, with a quarter-waveplate and a Wollaston prism, the phase and

the amplitude of THz pulses can be sampled by monitoring the di�erences between

the intensities of two orthogonally polarized pulses with a set of balanced photodiodes

(see Fig. 3.3). The signal from the balanced photodiodes is analyzed with a lock-in

ampli�er. By tuning the delay times of the sampling pulse with respect to the THz

pulse, the electric �eld of the THz pulse can be extracted based on[93]

ETHz =
� I PD

I PD

� L

2�Lrn 3
0

; (3.4)

whereI PD is the total intensity of the sampling beam, � I PD is the di�erence measured

from the two photodiodes, � L is the wavelength of the sampling beam, andL is the
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Figure 3.3: The schematics for free-space EO sampling under different con�gurations are as

follows: (a) no overlap between the sampling pulse and the THz radiation �eld, (b) overlap

between the sampling pulse and the positive THz radiation �eld, and (c) overlap between the

sampling pulse and the negative THz radiation �eld. The amplitude and positive or negative

nature of the THz radiation determine the induced birefringence within the detection crystal.
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conditions, the stability of the temperature can reach on the order of 10� 2 K at oper-

ational temperatures during the data acquisition time. In addition, proper control of

liquid helium 
ow and heater level also assists in stabilizing the temperature.

To adapt the cryostat for THz-TDS experiments, the inner and the outer win-

dows are exchanged with z-cut quartz and TsurupicaTM [100] , respectively. Both of

these serve as speci�c THz optics with high transmittance (� 80%[100,101]) and low

absorption at the THz range. The retainers that hold the windows follow the design

of the Janis cryostat. For more technical details and maintenance procedures, see

Appendix A.3.

Control of THz electric �eld strength

To investigate the impact of incident THz power on the Kondo-correlated response

(see Chapter 4), we implement a variable attenuator designed by Eksma Optics for

tuning the THz electric �eld continuously without alteration of other beam parameters

and the con�guration of the THz-TDS setup. The attenuator is composed of a quartz

zero-order half-waveplate that rotates the incoming P-polarized1 fundamental beam,

and a beam splitter that re
ects the S-polarized2 component and transmits the P-

polarized component. The transmitted P-polarized beam is then used to generate

THz light. The intensity ratio between S- and P-components can be controlled over a

wide dynamic range. See Appendix A.2 for the calibration between the rotating angle

of the waveplate and the transmitted power of the fundamental beam.

Control of magnetic �eld

Among the HF systems, several exhibit a QPT under the application of an exter-

nal magnetic �eld [9,10,11,13]. Thus, we have been seeking a suitable tool for applying

a magnetic �eld that could (i) �t with the THz-TDS setup and the Janis cryostat,

(ii) provide a homogeneous �eld up to 150 mT, and (iii) minimize any thermal e�ect.

Based on these criteria, we designed and built a set of Helmholtz coils in-house along

with Prof. Dr. Shovon Pal, Dr. Jannis Lehmann, and Sebastian Reitz at ETH Zurich.

A schematic is shown in Fig. 3.4(a), whereRcoils represents the coil radius,I repre-

sents the coil current. By placing the two coils mutually parallel to each other with

a distance same as the radius, these coils can produce a uniform magnetic �eld in be-

tween the distanceRcoils, i.e., from the center of z0 to (z0 � Rcoils=2) (see Fig. 3.4(a)).

The resulting magnetic �eld can be approximated by the Biot-Savart law, which can

be simpli�ed into [102,103]

�!
B =

8� 0Nwind I

5
p

5Rcoils
(3.5)

1 The letter P comes from the German word parallel.
2 The letter S comes from the German word senkrecht.
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Figure 3.4: (a) Schematic of the Helmholtz coils. (b) Estimation of the magnetic �eld at different

positions along the vertical z-axis. The zero point of � is set to be the center of the coils. The

schematic in (a) is adapted from literature [104]. Copyright (2023) S. Richtberg (CC BY-NC-SA

3.0).
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3.3 Further characterization techniques
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3.3.1 X-ray diffraction and re�ectivity
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n� = 2dsin�; (3.6)

where d is the spacing between di�racting crystallographic planes,� is the inci-

dent angle, n is the di�raction order (with integer number), and � is the wavelength

of the beam. These scattered X-rays appear as spots on the di�raction pattern. The

position and the shape of the di�raction peaks then provide information on the lattice

parameters, structural orientation, lattice twinning, and strain relaxation. The most

frequently used X-ray energy for lab-scale instruments is Cu K� with � = 1.54 �A,

corresponding to an energy of 8.04 keV[105]. The standard geometry is to perform the

symmetric (! = � ) 2� -! scan for detecting the di�raction from planes parallel to the

crystal surface. The angle! is de�ned as the angle between the incident beam and

the sample surface. Therewith, the out-of-plane lattice parameter can be calculated

using Eq. (3.6) from the 2� value of a di�raction peak. To examine the in-plane lattice

constant, an asymmetric (! 6= � ) scan is required to obtain reciprocal space mapping

within a certain range of ! and 2� .

Besides XRD, the thickness of �lms can also be quanti�ed by XRR. At a grazing

angle below the critical angle of total re
ection � c, X-rays are re
ected by all interfaces

in the sample, including the interface between air and the �lm, or between the �lm

and the substrate. The re
ected X-ray beams interfere with each other, leading to

oscillations in the re
ected intensity as a function of incident angle, also known as

the Kiessig fringes. The period of oscillations corresponds to the thickness of di�erent

layers within the sample. In the case of single-layer �lm, the thickness of the �lm can

be calculated by

� = 2d�lm

h p
(cos2 � c � cos2 � 2) �

p
(cos2 � c � cos2 � 1)

i
; (3.7)

whered�lm is the thickness of the �lm, � 1 and � 2 are the angles of two consecutive

fringes. The decay rate of the X-ray re
ectivity indicates the surface roughness in a

rather qualitative manner.

3.3.2 Atomic force microscopy

Atomic force microscopy is a characterization method used for nanoscale or atomic-

scale imaging. It belongs to the family of scanning probe microscopy, a category of

techniques using mechanical probes to detect properties at a surface by measuring

the interactions between the probe and the sample. In atomic force microscopy, the

probe is usually a force-sensing cantilever with atomically-sharp tips mounted at the

end. The two most common operation modes are the contact mode and the tapping

mode. To avoid potential damage, the atomic force microscopy results present in this
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thesis are all performed under the tapping mode[106]. In this mode, the entire probe is

brought in close proximity to the sample surface with the cantilever excited to vibrate

at its resonance frequency. While scanning over the sample line-by-line, the interac-

tions (van der Waals and Coulomb forces) between the tip and the sample induce

changes in the resonant frequency and amplitude. The deviation in the amplitude is

then used as a detection signal. Along with the signal sent back from the re
ected laser

beam from the back of the cantilever into the photodiode, the feedback loop adjusts

the height of the cantilever such that the distance is kept the same throughout the

scan. Thereby, the height pro�le of the surface can be mapped out. The tip used in

our experiments is made of Pt-coated n-type silicon with a radius smaller than 30 nm.

The cantilever dimensions are 130� 5 � m in length, 35� 3 � m in width, and 2� 0.5� m

in thickness. The resonant frequency is roughly 140 kHz { 150 kHz.

3.3.3 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) is complementary to the aforemen-

tioned techniques as it provides information on the chemical composition and local

structure on the atomic scale. STEM sends a focused, high-energy electron beam

through su�ciently thin samples. The interactions between the electron beam and

the sample produce a variety of emissions. Each of them carries information about

the sample. For instance, the transmitted and scattered electrons can be projected on

a 
uorescent screen and form images of the atomic structure[107]. The quality of the

interfaces and the atomic arrangement are then visualized in STEM images with res-

olution down to 1 �A. The X-rays emitted from the samples can provide a quantitative

analysis of the chemical elements, also known as the EDS (Energy Dispersive X-ray

Spectroscopy) measurement mode.

39





CHAPTER 4
Quasiparticle spectral weight across

concentration-induced quantum phase

transition

Parts of the results obtained in this chapter are published in:

ˆ Chia-Jung Yang, Oliver Stockert, Hilbert von L•ohneysen, Johann Kroha,

Shovon Pal, and Manfred Fiebig. The mystery of the missing heavy-fermion

quasiparticle spectral weight, in preparation.

ˆ Chia-Jung Yang, Michael Woerner, Oliver Stockert, Hilbert von L•ohneysen,

Manfred Fiebig, Shovon Pal, and Johann Kroha. The dilemma of Kondo

coherence and superradiance in a heavy-fermion system,in preparation.

4.1 Quantum phase transitions in the CeCu 6� xAu x system

The history of the CCA system can be traced back to 1975 when CeAl3 was reported

to have an e�ective mass up to three orders of magnitude higher than the bare mass

of electrons in thermodynamic measurements[18]. As discussed in Chapter 2, the en-

hancement is explained by the Kondo e�ect. Since then, researchers have been trying

to explore di�erent materials which exhibit such strong correlations. In the early 1980s,

Stewart et al. managed to grow the very �rst CeCu6 single crystals and discovered that

the Sommerfeld coe�cient ( 
 � 1670 mJ�mol� 1�K � 2), magnetic susceptibility, and

temperature-dependence of electrical resistivity agreed with the Fermi-liquid theory

under the assumption of an enhanced e�ective mass[22]. The Kondo temperature is re-

ported to lie in the range betweenTK = 6{10 K [14,105], depending on the experimental

methods[60,82,86,108,109]. CeCu6 exhibits no tendency of long-range magnetic ordering

above 40 mK according to the muon spin relaxation measurements[9]. It is observed,
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Figure 4.1: (a) The upper panel illustrates the crystal structure of the basic alloy CeCu� . The

lower panel represents the case when Au atoms substitute the Cu(2) sites with � as the dop-

ing concentration. The crystal structure maintains in orthorhombic form for doping concentra-

tion ranging between 0 � � � 1.0. The lattice parameters of CeCu� are listed in Table 7.1,

CeCu� � � Au� � � (� � 0.2) and CeCu� � � Au� � � (� � 0.3) in Table 4.1, and others in the litera-

ture [35,112,113]. (b) The phase diagram of the CCA system with doping concentration as the

control parameter. The HF (blue area) and the AFM (red area) ground states are separated

by critical doping concentration at � � � 0.1. In the quantum critical regime, NFL behavior has

been identi�ed in various measurements (see main text for more descriptions).
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4.2. The vanishing of quasiparticle weight in the antiferromagnetic phase

viates from the Fermi-liquid behavior, indicating the onset of NFL behavior in this

temperature regime for the quantum critical compound. In addition to the speci�c

heat measurements, the electrical resistivity exhibits a linear dependence over tem-

perature with � � / T , another experimental indication of NFL behaviors[14]. The

speci�c heat and electric transport measurements have shown that in addition to dop-

ing concentrations, QPT in CCA system can also be induced by applying hydrostatic

pressure[87,114], magnetic �eld [60,87], or even by changing the dimensionality[115] of the

CeCu6 compound.

Various experiments have been performed to study the origins of NFL behavior

in the quantum critical regime and the behavior of the heavy quasiparticles while

approaching the QCP. In the ultraviolet and X-ray photoemission spectroscopy mea-

surements, the single-ion Kondo temperature, which indicates the formation of heavy

quasiparticles, is revealed by �ts to the data[14]. Upon increasing the Au concentra-

tion, the single-ion Kondo temperature abruptly jumps at critical concentration xc to

lower values, indicating a potential breakup of the quasiparticles at the QCP. Further

support for the unconventional scenario in concentration-induced QPT is given by

the dynamic scaling of the magnetic susceptibility (see Section 5.3 for more details).

While these results are well in place, ultrafast THz pulses have recently become a

powerful tool for providing direct insights into the evolution of quasiparticle weight

thanks to the sensitivity of THz radiation to the coherent Kondo singlet states (as

introduced in Section 2.3.1). In the previous report[82], the delayed echo-like response,

which stems from the recovery of hybridized HF bands, was observed forx � 0.1.

In particular, for the quantum critical compound, the spectral weight breaks down

while approaching the QCP, consistent with the hypothesis of the unconventional sce-

nario. It is, however, unclear whether the formation of quasiparticles can appear in

the RKKY-dominant compounds ( x � xc). Within the same report [82], the spectral

weight was missing across the measured temperature range forx = 1.0, suggesting

that the RKKY interaction may prevail over the Kondo energy and suppress the for-

mation of quasiparticles. This assumption leads us to ask whether the quasiparticle

spectral weight can be observed when the RKKY interaction is reduced but remains

dominant. To address this question, we look closer at the RKKY-dominant phase

near the QCP by exploring the THz responses of the CCA system withx = 0.2, and

0.3.

4.2 The vanishing of quasiparticle weight in the antiferromag-

netic phase

As illustrated in the phase diagram of the CCA system (see Fig. 4.1(b)), both the

CeCu5:8Au0:2 (x = 0.2) and the CeCu5:7Au0:3 (x = 0.3) compounds are on the side
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Figure 4.2: The time traces of the normalized THz electric �eld amplitude at three different

temperatures for (a) CeCu� � � Au� � � and (b) CeCu� � � Au� � � . The data is plotted with offsets for

better visibility. The scale of the y-axis is marked with the vertical bar on the bottom left of each

plot. The red-highlighted regions mark the expected time window of the delayed response.
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4.2. The vanishing of quasiparticle weight in the antiferromagnetic phase

In order to obtain a comprehensive view of the spectral-weight build-up, we

conduct further THz-TDS analysis, following the nonlinear rate-equation model, as

introduced in Section 2.3.2. This model allows us to extract the spectral weight from

the delayed response, as shown in Fig. 2.8. For a quantitative comparison between

the CCA samples with di�erent Au-doping concentrations, the THz signals are also

normalized to the sample area. Figure 4.3 demonstrates the temperature-dependent

quasiparticle spectral weight for the CCA samples with di�erent concentrations of Au.

We have already seen that in the HF (CeCu6) and the quantum critical (CeCu 5:9Au0:1)

compounds, the spectral weight appears around 150 K and increases logarithmically

down to about 30 K, as the manifestation of the Kondo e�ect. Below 30 K, the spectral

weight drops continuously for the quantum critical compound and reaches zero at

T < 5 K within our experimental resolution, indicating the quasiparticle disintegration

near the QCP. For the HF compound, the spectral weight decreases continuously to

a value of roughly 40% of its maximum. The �nite value of spectral weight at the

lowest temperature re
ects the proximity, yet also the �nite distance to the QCP.

Figure 4.3: The evolution of quasiparticle weight per unit area in the CCA system, including

x = 0, 0.1, 0.2, 0.3, and 1. The data plot of x = 0, 0.1, and 1 is adapted from literature [82] with

permission. Copyright (2018) Springer Nature.

In the RKKY-dominant compounds, both CeCu 5:8Au0:2 and CeCu5:7Au0:3 have

similar distances away from the QCP as the HF compound CeCu6. For CeCu5:8Au0:2,

the spectral weight emerges around 150 K, increases upon reducing the temperature,

and settles at a strongly suppressed temperature-independent value already at 100 K

(see Fig. 4.3). This plateau temperature is about two orders of magnitude higher than

the magnetic ordering temperature of CeCu5:8Au0:2 (TN = 0.25 K [111]). As the doping

concentration increases, the suppression of quasiparticle spectral weight becomes even

stronger. In the CeCu5:7Au0:3 compound, the spectral weight increases to only half

of the observed values in CeCu5:8Au0:2 (see Fig. 4.3). Moreover, the spectral weight
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reaches a plateau at a temperature of roughly 120 K, which is again higher than its

magnetic ordering temperature ofTN = 0.51 K [111]. The observed features of spectral

weight evolution within the RKKY-dominant compounds are intriguing. Generally,

it is believed that the Kondo destruction is driven by the critical 
uctuations near

the QPT. Di�erent types of 
uctuations have been proposed, such as the critical 
uc-

tuations of local magnetization coupling to fermionic quasiparticles and 
uctuations

of the Fermi surface[3,116]. In the quantum critical compound CeCu5:9Au0:1, these

critical 
uctuations are responsible for the complete spectral weight suppression be-

low 30 K [82]. In contrast, the spectral weight of the RKKY-dominant compounds is

suppressed at a relatively high-temperature regime, with a continuous plateau that

persists until the lowest measured temperature. These features suggest a mechanism

di�erent from critical 
uctuations in these compounds.

Recently, Nejati et al. put forth theoretical predictions, outlining a form of Kondo

destruction induced by the RKKY interaction [116]. This mechanism was proposed to

be triggered by a feedback e�ect that changes the Kondo formation scale in response

to variations in the RKKY coupling parameter without critical 
uctuations. To un-

derstand this mechanism, we start with the Kondo single-impurity model. In this

model, the system contains only one magnetic impurity embedded into the conduc-

tion sea (see Section 2.1.1 for relevant details). The Hamiltonian considers the host

metal and the local contribution of spin exchange coupling between the magnetic mo-

ments and the conduction electrons. In a Kondo lattice (or multi-impurity) model,

however, one must also consider a non-local contribution coming from the conduction

electrons scattering between the neighboring localized moments and the subsequent

RKKY interaction [116]. In other words, the Kondo formation energy is dependent on

the RKKY coupling parameter. If we now assume that the system has a dimension-

less RKKY coupling parameter, denoted asy, the Kondo lattice temperature can be

mathematically expressed asT �
K (y) [116]. When the coupling parameter increases, the

Kondo energy exhibits a universal decrease. This reduction leads to an increase in

the local spin susceptibility � f , which further enhances the e�ective RKKY coupling.

The complete numerical simulations are depicted in Fig. 4.4. Here,TK (0) represents

the single-ion Kondo scale without RKKY coupling. Based on the simulated results,

the Kondo singlets cease to exist in the system above a critical RKKY coupling pa-

rameter yc (as shown in the gray-highlighted region of Fig. 4.4). The RKKY-induced

suppression of the Kondo lattice temperature vanishes discontinuously at this break-

down point (i.e., y=yc = 1) and is discovered to remain at a �nite, universal value of

T �
K (yc)=TK (0) = 1 =e� 0.368 (with e as the Euler's constant)[116].

This theoretical �nding of RKKY-induced Kondo destruction can be applied to

systems where long-range magnetic order is absent. This corroborates with our obser-

vations in Fig. 4.3, where the spectral weight is suppressed atT � TN . In particular,
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Figure 4.4: The universal dependence of � �
K� K� � � � �� K�� K�� ��� over the normalized RKKY-coupling

parameter ��� � . This schematic is adapted from literature [116] with permission. Copyright

(2017) American Physical Society.
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4. Quasiparticle spectral weight across concentration-induced quantum
phase transition

associated the emission time (i.e., delay time) with the intrinsic Kondo energy scale,

certain aspects behind the interaction between THz radiation and HF materials re-

main unexplored. One particular aspect concerns light-induced correlations, otherwise

known as the superradiance phenomenon, which can also be induced in correlated ma-

terials with extreme light �elds. This poses questions of whether there would be

THz-induced correlations in HF materials; and, if so, whether there would be any

competition between the light-induced correlations and the inherent Kondo-induced

correlations. In the following, we present a brief introduction of superradiance and

compare it with the inherent correlations in HF materials. Further, we discuss their

distinct experimental signatures when modifying the incident �eld strength of THz

radiation.

4.3.1 Superradiance versus Kondo coherence

Superradiance is an example of the emergence of macroscopic quantum coherence

through the process of correlated dissipation. This process involves the simultaneous

decay of an ensemble of excited atoms (or molecules), leading to the emission of much

more intense light than individual atoms. The phenomenon of superradiance was

�rst introduced by Dicke in 1954 [117], starting from a system that has an initially

incoherent state with N non-interacting atoms. Each atom is considered as a tiny

antenna emitting electromagnetic waves after being excited by the incident light[118].

If the system is con�ned to a volume smaller than � � 3 (with � referring to the

corresponding emission wavelength)[119,120] or if the wavelength of incident light is

much longer than the inter-atomic distances[121], the atoms can be excited coherently,

leading to the coupling between individually excited atoms to the common vacuum

radiation �eld. In Dicke's picture, these N excited atoms synchronize (i.e., phase-

locked) as they decay collectively, leading to the emission of a short and intense light

pulse. The emitted energy comes from each individual emitter, similar to the way that

various light waves constructively interfere with each other. Therefore, the resulting

peak intensity of the collective radiation depends on the square of the number of

emitters (i.e., / N 2) [121,122]. Additionally, the time it takes for superradiance to fade

is shorter when there are more emitters involved, which can be correlated to the inverse

of the number of the emitters (i.e., / 1=N) [119]. Superradiance has been observed in

various systems such as optically pumped atomic gases[120], quantum dots [123], etc.

Superradiance is characterized by an initially incoherent state, with phase coher-

ence induced by the incident light. In contrast, the nonlinear rate-equation model

starts with an initially coherent Kondo singlet state where a Kondo resonance is

formed near the Fermi energy due to strong hybridizations (see Section 2.1.1). In

other words, phase coherence is already present in the HF materials without the need

for any external forces. This notable distinction behind the mechanisms also a�ects
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4.3. Phase coherence of Kondo dynamics

their experimental signatures, which allows us to discern experimentally between the

light-induced and inherent correlations. As previously mentioned, superradiance has

an emission time related to the number of emitters in the form of/ 1=N. In the con-

text of the nonlinear rate-equation model, however, the emission time depends only

on the intrinsic Kondo energy scale, i.e., the Kondo temperature of the HF materials,

in the form of / 1=(TK ) (see Eq. (2.17) for the complete expression). Therefore, the

emission time does not show any dependency overN .

To resolve whether superradiance can be present in the HF materials, we analyze

the echo-like response by performing the �eld-dependent THz-TDS measurements.

The incident �eld strength of the THz radiation determines the number of excited

N in the system. If the emission time of the delayed echo-like response remains

una�ected upon changing the incident THz �eld, the inherent Kondo correlations are

responsible for this response. In contrast, if the emission time shows a correlation

with the incident THz �eld, superradiance is expected to play a determinant role in

the origin of the delayed THz response.

4.3.2 Field dependence of the delayed responses in CeCu 5:9Au0:1

The �eld-dependent THz-TDS measurements are conducted by incorporating an addi-

tional optical element in the optical path of THz generation. This element consists of

a half-waveplate that rotates the incoming P-polarized IR beam, along with a beam

splitter that selectively transmits the P-polarized component of the beam through a

half-waveplate. In this manner, the element is capable of controlling the power of the

IR beam used for pumping the THz generation crystal, which consequently a�ects the

generated THz-electric-�eld strength (see the relevant technical details in Chapter 3

and Appendix A.2).

We investigate the behavior of delayed echo-like response in the temperature-

and �eld-dependent THz-TDS measurements on the quantum critical compound of

the CCA system, CeCu5:9Au0:1. The single-crystalline CeCu5:9Au0:1 sample is mea-

sured with a surface facing perpendicular to the crystallographicc-axis. Based on the

evolution of spectral weight in CeCu5:9Au0:1 (as shown in Fig. 4.3), we select three

temperatures for the investigation, 30 K, 15 K and 10 K. The time transients re
ected

from the reference mirror and CeCu5:9Au0:1 at 15 K are depicted in Fig. 4.5(a) and

(b), respectively, as an illustration. The THz transients from the mirror have no ad-

ditional signatures except for the instantaneous response. In contrast, CeCu5:9Au0:1

shows both the instantaneous and delayed response (see Sections 2.3.1{ 2.3.3 for de-

tailed descriptions on the physical origins of these responses). Although our primary

interest is the correlation-related delayed response, we �rst examine the relationship

between the incident THz �eld ( Epp,ref. , as labeled in Fig. 4.5(a)) and the instanta-
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neous response of CeCu5:9Au0:1 (Epp,s, as labeled in Fig. 4.5(a)). In Fig. 4.5(c), it

is evident that the instantaneous response exhibits a linear dependence over the inci-

dent THz �eld, supported by a linear �t conducted for all the data points (red curve).

Such linear dependency implies that the THz-induced intraband transitions are in the

non-saturated regime where a large fraction of electrons in the conduction band is still

available for excitation.

Figure 4.5: Field-dependence of the THz electric �elds re�ected from (a) the reference mirror

and (b) the quantum critical compound CeCu5:9Au0:1 at 15 K.(c) The peak-to-peak values of

CeCu5:9Au0:1 (Epp,s) as a function of the peak-to-peak values of the mirror (Epp,ref.). The linear

�t (red curve) is conducted using a simple linear function ( y = ax), with the assumption of a

zero offset in the y-axis.

We turn our attention towards examining the delayed response in CeCu5:9Au0:1.

Figure 4.6(a) presents the THz electric �elds in kV/cm after background subtraction

(see Section 2.3.3 for more details). The delayed echo-like response emerges within the

time window reported by literature [82,83] on this compound, i.e., between +3.5 ps to

+8.5 ps. Throughout all measured temperatures, adjusting the strength of the incident

THz �eld only a�ects the amplitude of the echo-like pulses while keeping a consistent

delay time around � 6 ps, as shown in Fig. 4.6(a). To verify the robustness of the

delay time, we conduct a �tting analysis using the solution of electric �eld amplitude

derived in the nonlinear rate-equation model (see Section 2.3.2). Based on Eq. (2.24),

we �t the delayed THz electric �eld E(t) with the relationship

E(t) =
E0

cosh2
�

2�b ( t
� �t

� 1)
� (4.1)

In this analysis, E0 denotes the amplitude of the envelope and� �t represents the center

of the envelope (i.e., the delay time). The pre-factorb is either equal to unity in the

case of Kondo correlations (i.e.,b = 1) or is dependent on N in superradiance (i.e.,
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b / N). In the �tting analysis, we maintain the width at a constant value of b = 1

throughout our analysis and re�ne E0 and � �t to optimize the captured signals. After

obtaining the results, we convert the �tted delay time � �t into the Kondo temperature

TK using the coherence equation, Eq. (2.17)[82,83,98] (see Section 2.3.1 for more details).

The converted TK values at the selected sample temperatures are normalized with

the literature value of 8 K [82] and plotted as a function of incident THz �eld, see

Fig. 4.6(b). The normalized TK 
uctuates within 10% around 1 across the large range

of incident THz �eld. The robustness of the converted TK values and the �tted delay

time � �t verify that the emitted echo-like response is of Kondo-correlated origin instead

of light-induced superradiance phenomena. The integrated area, associated with the

quasiparticle spectral weight, serves as another experimental veri�cation. Figure 4.6(c)

shows the �eld dependence of the quasiparticle weights normalized by the maximum

value. The overall trends measured at each temperature display a linear dependence

over the incident THz �eld strength ( Epp,ref. ), which contrasts with the prediction of

quadratic dependency in the superradiance phenomenon[119,121] (see Section 4.3.1 for

more details).

Figure 4.6: The �eld dependence of (a) the subtracted THz electric �elds, (b) the normalized

Kondo temperature TK, and (c) the normalized quasiparticle weight from CeCu5:9Au0:1 at se-

lected temperatures. In (a), the curves are plotted with offsets for better display.

An intriguing question arises as to why superradiance does not occur in HF

materials, given that the long wavelength of THz light can coherently excite the atoms.

The primary reason is that the strong electron-electron interactions within the HF

materials prevent the formation of phase coherence through the radiation �eld. In HF

materials, phase coherence emerges due to the development of heavy quasiparticles.

The length scale over which the local moments and the conduction spins are coherent

is de�ned as the Kondo coherence length[3]. Such coherence length can be expressed

mathematically as x i,K = vF=TK (with vF as the Fermi velocity) [3,115], analogous to
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the coherence length of a superconductor[34]. x i,K typically spans from a few �A to nm.

For instance, YRS and CeCu6 are reported to have coherence lengths of� 6 �A [124]

and 10 nm[115], respectively. These dominant interactions surpass the radiation-�eld-

induced virtual interaction by orders of magnitude. Therefore, within the THz �eld

range used in our study, the inherent Kondo correlations dominate and manifest in

the delayed echo-like response.

4.4 Summary and outlook

With this work, we provide fresh insights into the evolution of spectral weight in

a concentration-induced quantum phase transition. By utilizing the sensitivity of

THz-TDS to the coherent Kondo-singlet states, we observe that the spectral weight

for the RKKY-dominant compounds, CeCu5:8Au0:2 and CeCu5:7Au0:3, is signi�cantly

suppressed at temperatures well above the N�eel temperatures of the corresponding

compounds. The observation agrees with an earlier theoretical prediction that RKKY

interaction in multi-impurity or Kondo lattice systems could destroy heavy quasipar-

ticles even without critical 
uctuations [116]. Furthermore, we explore the �eld depen-

dence of the delayed response in the quantum critical compound CeCu5:9Au0:1. Our

results reveal a consistent delay time over a wide range of THz �eld strengths. The

quasiparticle spectral weight also demonstrates a linear dependency on the THz �eld,

a characteristic that deviates from the superradiance phenomenon.

From the theoretical standpoint, further studies are required to resolve the intri-

cate mechanism behind the destruction of Kondo quasiparticles around the QCP[116].

The evolution of spectral weight for compounds with other concentrations near the

quantum critical regime could be measured to identify the role of RKKY interaction

and Kondo e�ect. For this, we could make use of CeCu5:95Au0:05 or CeCu5:85Au0:15

which are also available in the single crystalline form[87].

Further studies should also aim to uncover if the incident THz radiation has the

potential to stimulate correlations in HF materials, overcoming the inherent correla-

tions from the Kondo e�ect. If the THz �eld strength is ampli�ed, for instance to the

MV/cm-regime, it is possible that superradiance could be induced in addition to the

delayed echo-like response. In this context, the current generation method in the THz-

TDS setup needs to be adjusted, either by using another generation crystal (with the

corresponding pump wavelength) or by using other THz generation methods[125,126].





CHAPTER 5
Optical conductivity of correlated

electrons

Most of the results obtained in this chapter are published in: Chia-Jung Yang,

Shovon Pal, Farzaneh Zamani, Kristin Kliemt, Cornelius Krellner, Oliver Stockert,

Hilbert von L•ohneysen, Johann Kroha, and Manfred Fiebig. Terahertz conduc-

tivity of heavy-fermion systems from time-resolved spectroscopy.Physical Review

Research2, 033296 (2020)[98].

We have seen the evolution of quasiparticle spectral weights across a concentra-

tion-induced QPT in the CCA system via the delayed echo-like response detected by

coherent THz radiation. The previous chapter veri�es this delayed response to be of

Kondo-correlated origin and demonstrates THz-TDS as a versatile tool for providing

insights into the dynamics of quasiparticles. Another aspect that we would like to

investigate is the optical conductivity of HF materials.

In strongly correlated electron systems such as HF materials, deviations from

the simple metallic Drude model are observed due to electron-electron interactions. It

has been experimentally challenging, however, to disentangle the correlation-induced

many-body dynamics from the single-particle band structure e�ect in physical obser-

vations. This is partly due to the similar Lorentzian shape between the Kondo reso-

nance and the Drude behavior in the low-frequency conductivity response[98]. Finding

a proper tool to achieve this separation is of fundamental signi�cance, especially for

gaining a deeper understanding of the intricate behavior of optical conductivity. In

this chapter, we tackle this problem by exploiting the temporal separation between the

instantaneous and the delayed responses observed in the HF materials by THz-TDS.

Our �rst step is to verify if the optical conductivity obtained from the instantaneous re-

sponse reconciles with the simple Drude model and with earlier �ndings from infrared

experiments. Furthermore, We will explore the behavior of the optical conductivity
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5. Optical conductivity of correlated electrons

obtained from the delayed response, revealing the correlation-induced dynamics.

5.1 Electronic motions in materials

The motion of electrons within solid-state materials is often described by theDrude

model, proposed in 1900[127,128]. This model assumes that the conduction electrons

can move as a free electron gas, colliding with the positive ions in the lattice while

conserving their kinetic energy. Inelastic scattering processes such as electron-phonon

interactions and long-range interactions among electrons are not considered in the

Drude model. When subjected to an applied electric �eld E , electrons can be ac-

celerated in the direction of the �eld. The conductivity � of the materials, which

depends on the mobility of electrons, is�E = � env. Here, e is the electric charge,n

is the number of conduction electrons per unit volume, andv is the velocity of the

electron. If the applied �eld oscillates at some frequency! , i.e., E (t) = E0ei!t , the

frequency-dependent conductivity � (! ) is

� (! ) =
� 0

1 � i!�
; with � 0 =

ne2�
m

; (5.1)

where � 0 is the DC conductivity, m is the electron mass, and� is the relaxation time

(the inverse of the relaxation rate). Eq. (5.1) can be rewritten as

~� (! ) =
� 0(1 + i!� )

(1 � i!� )(1 + i!� )
=

� 0

1 + ! 2� 2 + i
� 0!�

1 + ! 2� 2 = � real + i� imag : (5.2)

� real and � imag represent the real and the imaginary part of the conductivity, respec-

tively.

A typical Drude response is usually characterized by the frequency dependence

of � real and � imag , as depicted in Fig. 5.1. The real part of the conductivity, � real,

decreases with increasing frequency and reaches half of the DC conductivity� 0 when

!� = 1. The imaginary part of the conductivity � imag exhibits a peak when!� = 1.

With prior knowledge of the electron density and DC conductivity of the materials,

the Drude model can predict the frequency-dependent complex conductivity. For

instance, impurity-free copper is reported with the room-temperature conductivity

of � 0(Cu) = 5.9 � 107 S m� 1, the electron density of n(Cu) = 8.5 � 1028 m3, and the

electron mass ofm = 1.01� m0 = 9.2� 10� 31 kg [129]. Inserting these parameters into

Eq. (5.1) gives the average collision time of conduction electrons with� (Cu) = 25 fs,

a measure of how often the scattering events occur. The Drude response, de�ned

previously with characterizations of the frequency dependence of ~� , is predicted to be

at a frequency of ! (Cu) � 6.5 THz [129].
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Figure 5.1: The frequency-dependent responses of the real � real (red line) and the imaginary

� imag (blue line) parts of conductivity, calculated from Eq. (5.2). The symbol � marks the fre-

quency where � real reaches half of the DC conductivity value � � , and � imag shows up with a

peak.
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5. Optical conductivity of correlated electrons

suitable probe that can not only resolve the complex optical conductivity within the

corresponding frequency range but also disentangle the responses of the correlation-

induced many-body dynamics and the single-particle dynamics. Based on these re-

quirements, THz-TDS is utilized in the following sections to investigate the optical

conductivity behavior of HF materials.

5.2 THz conductivity of correlated electrons

As introduced in Sections 2.3.1{2.3.3, THz radiation induces two excitation processes

in the HF materials:

ˆ Intraband excitation: THz-stimulated single-particle response of quasipar-

ticles within the conduction band. This scattering process leaves the heavy

quasiparticle intact and is expected to respond instantaneously to the incident

pulse.

ˆ Interband excitation: THz-stimulated excitation between the hybridized hea-

vy and light parts of the conduction band. This scattering process involves the

coherent breaking of Kondo singlets. While the HF systems reconstruct the

hybridized band, an echo-like pulse is emitted at a delay time� K that corre-

sponds to the intrinsic Kondo energy scale (i.e., Kondo temperatureTK , as in

Eq. (2.17)) [82,98].

For demonstration, we show the THz transients from CeCu5:9Au0:1 at 20 K as an

example (see Fig. 5.2). The re
ected THz transients can be divided into two parts

in the time domain: (i) the instantaneous response fromt = � 4 ps to t = +3.5 ps

originating from the intraband transition (blue-shaded area), and (ii) the delayed

response fromt = +3.5 ps to t = +8.5 ps originating from the interband transition

(red-shaded area). Here,t is denoted as the sampling time. The selection of the time

window, in particular for the delayed response, depends on the Kondo energy scale of

the HF materials (see more details in Section 2.3.2).

In the previous chapter, we have been focusing on the delayed response from

interband excitation, which provides the quasiparticle spectral weight by integrating

the echo-like pulse in the time domain. For the following investigation, we change the

aspect into the frequency domain. The temporal separation between the instantaneous

and the delayed responses allows us to perform Fourier transformations (FT) individ-

ually and to investigate the optical transport properties contributed by the respective

excitations processes. With the phase- and amplitude-resolved nature of THz-TDS,

the optical transport properties can be extracted directly within a single scale with-

out resorting to Kramers-Kronig analysis (see Appendix B for the optical property

analysis). Below, we start by investigating the results on frequency-dependent THz
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Figure 5.2: The re�ected THz transients from CeCu 5:9Au0:1 at 20 K. The complete signals

can be divided into (i) the instantaneous part and (ii) the delayed part with different physical

origins (see the main text for more descriptions). The schematics in (a) and (b) are adapted

and reprinted from literature [98] with permission. Copyright (2020) American Physical Society.

conductivity of the instantaneous and delayed responses in the CCA system, with

doping concentrations ofx = 0, 0.1, and 1. All samples are measured under the same

con�guration as in Chapter 4. We place our emphasis on analyzing the frequency-

dependent behavior of the real part of the conductivity, � real, and examine how well

it agrees with the Drude model.

5.2.1 Heavy-fermion compound CeCu 6 (x = 0)

CeCu6 shows a HFL state below a Kondo temperature of around 8 K. While the

CeCu6 compound is considered to exhibit strong electron-electron interactions, the

transport property has been reported to be similar to metallic materials in other

thermodynamic and resistivity measurements[134,135,137,138]. To obtain the complex

optical conductivity of CeCu 6 from the THz-TDS results, we �rst perform FT on the

re
ected THz transients in the time domain. Figures 5.3(a) and (b) show the FT

spectral amplitude of the instantaneous and the delayed responses for CeCu6 at two

di�erent temperatures (81 K and 2 K). The complex re
ectivities are then obtained

by dividing the respective spectra by the reference spectra (black curve in Figs. 5.3(a)

and (b)), as shown in Figs. 5.3(c) and (d). The re
ectivities of CeCu6 at 81 K and

2 K show clear deviations particularly in the low-frequency regime (� � 0.75 THz) and

the high-frequency regime (1.2 THz� � � 2.2 THz). These deviations become more

apparent in the real part of the THz conductivity evaluated based on the complex

re
ectivity (see Appendix B for more details)

In Fig. 5.3(e), � real derived from the instantaneous response of CeCu6 reveals

two remarkable features in terms of its frequency-dependent behavior. In the low-
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5. Optical conductivity of correlated electrons

Figure 5.3: The spectra obtained by Fourier-transforming (a) the instantaneous response and

(b) the delayed response of CeCu� at 81 K (red curve) and 2 K (blue curve). The reference

spectrum is obtained from the Pt reference mirror (black curve). The re�ectivity curves of (c)

the instantaneous and (d) the delayed spectrum at corresponding temperatures. The real part

of the optical conductivity derived from (e) the instantaneous response and (f) the delayed

response. The �gure is adapted and reprinted from literature [98] with permission. Copyright

(2020) American Physical Society.
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5.2. THz conductivity of correlated electrons

free conduction electrons (Drude model) behave in the low-frequency regime. While

comparing the data and the Drude �t, we observe that the instantaneous low-frequency

conductivity at 81 K qualitatively follows the simple metallic Drude response. When

the temperature is reduced to 2 K, this behavior transforms into a HFL Drude behavior

which is characterized by a decreased electronic relaxation rate, as shown in Fig. 5.4(d).

In the high-frequency regime (1.2 THz� � � 2.2 THz), the gradual emergence of

the peak around 1.50 THz below 40 K (see Fig. 5.4(a)) signi�es the development of

a narrow quasiparticle band close to the Fermi level, which is in agreement with

the de Haas-van Alphen measurements[71]. Hence, the changes observed at 2 K and

other low-temperature data stem from the formation of heavy quasiparticles, i.e., the

Kondo e�ect. The observed conductivity peak at 1 THz corresponds to the free-carrier

response in the Pt reference. This Pt reference mirror displays a distinct frequency

response compared to the original THz beam that is incident on the sample. In the

frequency domain, this response manifests as a conductivity peak which is veri�ed

to be temperature independent and does not contribute to features observed in the

samples. Therefore, this peak is excluded in the subsequent discussions.

In contrast to the instantaneous response, the� real derived from the delayed re-

sponse of CeCu6 exhibits striking features in its frequency-dependent behavior, see

Fig. 5.3(f). The low-frequency behavior within the range of � � 0.75 THz cannot be

reproduced using the Drude-like response of width 1=� tr obtained from Fig. 5.3(e).

This indicates that the simple Drude model is no longer su�cient to provide physi-

cally meaningful parameters due to the unique shape of the tails in the low-frequency

regime. In the high-frequency regime, the� real exhibits a broad peak around 1.75 THz

that reconciles with the �rst crystal-electric-�eld (CEF) resonance in the CeCu 6 com-

pound[139,140]. In addition, we observe a smooth transfer of the spectral weights

between the low-frequency resonance and the CEF resonance. Upon decreasing the

temperatures, the spectral weight of the CEF resonance is transferred to the low-

frequency resonance peak, as indicated by the yellow-shaded area in Fig. 5.3(f). This

smooth transfer implies the gradually dominating Kondo e�ect when the CEF satellite

occupation gets frozen out[83,140], i.e., the electrons become less probable to be ther-

mally excited and become more localized. Similar phenomena have been observed in

the time-domain results of THz-TDS [83] and are also in line with the ARPES results

of other HF compounds[141,142,143].

The complete temperature evolution of � real derived from the instantaneous re-

sponse is shown in Figs. 5.4(a){(b). As mentioned earlier, the instantaneous response

can be �tted with the Drude model, allowing us to extract the temperature depen-

dence of� 0 and � tr , as shown in Figs. 5.4(c) { (d), respectively. At high temperatures,

� real of the instantaneous response is governed by the Drude-like free-electron behav-

ior. As the temperature drops below 10 K, this behavior gradually changes into the
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5. Optical conductivity of correlated electrons
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Figure 5.4: (a) The real part of the optical conductivity obtained from the instantaneous re-

sponse of CeCu� at various temperatures. The green- and gray-shaded areas represent the

low- and high-frequency range for discussing the detailed features. The green dashed lines are

the results of Drude �tting. (b) The low-frequency response with a view in the low-temperature

regime. (c) The �tted results of the DC resistivity, � � , as a function of temperature. (d) The

�tted result of the relaxation rate, � �� tr�� tr�� , as a function of temperature. Note that these �tted

parameters are normalized to the values obtained at the highest measured temperature. (e)

The real part of optical conductivity obtained from the delayed response of CeCu� at various

temperatures. The blue-dashed lines are the result of the Lorentz �tting. (f) The �tted result of

the Lorentz function, � � � � , as a function of frequency. (g) The temperature dependence of the

�tted spectral weight, � � � � . The plots are adapted and reprinted from literature [98]. Copyright

(2020) American Physical Society.

Figure 5.5: The �tted DC resistivity results at the low-temperature regime for (a) CeCu � and

(b) CeCu� � � Au� � � . The plots are adapted and reprinted from literature [98]. Copyright (2020)

American Physical Society.
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5.2. THz conductivity of correlated electrons

The temperature evolution of � real derived from the delayed response of CeCu6 is

shown in Fig. 5.4(c). As mentioned earlier, the low-frequency behavior shows a unique

shape that cannot be reproduced using the Drude-like response of width 1=� tr at any

temperature. Therefore, we apply a single-peak Lorentz function of a smaller width

� to �t the low-frequency feature (see blue-dashed lines in Fig. 5.4(c)). The function

is de�ned as

L(� ) =
A(T)�

(� � � 0)2 + ( �
2 )2

; (5.4)

where � 0 represents the low-frequency Kondo resonance, and � represents the Kondo

energy scale. The �tted Lorentz function L(� ) and spectral weight A(T) are plotted

in Figs. 5.4(g) and (f). The temperature dependence ofA(T) shows a logarithmic

increase from high temperatures to around 30 K, then decreases to a lower, non-zero

quantity. This evolution is consistent with the trend of the quasiparticle weight ex-

tracted from the integrated area of the delayed echo-like pulses in the time domain[82].

In addition to the low-frequency behavior, the �rst CEF resonance at 1.75 THz also

exhibits a distinct temperature dependence (see the gray-shaded area in Fig. 5.4(e)).

Upon reducing the temperature from 300 K to 40 K, the spectral weight of this peak

initially rises, re
ecting the onset of the high-temperature Kondo scale[83]. As the

temperature is further reduced, the spectral weight of the peak reduces; while the

spectral weight of the low-frequency Kondo resonance increases (see Fig. 5.3(f)). This

demonstrates the smooth transfer from the high-temperature CEF resonance to the

low-temperature Kondo resonance.

The THz optical conductivity of CeCu 6 con�rms that the quasiparticle weight

can be obtained in both time and frequency domains. The instantaneous response

follows the Drude-like behavior. In contrast, the delayed response exhibits deviations,

particularly in the low-frequency range where the Kondo resonance has a critical

in
uence.

5.2.2 Quantum critical compound CeCu 5:9Au0:1 (x = 0.1)

CeCu5:9Au0:1 is known to exhibit NFL behavior at su�ciently low temperatures. This

behavior is characterized by experimental signatures such as the linear-T-dependence

of the electrical resistivity in transport measurements[14,35], or the logarithmic-T-

dependence of speci�c heat in thermodynamic measurements[35,144], etc. It remains

unclear how the correlated electrons reconcile with the Drude model in optical mea-

surements. Below, we follow the same approach as introduced for CeCu6 (see Figs. 5.3

and 5.4) and investigate the frequency-dependence of� real in the instantaneous and

the delayed responses from the quantum critical compound CeCu5:9Au0:1.
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Figure 5.6: (a) The real part of optical conductivity obtained from the instantaneous response

of CeCu� � � Au� � � at various temperatures. The green- and gray-shaded areas represent the low-

and high-frequency range for discussing the detailed features. The green-dashed lines indicate

the Drude �tting. (b) The low-frequency response with a view at the low-temperature regime.

The yellow-shaded areas mark the deviations from the data to the Drude �tting (green-dashed

lines). (c) The �tted result of DC resistivity, � � , as a function of temperature. (d) The �tted result

of relaxation rate, � �� tr�� tr�� , as a function of temperature. (e) The real part of optical conductivity

obtained from the delayed response of CeCu� � � Au� � � at various temperatures. The blue-dashed

lines indicate the Lorentz �tting. (f) The �tted result of the Lorentz function, � � � � , as a function

of frequency. (g) The temperature dependence of the �tted spectral weight, � � � � . The plots are

adapted and reprinted from literature [98] with permission. Copyright (2020) American Physical

Society.
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5.2. THz conductivity of correlated electrons

a logarithmic increase from room temperature to around 30 K, then decreases entirely

while reaching the lowest measured temperature, indicating a breakdown that is con-

sistent with the observed evolution of quasiparticle weight in the time domain[82] (see

also Fig. 4.3). This corroborates that the quantum critical compound CeCu5:9Au0:1

is entering into the quantum critical regime where heavy quasiparticles disintegrate

while approaching the QCP.

The THz optical conductivity of CeCu 5:9Au0:1 once again re
ects the possibility

of exploring the dynamics of di�erent excitation processes through temporal separa-

tions, highlighting the well-established THz-TDS technique in both time and frequency

domains. Beyond previous results, the instantaneous response of CeCu5:9Au0:1 unveils

the emergence of NFL behavior through deviations from the Drude-like behavior. An-

other experimental signature of this unusual metallic behavior, universal dynamical

scaling, is explored in Section 5.3.

5.2.3 Antiferromagnetic compound CeCu 5Au (x = 1)

CeCu5Au is one of the well-studied HF compounds known for its AFM order below

N�eel temperature at TN = 2.3 K [31,113]. The equilibrium properties of this compound

have been investigated through various measurements such as magnetic, thermody-

namic, and electrical resistivity [145]. In the present study, we investigate the optical

conductivity of CeCu5Au within the THz range. Unlike CeCu 6 and CeCu5:9Au0:1,

however, no delayed response within the expected time window is observed in the

THz transients of CeCu5Au, consistent with the earlier investigation on the spectral

weight [82]. This absence of delayed response provides a clear indication of the domi-

nance of the RKKY interaction over the Kondo e�ect in the compound. Nevertheless,

we explore the frequency dependence of� real of the instantaneous response, as shown

in Fig. 5.7(a). As the temperature decreases, a peak emerges around 2 THz in the high-

frequency regime. This frequency closely aligns with the �rst CEF resonance observed

in CeCu5Au by ARPES measurements, which was reported to be� 2.2 THz [146].

In the low-frequency regime (� � 0.75 THz), there appears to be a convoluted

and broad feature that shifts toward higher frequencies as the temperature decreases

(see Fig. 5.7(b)). The blue shift of the low-frequency feature makes it challenging to

perform a conclusive Drude �tting for extracting parameters such as the DC resistivity

or the electronic relaxation time. We thus speculate the origin of such a feature ac-

cording to the previous investigations on the spin-lattice relaxation mechanism in the

nuclear magnetic resonance measurements[147]. The CeCu5Au compound has been

reported to exhibit strong magnetic anisotropy. In particular, the nuclear spin-spin

coupling strength, mediated by the conduction electrons, prevails for crystallographic

orientations perpendicular to the c-axis, the same as in our current con�guration.
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5. Optical conductivity of correlated electrons

Figure 5.7: (a) The real part of the optical conductivity obtained from the instantaneous re-

sponse of CeCu� Au at various temperatures. (b) The low-frequency range of the optical con-

ductivity behavior at selected temperatures. (c) The normalized, frequency-averaged optical

resistivity as a function of temperature. The plots are adapted and reprinted from literature [98]

with permission. Copyright (2020) American Physical Society.
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Figure 5.8: (a) Universal dynamical scaling of the real part of optical conductivity from the

instantaneous response in CeCu� � � Au� � � . The red dashed line represents the optimized �t

generated with � � 1, where (b) the deviation reaches the minimum. The schematics are

adapted from literature [98] with permission. Copyright (2020) American Physical Society.
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5.4 Summary and Outlook

The temperature dependence of optical transport properties at THz frequencies in

the CCA system was explored by THz-TDS. THz radiation induces intraband transi-

tions that respond instantaneously to the incident light and interband transitions that

respond at a delay time corresponding to the intrinsic Kondo energy scale of the ma-

terial. Thanks to this temporal separation and the time-resolved feature of THz-TDS,

we are able to discern the optical transport properties contributed from the single-

particle dynamics and correlation-induced many-body dynamics and investigate their

transport behavior compared to the Drude model. While the instantaneous response

of HF compound CeCu6 aligns with the Drude �tting, the delayed responses of CeCu6
and the quantum critical compound CeCu5:9Au0:1 deviate from the Drude model. The

spectral weights derived from the delayed responses in CeCu6 and CeCu5:9Au0:1 for

the frequency domain show excellent agreement with the quasiparticle weights ob-

tained in the time domain [82]. These observations verify the working hypothesis of

the unconventional scenario within the CCA system. The dynamical scaling analysis

on the response of THz conductivity in CeCu5:9Au0:1 further supports the breakdown

scenario.

The results presented in this chapter demonstrate that our time-resolved and

phase-/amplitude-sensitive THz-TDS technique paves the way for determining opti-

cal conductivity without the need for Kramers{Kronig analysis. It allows us to tem-

porally isolate the purely correlated response, thus, clearly distinguishing di�erent

contributions to the dynamical conductivity, which may be of great importance in

future investigations towards other HF systems.





CHAPTER 6
Quasiparticle spectral weight across

magnetic-�eld-induced quantum phase

transition

Most of the results obtained in this chapter are published in: Chia-Jung Yang,

Kristin Kliemt, Cornelius Krellner, Johann Kroha, Manfred Fiebig, and Shovon

Pal. Critical slowing down near a magnetic quantum phase transition with fermionic

breakdown. Nature Physics, (2023)[153].

In previous chapters, we have seen the evolution of quasiparticle spectral weight

across a concentration-induced quantum phase transition in one of the prototypical

HF systems. The observed breakdown of quasiparticle weight at the critical doping

concentration veri�es the unconventional scenario, which describes the disintegration

of quasiparticles at the QCP. While this scenario seems to provide explanations for the

experimental observations, its applicability to other HF materials exhibiting QPTs

driven by alternative external parameters remains a topic of debate. This chapter

explores this question by investigating the quasiparticle weight in a magnetic-�eld-

induced QPT in YRS.

6.1 Quantum phase transition in YbRh 2Si2

YRS crystallizes in a tetragonal ThCr2Si2-type structure, as shown in Fig. 6.1(a). It

is a HF material with a characteristic Kondo temperature of TK = 25 K [154,155]. In the

absence of magnetic �elds, the compound undergoes a transition from a paramagnetic

state to an AFM ground state at the N�eel temperature of TN = 72 mK [156]. The ground

state properties of YRS can be easily tuned around a magnetic QCP by external

control parameters[6]. For instance, by applying an external magnetic �eld, YRS
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can be driven from the AFM state to the HFL state after crossing the critical �eld.

A schematic phase diagram is depicted in Fig. 6.1(b). Within the HFL state, the

Kondo e�ect prevails, giving rise to heavy quasiparticles characterized by an increased

e�ective mass. This enhanced mass can be determined through speci�c heat coe�cient

or the coe�cient of the T2 term in the electrical resistivity measurements[35,157,158], as

introduced in Chapter 2. The critical �eld required for inducing such a QPT depends

on the �eld direction relative to the crystallographic axes of the YRS compound. If

the �eld is applied parallel to the c-axis (i.e., perpendicular to the easy magnetic

plane), the critical magnetic �eld is Bkc = 0.66 T. In contrast, if the �eld is applied

perpendicular to the c-axis (i.e., in the easy magnetic plane), the critical magnetic �eld

is B? c = 66 mT [6,35,157,159]. In the subsequent THz-TDS measurements, we adapt the

con�guration where the �eld is applied perpendicular to the c-axis, as indicated in

Fig. 6.1(b).

Figure 6.1: (a) Crystal structure of YbRh2Si2 (b) Schematic of phase diagram with characteris-

tic temperature scales and ground states. A critical �eld of 66 mT applied perpendicular to the

crystallographic c axis can induce QPT from the AFM state to the HFL state. The schematics

are adapted and reprinted from literature [153] with permission. Copyright (2023) Springer Na-

ture.

In between the AFM and the HFL ground states, pronounced NFL behavior

has been observed in various measurements at su�ciently low temperatures[24,156].

The experimental signatures include the linear dependence of electrical resistivity be-

tween 10 mK � T � 10 K [157,160,161] and the logarithmic dependence of speci�c heat

coe�cient between 0.3 K � T � 10 K [156,157]. Since then, the compound has attracted

signi�cant attention as one of the few clean, stoichiometric HF materials located in the

immediate vicinity of a magnetic QCP [14]. The reported temperature dependencies of

the thermodynamic and the electrical-transport properties seem to be incompatible

with the conventional quantum critical scenario (see Section 2.2.3). Therefore, YRS

has been assumed to follow the unconventional scenario. In the early 2000s, Paschenet

al. reported one of the �rst experimental evidences on the unconventional scenario for

YRS in the �eld-dependent Hall-e�ect measurements[15]. When performing isother-
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QPT in YRS by utilizing THz-TDS. With the Kondo temperature reported at roughly

� 25 K [154,155], we expect to detect the Kondo-correlated many-body response (i.e., the

delayed echo-like pulse) around� K � 1.9 ps based on Eq. (2.17), and thereby, unravel

the evolution of quasiparticle spectral weight in YRS.

6.2 THz transients and integrated area of echo-like pulses

The single-crystalline YRS samples are grown by the indium-
ux method, as men-

tioned in Chapter 3. Prior to the THz-TDS measurements, all samples are oriented

perpendicular to the crystallographic c-axis with freshly polished surfaces[98]. The

samples are then mounted in a cryostat and measured in the re
ection mode from

room temperature down to 2 K. The magnetic �elds are applied perpendicular to the

c-axis by two di�erent methods { permanent magnets for rough-tuning and Helmholtz

coils for �ne-tuning the �eld values. The detailed description is provided in Chapter 3

and Appendix A.4. In addition to the basic alloy of YRS, a single crystalline sam-

ple of Ir-doped YRS is also prepared for comparing the THz-TDS results at di�erent

QCPs. By partial substitution of Rh by Ir, the lattice volume expands, resulting in a

suppression ofTN
[6,163]. The critical doping concentration is reported to be 6%, giving

the stoichiometry of the Ir-doped YRS as Yb(Rh0:94Ir 0:06)2Si2. Below, we will start

with the observed THz re
exes from YRS at a �xed magnetic �eld for demonstration.

Figure 6.3(a) presents the normalized THz transients from the reference mirror

at 295 K with B? = 0 mT and from YRS at several temperatures with B? = 70 mT.

Indeed, around the expected delay time of� 1.9 ps, the echo-like response emerges

and varies in amplitude as a function of temperature (see the gray-shaded area). This

echo-like response becomes apparent in the zoom-in perspective in Fig. 6.3(b). To

provide a comprehensive examination, we perform THz-TDS measurements from 0 mT

to 214 mT, crossing the critical magnetic �eld of 66 mT, and analyze the delayed echo-

like response within a selected time window between +1.3 ps to +2.6 ps. The analysis

follows the nonlinear rate-equation model introduced in Section 2.3.2. We will discuss

the validation of the selected time window later in Section 6.5 based on the same

model.

Figures 6.4(a) { (j) show the temperature-dependent quasiparticle spectral weight

of YRS at various magnetic �elds. In the high-temperature regime, all the curves ex-

hibit similar behavior where the spectral weight increases logarithmically from room

temperature and reaches the maximum value around 25 K, close to the Kondo temper-

ature TK of YRS. Apart from the logarithmic increase, all the curves exhibit a kink at

and above 100 K. This is identi�ed with the �rst CEF excitation of YRS, reported from

the neutron scattering[164] and the scanning tunneling microscopy[159] measurements.
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Figure 6.3: (a) The time transients of the THz electric �eld re�ected from a Pt reference mirror

(black) and YRS. The transients are normalized to their maximum �eld amplitude. The gray-

shaded area highlights the selected time window with Kondo-related echo-like pulses appearing

between + 1.3 ps to + 2.6 ps. (b) The time transients of the THz electric �eld re�ected from

YRS at the same temperatures that are displayed in (a). The �eld amplitudes are plotted with

different offsets for visibility. The schematics are adapted and reprinted from literature [153] with

permission. Copyright (2023) Springer Nature.

In the low-temperature regime, the results are strikingly di�erent across the �eld

range. On the antiferromagnetic side of the QCP (B? < 66 mT, see Figs. 6.4(a){

(c)), the spectral weight decreases but stays at �nite values at the lowest measured

temperature at 2 K. With increasing magnetic �elds, the curve starts to saturate

and exhibits a small upturn at 50 mT (see inset of Fig. 6.4(c)). Upon increasing

the �elds to the critical �eld ( B? � B? c, see Figs. 6.4(d){(f)), the curves turn into

logarithmic increases from around 10 K to 2 K. This feature stays up to 80 mT, and

slowly fades away when YRS is deeper into the HFL state (see Figs. 6.4(g){(j)). To

verify this feature, we investigate the Ir-doped YRS compound with a critical doping

concentration of 6%. Figure 6.4(k) shows the temperature-dependence of spectral

weight in Yb(Rh 0:94Ir 0:06)2Si2. To our surprise, the overall build-up of quasiparticle

spectral weight agrees qualitatively with YRS near B? c { a logarithmic increase in

the high-temperature regime and a second logarithmic increase in the low-temperature

regime (with di�erent slopes).

The logarithmic increase in the low-temperature regime is surprising. In the un-

conventional quantum critical scenario, the spectral weight is assumed to disintegrate

while approaching the QCP, as observed in the spectral weight of CCA with critical

concentration x = xc = 0.1 (see Fig. 4.3). For YRS at the QCP, regardless of whether

it is a magnetic-�eld-induced QCP or a concentration-�eld-induced QCP, the spec-

tral weight rises below 10 K towards the lowest temperature. Hence, apart from the

breakdown of quasiparticles, there exists a competing phenomenon that contributes

to the quasiparticle weight, or more precisely, theTHz absorption probability. To pro-

vide theoretical insights, our collaborator, Prof. Dr. Johann Kroha at the University of
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Figure 6.4: Temperature dependence of the resonant THz absorption in YRS under the exter-

nal �elds of (a) 0 mT, (b) 26 mT, (c) 50 mT, (d) 63 mT, (e) 66 mT, (f) 70 mT, (g) 80 mT, (h) 110 mT,

(i) 130 mT, and (j) 214 mT. The inset in (c) shows the starting �eld value of the upturn towards

the low-temperature regime. All the red lines mark the range for �tting the slopes. (k) Temper-

ature dependence of the resonant THz absorption in Yb(Rh0:94 Ir0:06 )2Si2 . The schematics are

adapted and reprinted from literature [153] with permission. Copyright (2023) Springer Nature.
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6.3. Two-band Fermi-liquid model

Bonn, develops a phenomenological model to describe the non-monotonic temperature

dependence of THz absorption probability that is based on the two-band Fermi-liquid

theory (see the following section).

6.3 Two-band Fermi-liquid model

The two-band Fermi-liquid model was developed by Prof. Dr. Johann Kroha to pro-

vide theoretical insights into the THz-TDS results on the YRS and IR-doped-YRS

compounds, as shown in Fig. 6.4. The model simulates the hybridized band struc-

ture by following the standard Anderson lattice picture, where a single hole in the 4f

shell of each Yb atom hybridizes with conduction electrons leading a broadband dis-

persion of " (0)
~p

[159,165]. The temperature-dependent spectral distribution is computed

by dynamical mean-�eld theory with the non-crossing approximation as an impurity

solver[82,166]. This approximation is a lowest-order self-consistent scheme that cap-

tures the dynamics and the thermodynamics of the Anderson impurity picture[167].

In the earlier sections (see Sections 2.3 and 2.3.2), we introduced that the hybridized

two-band structure is formed via the Kondo e�ect, which further creates an avoided

band crossing near the Fermi level. This unique band structure consists of a heavy

band and a light band, contributed by the strongly-correlated f -electrons and the light

conduction elections, respectively. The two-band propagator for these bands can be

expressed by Green's function at quasiparticle frequency! as the following,

G~p(! ) =

 
! � " (0)

~p V

V � 1
w �

K (T ) [! � � � �( ! )]

! � 1

: (6.1)

Here, the o�-diagonal matrix elements, V and V � , represent the hybridization poten-

tial which describes the overlap of the heavy-band states (lower-right matrix element

in Eq. (6.1), 
at band in Fig. 6.5) and the light-band states (upper-left matrix element

in Eq. (6.1), steep slope in Fig. 6.5). The potential is an e�ective matrix element on

the order of � kBTK . The spectral weight of the local, single-ion Kondo resonance is

denoted asw�
K (T). Upon reducing the temperature within a range of T > T K , w�

K

builds up logarithmically and then saturates towards a constant value for T < T K .

The saturated value is correlated to w�
K (0) � TK =
 , where 
 refers to the e�ective

energy broadening of the 4f orbitals due to the hybridization. Furthermore, � is the

energy shift due to particle-hole asymmetry (as indicated in Fig. 2.5), and �( ! ) is the

self-energy of quasiparticles in the heavy band. Note that the self-energy is neglected

in the light band, where quasiparticles are assumed to be non-interacting.

To describe the THz-induced, resonant transitions from the heavy to the light

band, we construct a phenomenological, critical Fermi-liquid theory for this two-band
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system. We �rst assume that each state in the light band has a total weight of

1. In addition, we introduce a local quasiparticle weight factor denoted asz0(T) =

[1 � (@� real(! )=@!)] � 1. Here, � real(! ) is the real part of the self-energy �( ! ) that

describes the residual interaction of the quasiparticles in the Fermi-liquid state. The

factor z0(T) is a suppression factor that describes the destruction of quasiparticle

spectral weight as the QCP (T ! 0 and B? = B? c) is approached by lowering the

temperature below the onset temperature for quantum criticality T0. Given that the

value of T0 in the case of YRS is reported to be similar toTK
[168], we will use the

latter term for convenience in our subsequent analysis. Based on this concept, the

suppression factorz0(T) is assumed to vanish at the QCP with a power-law behavior

z0(T) � (T=TK ) � (with � de�ned as the fermionic critical exponent with the condition

� > 0). By inserting z0(T) into Eq. (6.1), we obtain

G~p(! ) =

 
! � " (0)

~p V

V � 1
z0 (T )w �

K (T ) [! � z0(T)�]

! � 1

: (6.2)

The result of Eq. (6.2) implies that there is an additional reduction of both the quasi-

particle weight and of the heavy band shift by the local quasiparticle weight factor

z0(T). To gain a deeper understanding, the band dispersions ("n~p) and quasiparticle

weights (zn~p) for the lower band (n = 1) and the upper band (n = 2) are resolved by

diagonalizing Eq. (6.2). The respective solutions are shown below,

"n~p(T) =
1
2

"

" (0)
~p + z0(T)� �

r �
" (0)

~p � z0(T)�
� 2

+4z0(T)w�
K (T)jV j2

#

(6.3)

and

zn~p =

�
1 + z0(T)w�

K (T)
��

"n~p � z0(T)�
�

� z0(T)w�
K (T)

�
" (0)

~p � z0(T)�
�

2
�

"n~p � z0(T)�
�

�
�

" (0)
~p � z0(T)�

� : (6.4)

Figures 6.5 (a) { (f) show the results of Eq. (6.3) and Eq. (6.4) with distinct

temperature- and momentum-dependence (~p). With temperatures approaching zero,

the heavy quasiparticles tend to disintegrate, leading to the lowering of hybridized

bands to the Fermi energy. This further leads to a reduction of the avoided band

crossing (i.e., �). At the same time, the hybridized bands become 
atter due to the

declining oscillation frequency of the fermionic quasiparticles (! n~p ! 0). In other

words, the fermionic quasiparticles require a diverging time to relax back to their

equilibrium state, indicating a fermionic critical-slowing-down (CSD) behavior.
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Figure 6.5: The band structure of the conduction band and the Kondo state resulting in a

hybridized lower (brown) and upper (orange) branch at (a) 0.5 TK, (b) 0.1 TK, and (c) 0.02 TK

based on Eq. (6.3). The momentum-dependent spectral weights for the lower (z1~p ) and the

upper (z2~p ) bands obtained based on Eq. (6.4) at (d) 0.5 TK, (e) 0.1 TK, and (f) 0.02 TK. The

product of z1~p � z2~p represents the allowed phase space for THz absorption, as highlighted in

the gray regions. The gray arrows represent the resonant THz absorption in the band structure.

Note that the crossover from zn~p � 1 in the strongly dispersive region to zn~p � 1 in the �at

region exhibits non-zero values, as shown in the insets at various temperatures. The schemat-

ics in (a)–(f) are adapted and reprinted from literature [153] with permission. Copyright (2023)

Springer Nature.

With the two-band Fermi-liquid model described above, we acquire the knowledge

that the delayed echo-like response is contributed by two phenomena { the quasipar-

ticle weight of the intrinsic Kondo correlations, which tends to break down at zero

temperature (under the assumption of unconventional breakdown scenario), and the

phase space available for THz-induced excitations (or THz absorption) which increases

upon reducing temperatures (see the gray-shaded areas in Figs. 6.5(a){(f)). These two

competing interactions lead to a non-monotonic temperature dependence of the THz

absorption probability, which is discussed in the next section.

6.4 THz absorption strength

From an experimental perspective, the delayed echo-like pulse observed in THz-TDS is

proportional to the probability of resonant electronic excitation from the lower to the

upper band. Within the quantum critical regime, this probability of THz absorption

is in
uenced by two competing interactions { the disintegration of quasiparticles and

the phase-space expansion related to the critical slowing down (see Section 6.3 for

more details). With the theoretical insights provided by the two-band Fermi-liquid

model, we can now proceed and compute the temperature-dependent THz absorption

strength. Assuming the energy di�erence between the lower and the upper band equals

to � " ~p = "2~p � "1~p, the total THz absorption strength can be expressed as,

75



6. Quasiparticle spectral weight across magnetic-field-induced quantum
phase transition

P(T) = AP

Z
d3p z1~p(T) z2~p(T) f ("1~p)

h
1 � f ("2~p)

i
W (� " ~p): (6.5)

Here, f ("n~p) is the Fermi-Dirac distribution function, W (} ! ) is the spectrum of the

incident THz pulse, and AP is a temperature-independent constant proportional to

the experimental con�gurations of the incident THz pulse and to the modulus square

of the electric-dipole transition-matrix element between the two bands. The incident

THz pulse is assumed to have a Gaussian distribution of width � centered around

the central frequency 
 THz . The interplay between the two competing interactions

mentioned earlier sets a non-monotonic temperature dependence on the absorption

strength that can be evaluated numerically. Figure 6.6(a) shows the complete re-

sults for the temperature-dependent absorption strength in YRS under three di�erent

conditions { the Fermi-liquid regime, the quantum critical regime with the magnetic-

�eld-induced QPT, and the quantum critical regime with the doping-induced QPT.

Remarkably, the theoretical results are in good agreement with the observed data

shown in Figs. 6.4(d){(f) and (k).

Figure 6.6: The resonant THz absorption strength for (a) Yb(Rh1� x Irx )2Si2 (x = 0 ; 0:06) and

(b) CeCu6� x Aux systems in the Fermi-liquid and QCP regimes. The plots are adapted and

reprinted from literature [153] with permission. Copyright (2023) Springer Nature.

In the case of the magnetic-�eld-induced QPT, the simulated absorption strength

nicely aligns with the experimental data in Fig. 6.4(f). Even more remarkable is

that the theoretical simulation unravels a new crossover temperature, denoted asT �
qp,

below which the quasiparticle breakdown dominates over the CSD behavior. First, the

simulated absorption strength increases logarithmically when reducing temperatures

in the range of T > T K , giving P(T) / ln[1=z0(T)]. In the intermediate window

betweenT �
qp < T < T K , the expansion of phase space dominates over the quasiparticle

breakdown, giving a second logarithmic increase in the low-temperature regime via

P(T) = A� ln
� TK

T

�
: (6.6)
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The second logarithmic increase of the THz absorption strength also shows up in the

case of the concentration-induced QPT (see Fig. 6.6(a)). The simulated curve nicely

matches the observations from the Ir-doped YRS compound, as shown in Fig. 6.4(k).

When the temperature is reduced further below the crossover temperature, i.e.,T <

T �
qp, the breakdown of the spectral weight dominates over the phase-space expansion

and drives the absorption strength eventually to zero. For YRS in a Fermi-liquid

state (see Fig. 6.6(a)), the temperature-dependent absorption strength has similar

logarithmic behavior above TK . Below TK , the absorption strength decreases and

stays at a �nite value, agreeing with the experimental results.

The observation of the second logarithmic increases within the quantum critical

regime represents the unique experimental signature of the fermionic quasiparticle

CSD in the Yb(Rh 1� x Ir x )2Si2 system. In addition, our theoretical model also provides

an estimation of the crossover temperature,T �
qp, which is directly correlated to the

critical exponent, � . The relationship is expressed as[153]

T �
qp = e� 1=� TK : (6.7)

The critical exponent, � , is derived from the ratio of the logarithmic slope associated

with the CSD ( slow ) and the logarithmic slope associated with the standard Kondo

correlation (shigh ), expressed as� = slow=shigh (as labeled in Figs. 6.4(d){(f) and (k)).

For YRS under B? � B? c, we �nd � = 0.14� 0.02. This average is taken from the

results within the �eld range of 63 mT to 70 mT, as demonstrated in Fig. 6.7. Applying

this value to Eq. (6.7), we estimate the crossover temperature asT �
qp � 1 mK. For Ir-

doped YRS, the critical exponent doubles to � = 0.29, implying a correspondingly

higher crossover temperature calculated to beT �
qp � 0.7 K. As depicted in the inset of

Fig. 6.6(a), the predicted THz absorption strength in Ir-doped YRS (represented by

the dark-yellow curve) is expected to decrease when cooled belowT �
qp. Note that the

temperature ranges forT �
qp in both cases exceed our current experimental capacity.

Our theoretical model demonstrates the physical meaning behind a crossover

temperature T �
qp in the THz absorption strength analysis. As it lies within the same

range as the Fermi-surface-crossover temperatureT � (the temperature that signals

the change between a large and a small Fermi surface at the QCP detected in other

experiments[15,158,160], see Fig. 6.2), we conjecture that these temperature scales may

originate from a similar e�ect { the competition between the fermionic CSD and

the quasiparticle breakdown toward the QCP. For comparison, Fig. 6.6(b) shows the

calculated absorption strength of the CCAa system. The Kondo temperature of CCA

system is roughly TK � 8 K. Therefore, the ratio of TK =T�
qp in the CCA system is

considerably smaller than in the YRS system, narrowing the temperature window

such that the e�ect of the Kondo weight build up and of the CSD overlap. This
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Figure 6.7: Critical exponents extracted from the relative ratio of the slopes in YRS with applied

�elds ranging from 66 mT to 70 mT. The plot is adapted and reprinted from literature [153] with

permission. Copyright (2023) Springer Nature.
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Figure 6.8: � -versus-� � phase diagram of YRS with �eld applied perpendicular to the �

axis. The red-brown color code represents the data adapted from literature [169] with permission.

Copyright (2018) Springer Nature. The yellow-green color code represents the THz absorption

strength measured in the present thesis, adapted from literature [153] with permission. Copyright

(2023) Springer Nature.
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6.5. Validation of the time window

in the HF materials. This reduction, therefore, suggests that the RKKY interaction

signi�cantly a�ects the quasiparticle dynamics in this region, such that the two-band

Fermi-liquid model is not valid here. Figure 6.8 also demonstrates the connection

between the THz-TDS results and the quantum critical fan (dark-red area) illustrated

in literature [169].

6.5 Validation of the time window

As described in the nonlinear rate-equation model, the temporal integration of the

emitted echo-like pulse is performed between the selected starting time (t1) and ending

time ( t2), see Section 2.3.2 for more details. The starting time is generally chosen to

capture the longest possible range of the delayed response while excluding the feature

of the instantaneous response and any other response from the experimental settings.

For instance, the response from the cryostat windows or from the detection windows

(see Appendix A for clarity). The ending time is then chosen such that the expected

delay time � K is in the middle betweent1 and t2. For the CCA system, the delay time,

� K � 6 ps, is well-separated from the tail-end of the instantaneous response. This

temporal separation allows us to clearly distinguish between the instantaneous and

the delayed responses. For the YRS system, however, the delay time,� K � 1.95 ps,

is closer to the tail of the instantaneous response. Thereby, it is crucial to verify the

selection of the time window.

In the previous sections, we have presented the THz-TDS results of YRS and

Ir-doped YRS within a time window between 1.3 ps to 2.6 ps. The starting time is

chosen based on the instantaneous response of YRS that results from the stimulated

emission of THz radiation when the incident pulse is still present (see the reference

THz transients in Fig. 6.3(a)). Upon integrating the reference response by varying the

position of the window while keeping the width �xed at � t = 1.3 ps, we observe that

the re
ected THz signals from the reference mirror at various temperatures gradually

reach zero att1 = 1.2 ps, see Fig. 6.9(a). To keep a safety margin, we sett1 to 1.3 ps.

This gives t2 a value of 2.6 ps after centering the echo pulse around� K = 1.95 ps. The

validation of this time window is con�rmed in two individual tests.

In the �rst test, we keep t1 �xed at 1.3 ps and vary t2 from 2.2 ps to 3.2 ps. The

corresponding THz absorption strengths are shown in Fig. 6.9(b). Overall, the curves

have similar features with the high- and low-temperature logarithmic growths. The

overall magnitude reduces slightly for t2 = 2.2 ps due to the exclusion of a certain

portion of the delayed response. Nevertheless, the critical exponents� obtained from

all the curves remain the same within the tolerance level (see Fig. 6.9(c)), as noted in

Fig. 6.7. This result supports the validity of the chosen starting time while obtaining

consistent outcomes.
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Figure 6.9: (a) The normalized (norm.), integrated (int.) THz signals obtained from temporal

integration of the reference response of the Pt mirror at various temperatures, as indicated.

(b) The THz absorption strength determined by keeping t1 �xed, and varying t2 . (c) The crit-

ical exponents evaluated from the corresponding curves in (b). The red-dashed line indicates

� = 0.13, as obtained in Fig. 6.4(f). (d) The THz absorption strength determined by keeping t2

�xed, and varying t1 . The plots are adapted and reprinted from literature [153] with permission.

Copyright (2023) Springer Nature.

In the second test, we investigate the in
uence of varyingt1 while keeping t2

�xed at 2.6 ps. The lower-bound value is limited by the tail of the incident THz pulse.

Therefore, we test t1 in a range from from 1.2 ps to 1.7 ps. The corresponding THz

absorption strengths are shown in Fig. 6.9(d). On the one hand, fort1 < 1.3 ps, we

observe a 
attening of the low-temperature logarithmic increase due to the contri-

bution of temperature-independent instantaneous responses. On the other hand, for

t1 > 1.3 ps, we start to exclude a portion of the delayed response. This further leads

to a reduction of the overall magnitude and a�ects the high-temperature logarithmic

increase, as shown in Fig. 6.9(d) fort1 = 1.6 ps and 1.7 ps. Importantly, the logarith-

mic slope at low temperatures remains constant when thet1 value increases beyond

1.3 ps, and the logarithmic slope at high temperatures also stays unchanged whent1

decreases below 1.3 ps. Based on test results,t1 = 1.3 ps is chosen to be the optimal

value in order to separate the delayed response from the instantaneous response. Fur-

thermore, by setting t1 = 1.3 ps, the high-temperature slope is not yet a�ected by the

overall decrease of the signal, leading to a stable and consistent value of the critical

exponent for magnetic �elds near B? c (63 mT to 70 mT, see Fig. 6.7(c)).

By identifying the sources of the logarithmic slope variation at high- and low-

temperature regimes, we have determinedt1 = 1.3 ps as the optimum lower boundary

of the time window with a safety margin. Based on the delay time � K of 1.95 ps,

the full width of the time window is set to be 1.3 ps with the higher boundary of at

t2 = 2.6 ps.
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6.6 Polarization dependence of THz absorption strength

Thus far, our discussion was focused on the THz-TDS results from YRS with external

�elds applied perpendicular to the crystallographic c-axis (i.e., parallel to the easy mag-

netic plane ofab). There is, yet, another intriguing aspect to be explored further { how

the pronounced magnetic anisotropy in YRS distinctly a�ects the Kondo-correlated

response. In general terms, magnetic anisotropy refers to the directional dependence

of magnetic properties in materials. YRS has been observed to have strong magnetic

anisotropic behavior with signi�cant changes in various magnetic properties depend-

ing on the direction in which YRS is measured[170]. The magnetic anisotropy of YRS

also in
uences its quantum critical behavior [170]. As mentioned earlier, the �eld re-

quired for inducing a magnetic QPT increase by one order of magnitude if the �eld

is applied perpendicular to the easy magnetic plane (Bkc = 0.66 T) instead of parallel

direction (B? c = 66 mT) [6,35,157,159]. In other words, slight deviations away from the

preferred orientation of YRS may lead to signi�cant modi�cations in the quantum

critical regime and perhaps also in the formation of heavy quasiparticles.

Experimentally, there are three potential approaches to examine the impact of

magnetic anisotropy on the delayed response within our THz-TDS setup { (i) to vary

the direction of the applied magnetic �eld with respect to the sample, (ii) to rotate the

polarization state of the incident THz �eld with respect to the sample, or (iii) to rotate

the YRS sample with respect to the polarization of the THz �eld. While considering

these three approaches, we must acknowledge certain experimental constraints. On the

one hand, the �rst approach is limited by the arrangements between the coils/magnets,

the cryostat, and the beam path of the incoming THz radiation. On the other hand,

the second approach can be achieved by implementing a half-waveplate. Commercially

available THz waveplates are, however, mostly based on quartz which either works only

at a single frequency or within a narrow bandwidth (< 0.5 THz) [171]. After considering

all these constraints, we have adapted the last approach, which ful�lls the requirements

from the scienti�c and practical aspects. However, another limitation emerges from

the focus limit of THz radiation and the sample size.

For any type of radiation, the minimum focused spot diameter is determined by

the di�raction limit of about half of the wavelength. THz radiation falls within the

frequency range from 0.1 to 10 THz, which corresponds to wavelengths ranging from

3 mm to 300� m. Therefore, the di�raction limit suggests that the focus limit of the

THz radiation would be about 1.5 mm to 15� m, depending on the speci�c wavelength.

This is, however, only a theoretical limit. In practice, the achievable spot size might

be larger due to the limitations of the focusing optics and the generation methods

used[172]. Based on the experimental con�guration of our THz-TDS setup, the full-

width-half-maximum of the generated THz beam is calibrated to approximately 3 mm.
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This focus size is way larger than the surface areas of YRS perpendicular to the

crystallographic a- and b-axes. Therefore, YRS samples with larger surfaces facing

along the other two principle axes are needed to complete the investigation of the

magnetic anisotropy.

Nevertheless, we present a preliminary analysis of THz absorption strength by

adjusting the in-plane orientation of the YRS. The experimental conditions remain

consistent with those used in the previous measurements. A magnetic �eld of 66 mT is

chosen to examine the low-temperature behavior where the fermionic CSD is evident.

The only di�erent parameter is the in-plane orientation of the YRS compound relative

to the applied magnetic �eld and the polarization of the THz pulse. With the original

orientation de�ned as 0� , we rotate the sample 15� clockwise and anti-clockwise in

the easy plane. The absorption strength analysis is performed using the same time

frame, between 1.3 ps to 2.6 ps. Note that more e�orts would be required to calibrate

the sample geometry (relative angles between the polarization of THz �eld, crystallo-

graphic a- and b-axes) and to perform the experiments in �ner steps to resolve the

complete behavior.

Figure 6.10(a) presents our preliminary �ndings on the THz absorption strength

in three di�erent orientations: the original orientation, a 15 � -clockwise orientation

(+15 � ), and a 15� -counter-clockwise orientation (� 15� ). Upon a qualitative assess-

ment, both the 15� -clockwise and counter-clockwise rotated curves exhibit high-temperature

logarithmic growths, indicative of enhanced Kondo correlations. The low-temperature

logarithmic growth associated with fermionic CSD behavior is also evident in both ori-

entations.

Figure 6.10: (a) The THz absorption strength of the YRS samples under different in-plane

orientations. (b) The normalized (or scaled) absorption strength observed for YRS oriented at

+ 15� , utilizing a scaling factor of A = 0.65. (c) The normalized (or scaled) absorption strength

observed for YRS oriented at + 15� , utilizing a scaling factor of A = 0.80.
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From a quantitative perspective, the +15� - and � 15� -oriented curves are notice-

ably stretched towards higher temperatures. This stretching feature can be explained

by the theoretical predictions on THz absorption strength. As previously discussed

in Section 6.4, the absorption strength is governed by a temperature-independent

factor AP that re
ects characteristics of the THz pulse (power and beam pro�le)

and the electric-dipole transition matrix elements. In Figs. 6.4(a){(j), for instance,

we obverse slight variations in the peak position due to minor variations in the

laser conditions. However, in the current polarization-dependence study, the vari-

ations are enhanced mainly due to the changes in electric-dipole transition matrix

elements. Upon di�erent orientations, the transition matrix involves di�erent crystal-

lographic axes that change the band structure, and eventually, the pre-factorAP is

altered. With AP appearing as a scale factor in front of the logarithmic behavior, i.e.,

P(T) / AP ln(1=T) = ln[(1 =T)A ], the absorption strength is scaled, leading to the

stretching feature observed in the +15� - and � 15� -oriented scenarios. In accordance

with the mathematical formulation, the stretched curves in � 15� -oriented samples

can be scaled to normalize along the logarithmic temperature axis, as depicted in

Figs. 6.10(b) and (c). The scaling factors used for the curves are indicated in the

caption. It is important to emphasize that these quantities are only for a preliminary

test. Further e�orts in theoretical modeling and systematic measurement are required

to understand the microscopic picture behind the anisotropy e�ect.

Certain characteristics of the THz absorption strength in the oriented samples

still present ambiguities, such as the dip observed between 60 K and 10 K in the curve

corresponding to a � 15� -orientated YRS sample, as shown in Figure 6.10. In ad-

dition, the tails of the low-temperature logarithmic growth for both the +15 � - and

� 15� -oriented con�gurations appear to saturate as the temperature decreases. This

pattern complicates the accurate determination of the critical exponent, � . A rigor-

ous and comprehensive analysis is necessary to elucidate the underlying mechanism.

Nevertheless, the fermionic CSD behavior is still evident within a 15� variation in the

in-plane orientation.

6.7 Summary and Outlook

Ultrafast THz pulses are found to be sensitive not only to the intrinsic quasiparticle

spectral weight but also to the available phase space of the hybridized band structure.

For the �rst time, we are able to detect the critical slowing down in a fermionic system,

with composite fermions formed by the local magnetic moments and the conduction

electrons. In particular, we explore the temperature dependence of THz absorption

strength in the YRS compound under magnetic �elds from 0 mT to 214 mT. The

logarithmic increase observed in the high-temperature regime agrees with the Kondo
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e�ect. A second logarithmic increase is observed in the low-temperature regime when

the YRS compound is in the presence of external magnetic �elds near the critical

value. This unique signature is associated with a signature of fermionic critical slow-

ing down, which relates to the vanishing quasiparticle 
uctuation frequency near a

quantum phase transition in the unconventional breakdown scenario. This feature is

also observed in YbRh(1� x Ir x )2Si2 with critical doping concentration x = 0.06. The

absorption strength is described using a two-band Fermi-liquid model with critical

exponents obtained from the experimental data. Our �ndings lay the groundwork

for classifying fermionic quantum phase transitions in terms of the critical exponent

and the crossover temperatureT �
qp. This concept can be extended not only to the

magnetic-�eld-induced and doping-induced quantum phase transitions in other HF

materials but also to further studies exploring the potential correlations between the

critical exponents driven by di�erent external, non-thermal control parameters.

A systematic investigation of how the magnetic anisotropy in YRS a�ects the

quasiparticle dynamics remains an ongoing project. As introduced earlier in this

chapter, the critical �eld required to induce QPT varies by one order of magnitude,

depending on the applied direction relative to the crystallographic axes. We perform a

preliminary analysis on the angle-dependent THz-TDS measurements by rotating the

YRS sample in the easy plane. The THz-absorption-strength curves are qualitatively

the same within � 15� -rotation angle. However, the curves experience a shift along

the logarithmic temperature axis, as demonstrated in Fig. 6.10. This is related to the

change of electric-dipole matrix elements embedded in the pre-factorAP of Eq. (6.5).

The preliminary results exhibit the signature of fermionic CSD within � 15� -rotation

of the in-plane angle. Nevertheless, a rigorous and comprehensive analysis is necessary

to elucidate the underlying mechanism behind magnetic anisotropy and quasiparticle

dynamics.





CHAPTER 7
Impact of dimensionality on quantum

phase transition

In the previous chapters, we have dedicated our attention to the study of spectral

weight evolution and electronic dynamics across quantum phase transitions in various

bulk HF compounds. Recently, owing to advancements in material synthesis tech-

niques, the focus has been broadened from bulk materials to thin �lms. The �lms

are of interest for exerting additional control on the correlation strengths between the

electrons via tuning the dimensionality[4]. Furthermore, the possibility of fabricating

arti�cial heterostructures and superlattices [173] may provide a pathway for HF thin

�lms to exhibit exotic properties not shown in the bulk format. In practice, the growth

condition for epitaxial synthesis is di�cult to achieve. The experimental probes com-

patible with thin �lms are also limited, as they have to be non-destructive to the

thin-�lm sample. In this chapter, we synthesize �lms of HF compound CeCu6 and

characterize the structural properties under various growth conditions. In addition,

we perform a preliminary study of the �lms by THz-TDS.

7.1 Heavy-fermion thin �lms

In HF systems, QPTs can be induced via non-thermal control parameters. Such

parameters a�ect the interaction strength between the localized moments and the

conduction electrons through quantum mechanical 
uctuations[4], which further lead

to novel states in the vicinity of QCP (see Chapter 2 for more details). Apart from the

common control parameters, such as chemical doping, magnetic �eld, and pressure,

there is another approach { the dimensionality of the HF system { that remains

unexplored. From 3D bulk to 2D thin-�lm materials, the quantum 
uctuations that

radiate out from each particle exhibit slower decay with distance due to con�nement
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in reduced spatial dimensions[4]. Therefore, the electron-electron interactions become

more intense near a QPT, setting the stage for emerging novel states[174].

In practice, achieving a high-quality �lm in terms of crystallinity, roughness, and

epitaxy can be challenging. Until now, most of the HF thin �lms have been synthesized

in polycrystalline form; only a few have been reported with single crystallinity (i.e.,

epitaxial �lm). These �lms are grown under physical vapor deposition techniques,

such as molecular-beam epitaxy[173], magnetron sputtering[115,175,176,177], and pulse

laser deposition[177,178]. As mentioned earlier in Chapter 3, the quality of the HF

�lms depends on the utilized technique, the chemical and structural properties of the

target materials as well as the substrate. The selection of substrate material is in par-

ticularly critical, considering the potential strain e�ects induced by lattice mismatch

between the substrate and �lms[179]. Recently, Shishidoet al. have reported arti�cial

superlattices of HF compound CeIn3 and conventional metal LaIn3 by molecular-beam

epitaxy [173]. The epitaxial growth of each layer is proven to be of atomic-scale 
atness.

More strikingly, upon reducing the thickness of the CeIn3 layers within the superlattice

heterostructure, they observed the suppression of the magnetic order and the enhance-

ment of the e�ective electron mass. The result sets the milestone for achieving �ne

control on the quality of HF �lms and highlights the importance of dimensionality in

quantum criticality.

Many investigations on HF thin-�lm studies have relied on static measurements

up to now, similar to the case for HF bulk compounds (see Chapters 2 and 4 for

more details). These measurements include the electrical transport properties of

CeCu6
[115,175], CeCoIn5

[23], and CeIrIn5
[178] �lms, or the magnetotransport proper-

ties of SmB6
[177,180,181] �lms, etc. This brings forth intriguing questions about the

impact of dimensionality on the electronic dynamics across QPT, such as how the co-

herence length correlate with the formation of quasiparticles or how the dimensionality

a�ects the recovery of HF state upon resonant THz excitation. Below, we provide a

preliminary investigation of the THz-TDS responses of CeCu6 thin �lms.

7.2 Optimization of the CeCu 6 thin-�lm growth

As introduced in Chapter 4, CeCu6 is a HF compound with no long-range magnetic

ordering at low temperatures. The compound exhibits one of the largest reported

Sommerfeld coe�cients, 
 = 1670 mJ�mol� 1K � 2 [13], which is directly proportional to

the enhanced e�ective mass of quasiparticles. CeCu6 crystallizes in an orthorhombic

structure with slight distortion to monoclinic structure upon cooling below 200 K [182].

The structure distortion can lead to confusion in interpreting results across references

as the space group changes fromPnma to P21=c[9]. In the present thesis, we keep

the notion of orthorhombic for describing the structure. While the bulk compounds
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of CeCu6 have been intensively investigated, there is limited information available on

the CeCu6 thin �lms. Groten et al. reported the preparation and various thickness

dependence studies on the polycrystalline thin �lms of CeCu6 [115,175,176]. The CeCu6

�lms were deposited onto a Si(100) substrate with a 200 nm-thick bu�er layer of Si3N4

at 350� C (� 623 K) via magnetron sputtering [175,176]. Based on the XRD results, the

�lms exhibit a partially crystalline form with lattice parameters within 0.1% of the

reported bulk sample (see Table 7.1).

Compound Space group Lattice parameters

CeCu6 (bulk) Pnma a = 8.112 �A, b = 5.102 �A, c = 10.162�A [9]

CeCu6 (�lm) Pnma a = 8.107 �A, b = 5.095 �A, c = 10.173�A [175]

YSZ (substrate) Fm3m a = b = c = 5.12 �A

Table 7.1: Structural information of the �lms and the selected substrate.

In this preliminary study, we use magnetron sputtering for testing the optimized

conditions for CeCu6 growth. To ensure the optimal conditions for epitaxial �lm

growth and subsequent THz-TDS measurements, the selection of the substrate mate-

rial follows two criteria: (i) it should possess lattice parameters that match closely

with the CeCu6 compound, and (ii) it should demonstrate stable, preferably mini-

mal, optical response within the THz frequency range. Based on these requirements,

we chose (100)-oriented yttria-stabilized zirconia (YSZ) as the substrate material.

YSZ has good lattice matching condition to CeCu6, in terms of bCeCu6 � bYSZ , and

cCeCu6 � 2 � cYSZ (see Table 7.1). The ideal growth con�guration is depicted in

Fig. 7.1(a), under the assumption that CeCu6 crystallizes along the (100) direction

on top of the YSZ substrate. Each CeCu6 unit cell �ts onto two unit cells of YSZ. We

characterize the refractive index of a 500� m-thick (100)-oriented YSZ substrate by

THz-TDS and calculate the refractive index based on the optical analysis introduced

in Appendix B. The refractive index of YSZ is plotted in Fig. 7.1(b). There is no

clear frequency dependence for the refractive index. Therefore, we use the frequency-

averaged value,navg = 5.1, for evaluating the THz optical properties of the CeCu6

�lms (see later in Section 7.3).

Besides the substrate, other control parameters may also in
uence the quality of

the sputtered �lms (refer to Chapter 3 for more details). Here, we maintain a con-

stant sputtering power of 10 W while adjusting the sputtering temperature from 80� C,

650� C, to 750� C. Note that all the samples are protected by a 2 nm-thick Pt capping

layer. After sputtering, the �lms' roughness, thickness, and crystallinity are character-

ized using AFM, XRR, and XRD measurements. Table 7.2 summarizes the sputtering

conditions and the characterization results for the CeCu6 �lms. The thickness of the

�lms is extracted from the XRR analysis, giving a deposition rate of around 1.2 nm
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Figure 7.1: (a) The ideal growth con�guration of epitaxial CeCu � thin �lms on the YSZ sub-

strate. (b) The frequency-dependent refractive index of YSZ measured by THz-TDS at room

temperature.
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Table 7.2: Sputtering settings and characterizations of the CeCu� �lms.
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Figure 7.2: (a) The X-ray diffraction patterns of CeCu� �lms sputtered at 80 � C (blue), 650� C
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sputtered at 80� C (left) and 750� C (right) for 40 minutes.
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Figure 7.3: The chemical composition analysis performed under EDS of STEM on the �lms

sputtered (a) at 80� C and (b) 750� C for 40 minutes. The atomic ratios between the Zr (black),

Ce (red), Cu (blue), and Pt (green) atoms are marked in the right panel of each sub-�gures.

Note that the distance used as the � -axis represents the position relative to the substrate/�lm

interface. The purple-shaded area refers to the region where the target composition CeCu� is

achieved.
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��� ���� � ��
� ��� 
������ �� � ��	����� ��� 
������� �� ��� ��������� 
��� �


�������� ������� ��••�•••�• ���• ��� ��� ��
� ������ ��������� 
��
 ��� ��
� ��

•������ ��
����������

 
 

 
 

 

  

272 K

31 K

2.1 K

 
 

 
 

 

  

221 K

31 K

2.6 K

 
 

 
 

 

  

296 K

31 K

2.5 K

80°C, 65 nm
(#3)

 
 

 
 

 

  

277 K

31 K

2.6 K

80°C, 42 nm
(#2)

 
 

 
 

 

  

203 K

35 K

5 K

80°C, 31 nm
(#1)

N
or

m
al

iz
ed

 T
H

z 
el

ec
tr

ic
 fi

el
d 

(a
rb

. u
.)

(a) (b) (c)

0.
2

650°C, 45 nm 
(#4)

(d)

N
or

m
al

iz
ed

 T
H

z 
el

ec
tr

ic
 fi

el
d 

(a
rb

. u
.)

0.
2

Sampling time (ps)

-2 0 2 4 6 8

750°C, 45 nm 
(#5)

(e)

Sampling time (ps)

-2 0 2 4 6 8

Figure 7.4: The THz time traces re�ected from the CeCu � �lms sputtered (a) – (c) at 80 � C, (d)

at 650� C, and (e) at 750� C. The growth conditions of each sample can be referred to Table 7.2

by the corresponding index. Each time traces are normalized to the maximum �eld value and

marked with the corresponding sample temperatures. The �eld amplitudes are plotted with

different offsets for visibility.
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7. Impact of dimensionality on quantum phase transition
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7.3. THz transients and optical transport properties of the �lms

the electrical resistivity of polycrystalline �lms [115]. At low temperatures, Groten et

al. observed that, for thicker �lms, there was a clear maximum of electrical resistiv-

ity at a temperature Tmax followed by a drop when decreasing the temperature (see

Fig. 7.6). For the thinner �lms with a thickness 12 nm and 21 nm, the resistivity

saturates. The temperature Tmax observed in our optical resistivity data is, however,

nearly one order of magnitude higher when comparing similar �lm thickness. These

deviations may result from the di�erence between the working principles of optical and

electrical transport measurements. While both measurements are related through the

relaxation time and free charge carrier density of the material, the optical resistivity

is more sensitive to the electronic structure. In conventional experiments, the coher-

ence Kondo temperature is usually determined from the temperature maximum in the

electrical resistivity (see Section 2.1). However, it has been observed in several HF

compounds, such as YRS[155] and CeCu6
[83], where CEF a�ects this maximum and

can shift it to higher temperatures. This is likely the case in the CeCu6 �lms that the

frequency-averaged behavior of the optical resistivity is shifted to� 25 K, close to the

observed maximum of spectral weight[83]. Therefore, it is crucial to study both the

electrical and optical transport properties to gain a comprehensive understanding of

the electronic behavior of the material.

Figure 7.6: The thickness dependence of Tmax (the temperature where electrical resistivity

reaches its maximum, represented by the black circles) and residual resistivity � 0 (represented

by the orange squares) observed in polycrystalline CeCu6 �lms reported in literature [115]. The

schematic is adapted and reprinted from literature [115] with permission. Copyright (2001) Amer-

ican Physical Society.

Our partially crystalline �lms exhibit a less intricate pattern of frequency-averaged

optical resistivity compared to the amorphous �lms. When we examine the �lm sput-

tered at 650� C (Fig. 7.5(b)), we �nd that the optical resistivity demonstrates a rel-

atively modest increase from high to roughly 100 K, oscillates until 10 K, and then

decreases to the lowest temperature. The broad 
uctuating evolution makes it di�-

cult to accurately determine a value ofTmax for this speci�c �lm. For the �lm sputtered
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7. Impact of dimensionality on quantum phase transition

at 750� C (Fig. 7.5(b)), the optical resistivity shows a discernible peak at around 41 K.

Such temperature is more than one order of magnitude higher thanTK reported by

Groten et al. with the same thickness. Apart from the e�ect of CEF, the mixing of an-

other stoichiometric ratio between Ce and Cu atoms may also be responsible for such

scaling (see Fig. 7.3(b)). Nevertheless, these �ndings highlight the potential in
uence

of a �lm's crystallinity and thickness in determining the temperature-dependency of

its THz transport property. The evolution of resistivity as a function of temperature

showcases noticeable di�erences between amorphous and partially crystalline phases,

hinting at the nuanced dynamics underlying their electronic behavior.

7.4 Summary and Outlook

In this chapter, we turn our attention from bulk HF compounds to HF �lms, aiming to

explore the correlation between the coherence length scale and the coherent quasipar-

ticle dynamics upon resonant excitation under THz radiation. The preliminary goal

was to achieve CeCu6 �lms with the simplest available in-house metallic deposition

technique (DC magnetron sputtering) and to examine the optical transport properties

as well as the evolution of delayed response by THz-TDS. Under consistent sputtering

conditions, we have obtained the amorphous and partially crystalline CeCu6 �lms at

thicknesses ranging from 31 nm to 65 nm. The sputtering temperature is one of the

decisive factors a�ecting the crystallinity, chemical composition, and height pro�le of

the �lms. Further e�orts would be required to �nd the balance between crystallinity

and dewetting, for instance, by adding an adhesion bu�er layer, as demonstrated in

some of the HF �lms [179]. Another solution could be to optimize the temperature-time

pro�le for the sputtering procedure, starting the deposition at low temperatures to

avoid dewetting and continuing at high temperatures to achieve crystalline structure.

The THz-TDS results of the sputtered �lms are intriguing. On the one hand, in

all the CeCu6 �lms, no echo-like responses appear within the time window reported

from single crystalline CeCu6 compounds[82]. On the other hand, the temperature-

dependent THz optical resistivity obtained from the instantaneous response shows

clear deviations depending on the crystallinity and the thickness. Therefore, further

controlled and systematic studies are required to investigate the missing echo-like

response in the �lms as compared to the bulk, single-crystalline compound. In addition,

it is crucial to distinguish the role of crystallinity and thickness (amount of material)

on the THz responses. The proof-of-concept measurements could be to study the THz

responses on a polycrystalline bulk compound of CeCu6, or on a thicker polycrystalline

�lm of CeCu 6 (e.g., more than 200 nm[115]) which is reported with bulk-like properties.

Moving forward to the future outlook, we emphasize that thin �lm synthesis may

open up new avenues to investigate and manipulate the physical properties of such
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7.4. Summary and Outlook

complex interacting systems[4,183]. For instance, epitaxial CeCu6 �lms can provide a

versatile platform for studying the strain e�ect on heavy quasiparticles by growing

the �lms on substrates with di�erent lattice constants or applying stress or strain on

the �lms. The layer-by-layer growth also o�ers high 
exibility to tailor the material

design[173]. Creating heterostructures or superlattices with alternating layers of CeCu6
and other types of materials such as superconductors[183] could enable us to explore

new electronic states as well as the interplay between the Kondo e�ect, and magnetism,

etc. Furthermore, the HF �lms can be integrated into devices such as spintronics or

quantum computing components[179].
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CHAPTER 8
Conclusion and Outlook

HF materials, a composite fermionic system with strong hybridization between a lat-

tice of magnetic moments and a band of conduction electrons, stand at the forefront

of the strongly correlated research for searching and developing novel states of mat-

ter. For decades, investigations have been primarily based on steady-state equilibrium

experimental schemes by measuring electrical resistivity, heat capacity, and magnetic

susceptibility. While these are well in place, the dynamics of quasiparticles are one of

the crucial aspects to get a comprehensive picture on the microscopic understanding

of the electronic correlations. The thesis at hand presents a collection of results provid-

ing insights into what happens to the quasiparticles across quantum phase transitions

by deploying ultrafast single-cycle THz pulses.

Ultrafast THz radiation has proven to be a powerful tool to induce various phase

transitions (e.g., THz-induced Mott transitions [78] or multiferroicity [80], etc.), to probe,

and to control collective excitations (e.g., phonon[76] or magnon modes[77,79]) in corre-

lated materials[64]. Thanks to the resonant nature between the THz radiation and the

energy band gap of the hybridized bands of the HF system, THz radiation e�ectively

destroys the hybridization and brings the system to a non-equilibrium state without

inducing any additional thermal e�ects [82,83,98]. Once excited, the HF system would

naturally return back to the equilibrium state by recovering the hybridized bands, lead-

ing to the emission of echo-like pulses embedded with information on the quasiparticle

spectral weight and the quasiparticle formation energy scales.

In the present thesis, we investigate HF materials exhibiting quantum phase

transitions under di�erent control parameters. We start by exploring the evolution

of quasiparticle spectral weight in the HF CeCu6� xAux system, which exhibits a

concentration-induced quantum phase transition upon substituting Au on the Cu sites.

In Chapter 4, we demonstrate that the spectral weight within the RKKY-dominated

region (x = 0.2 and 0.3) is signi�cantly suppressed at temperatures about two orders
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8. Conclusion and Outlook

of magnitude above the magnetic ordering temperatures. This suppression is induced

by the temperature-independent RKKY interaction [116], not by the critical magnetic


uctuations as in the case of the quantum critical compound (x = 0.1). Besides

extracting information on quasiparticle weights from the delayed echo-like pulses, we

also verify the origin of phase coherence in the delayed pulses. Upon varying the

strengths of the incident THz electric �eld, the delay time remains consistent with the

intrinsic Kondo energy scales. The observation di�ers from the light-induced phase

coherence picture, particularly the superradiance phenomena where the delay time of

the emitted response would depend on the number of atoms excited by the incident

photon energy[118].

By exploiting the time-, phase-, and amplitude-resolved features of THz-TDS, the

contributions of instantaneous and delayed signals to THz optical conductivity can be

systematically separated and investigated in the frequency domain, as presented in

great detail in Chapter 5. The instantaneous response of the HF compound (x = 0)

and the quantum critical compound (x = 0.1) exhibit simple metallic Drude low-

frequency behavior at high temperatures; then develop into heavy-Fermi-liquid Drude

and non-Fermi-liquid behavior below Kondo temperature, respectively. In contrast,

the delayed, correlated responses of both compounds (x = 0 and 0.1) deviate from

the Drude-like behavior at any temperature. In addition, a very clear !=T universal

scaling is observed in the real part of conductivity in the quantum critical compound,

providing another direct evidence of non-Fermi-liquid behavior.

Going one step further, we investigate the evolution of quasiparticle spectral

weight in the HF YbRh 2Si2 compound, which exhibits a magnetic-�eld-induced quan-

tum phase transition by applying �elds perpendicular to the easy magnetic plane. In

Chapter 6, the logarithmic low-temperature uprise observed in the THz absorption

strength under a critical magnetic �eld is identi�ed as a unique signature of fermionic

quasiparticle critical slowing down, which refers to a vanishing quasiparticle frequency

near a quantum phase transition along with the quasiparticle disintegration. As the

THz radiation is exclusively sensitive to the quasiparticle dynamics, we could experi-

mentally extract the fermionic critical exponent of the vanishing quasiparticle weight

and theoretically predict the crossover temperatureT �
qp.

Lastly, in Chapter 7, we expand the scope from the bulk compounds into the thin-

�lm HF system and explore the impact of dimensionality on the THz responses. By

utilizing DC Magnetron sputtering, we have achieved amorphous and polycrystalline

CeCu6 �lms (HF compound with x = 0) with thickness ranging from 31 nm to 65 nm.

While further e�orts are needed to optimize the delicate balance between crystallinity

and dewetting, the THz-TDS results show no echo-like responses within the time

windows reported for single crystalline CeCu6 bulk samples. The optical transport

properties, on the other hand, align with the reported range found in single-crystalline
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samples, which encourages further exploration to identify the optimal thin-�lm quality

necessary for establishing Kondo coherence.

In conclusion, this thesis provides insights into the quasiparticle dynamics across

quantum phase transitions in HF materials through ultrafast single-cycle THz pulses.

Employing THz-TDS as a non-invasive and coherent probe enables the exclusive de-

tection of quasiparticle weight and low-energy contributions to optical conductivity.

Within the realm of fundamental understanding, our observations of fermionic critical

slowing down and the extraction of critical exponents in the YbRh2Si2 compound

deserve particular attention. Furthermore, the exploration of reduced dimensionality

o�ers novel opportunities to investigate unique quantum phenomena absent in bulk

materials. Beyond the perspectives outlined in Chapters 4 to 7, the question of how

composite quasiparticle behavior at the QCP in the conventional scenario remains one

of the most exciting experiments to carry out. An ideal candidate for this experiment

could be CeCu2Si2, a well-known HF material that undergoes QPTs induced by the

concentration or the hydrostatic pressure[20,21,138,184]. The reported Kondo tempera-

ture of CeCu2Si2 is approximately 15 K [14], which corresponds to an expected delay

time of around 4 ps. This time delay o�ers a suitable temporal separation between

the instantaneous and delayed responses for precise analysis of the spectral weight.

Whether the quasiparticle spectral weight disintegrates or persists would be a new

perspective THz-TDS would provide to the HF research.
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APPENDIX A
Technical details and calibrations of the

THz-TDS setup

A.1 Technical details of the THz setup

The Ferroic group currently operates two THz setups: (i) the 120-fs setup located

in the high-power-femtosecond lab and (ii) the 45-fs setup located in the pulsed-laser-

deposition lab. Both setups are designed for standard THz-TDS and can accommodate

various pump-probe schemes (switching between optical, THz, or SHG pulses). Due to

spatial constraints, only the 120-fs setup is compatible with the Janis SVT-400 cryostat

used in the present thesis (see Appendix A.3). For the 45-fs setup, alternative devices

like the Janis ST-500 micro-cryostat or Linkam stage must be used for temperature-

dependent measurements. In this section, we provide a concise guide for the 120-

fs setup, covering protocols and alignment procedures. We also list the generation

crystals currently accessible within our group. For additional information on repair,

maintenance, and troubleshooting, please consult the manual available on the public

server (Ferroic-Publicn5-sharenTHz setup).

A.1.1 Protocol for switching on/off the THz setup

During public holidays or extended periods of laser inactivity, it is essential to turn o�

all electronics to prevent potential damage from the grids. For the 120-fs THz setup,

there is a speci�c sequence to follow when powering the system on and o�. Please

refer to the steps outlined below.

Checklist for switching o� the 120-fs THz setup

A.1.1.a) Begin warming up the cryostat three days in advance. Afterward, close the

black valve (connected to the vacuum space) and switch o� the power of the
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turbo pump. Important: The rotation speed of the turbo must be below

20 Hz before turning o� the power.

A.1.1.b) Switch o� the power of the oscilloscope, controllers of the translation stages,

lock-in ampli�ers, chopper controllers, and temperature controllers.

A.1.1.c) Shut down and back up all the LabView programs and data (at least on the

public server and/or the hard drive).

A.1.1.d) Switch o� the power of the lab computer.

A.1.1.e) Switch o� the power of the black box by long-pressing the power button until

the red light turns o�.

A.1.1.f) Switch o� the power of all extension cords. Be extra cautious with each cable

and device connected to the extensions from other optical setups.

A.1.1.g) Disconnect all extension cord plugs from the power grids.

Checklist for switching on the 120-fs THz setup

A.1.1.a) Connect all extension cord plugs to the power grids.

A.1.1.b) Switch on the power of all extension cords.

A.1.1.c) Switch on the power of the black box by long-pressing the button until the

red light turns on.

A.1.1.d) Switch on the power of the lab computer and the relative electronics.

A.1.1.e) Check all the LabView programs and the translation stages. Quickly examine

the movement of the translation stages with the PI move program.

A.1.1.f) Align the setup and check the signal level without the cryostat.

A.1.2 Current con�guration and alignment of 120-fs THz setup

The 120-fs setup currently allows for switching between THz-TDS and optical-pump

THz-probe (OPTP) con�gurations, with the setup and optical paths displayed in

Fig. A.1. Below, we focus on the alignment procedure for THz-TDS and the assisting

tools recommended for optimizing the alignment.

The recommended sequence for aligning THz-TDS in the 120-fs setup:

A.1.2.a) Check all the electronics and optics before starting.

ˆ The control of the translation stage should be tested before starting the

alignment.

ˆ Check and clean the optics with ultra-clean isopropanol. Imporant:

The optics for THz setup are all with special coatings, especially the
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Figure A.1: Current con�guration of the 120-fs setup without a cryostat. The setup is pictured

in the air, with a mirror mounted at the reference position. The setup can work under THz-

TDS (with the delay stage #1) and OPTP (with the delay stages #1 and #2). The IR and

THz beam paths are marked with red and green lines, respectively. The housing box covers

the optics for THz detection, including the quarter-waveplate, the Wollaston prism, and the

balanced photodiodes. During the measurements, the workspace of THz-TDS is �lled with

pure N� gas to prevent any absorption of water vapor in the atmosphere.
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A. Technical details and calibrations of the THz-TDS setup

ˆ Prepare the assisting tools: IR cards or IR viewers, THz thermal camera

(optional, for monitoring the focused beam size).

ˆ When aligning the chopper, ensure that no visible lines remain in the

beam after the chopper. Adjust the phase using the chopper control

until all lines are eliminated.

ˆ Before the beam reaches the generation crystal, examine the crystal for

any signs of damage, such as burn marks, scratches, or cracks. Use the

variable attenuator to decrease the 
uence while aligning.

ˆ While aligning at the parabolic mirrors, check the shape of the beam

along the on-axis path. Tiny discrepancies in the mount may change

the beam pro�le from a circle into an ellipsoid. Adjust by loosening the

screws holding between the parabolic mirrors and the holders.

A.1.2.d) Finally, check the overlap between the sampling beam and the THz beam on

the detection crystal.

ˆ For checking the THz beam, remove the PE �lter and use the IR beam

that is collinearly propagating along the THz path. Important: Do

not use the full power of the fundamental beam. Reduce the 
uence to

the least level for alignment.

ˆ The overlapped position on the detection crystal is very crucial for the

signal level in detection.

After completing the basic alignment, it is necessary to locate thehome position, where

the THz beam and sampling beam overlap in the time domain. In the 120-fs setup,

the path length of the sampling beam can be controlled using translation stage #1

(as shown in Fig A.1). The signal levels for various con�gurations and conditions are

detailed in Table A.1.

Con�guration Signal level and laser condition

THz-TDS in re
ection mode 2 mV with legend output at 7 W

THz-TDS in transmission mode 3.5 mV with legend output at 7.5 W

OPTP in re
ection mode 1.1 mV with legend output at 7.5 W

OPTP in transmission mode 2.8 mV with legend output at 7.5 W

Table A.1: Signal level under different con�gurations noted in 2022 – 2023. OPTP refers to

optical-pump THz-probe alignment with an additional beam-splitter mounted along the pump

beam, leading to smaller generated �elds of THz radiation.

It should be noted that only ZnTe was used as the generation crystal for the

present thesis. Other generation crystals available in the group can be found in Ta-

ble A.2. The generated frequency range of THz radiation depends on the intrinsic
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properties of the generation crystals and the features of the pump beam. A record of

past home positions and the generated THz pro�le is accessible in the electronic notes

on the THz lab computer.

Crystal type Speci�cations Frequency range

ZnTe
10x10x0.5 mm3, (110)-cut,

both faces polished without coating
0.1{3 THz

GaP 10x10x0.5 mm3, (110)-cut 0.1{7 THz

GaSe 10x10x0.5 mm3, z-cut 14{43 THz

Table A.2: THz generation crystals available in the Ferroic group

A.1.3 Features of THz pulses

To identify the signatures of optical elements in THz-TDS, two di�erent time traces are

collected: one from a reference Pt mirror placed in the air (black) and another from

the same mirror mounted in the cryostat (red), as depicted in Fig. A.1. The time

traces are normalized with the maximum �eld value at t = 0 (i.e., home position).

Besides the instantaneous response between� 2 ps to +3 ps, additional re
ections can

be identi�ed using the approximation [82]:

� t =
2nTHz d

c
; (A.1)

where � t represents the relative delay time compared to the home position,nTHz

denotes the refractive index in the THz range,d refers to the thickness of the crystal

and c stands for the speed of light.

For example, the re
ection observed around +10 ps is identi�ed to originate from

the generation crystal ZnTe with parameters ofd = 0.5 mm and nTHz = 3.2, resulting

in � t � 10.6 ps[82] based on Eq. (A.1). Similarly, the re
ection around +50 ps is

attributed to the use of the detection crystal. With the implementation of a cryostat,

additional re
exes are spotted at +22 ps, +28 ps, +41 ps due to the windows of the

cryostat.

The time traces from the Pt mirror show no signals around the interested time

window where the characteristic Kondo echo pulses are expected to appear, for in-

stance, at � K = 6 ps for the CCA system and � K = 1.9 ps for the YRS compound.
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Figure A.2: THz transients collected from the Pt reference mirror until + 60 ps. The systematic

responses coming from the optical setup are labeled at corresponding time scales.

A.2 Calibrations of the variable attenuator

For tuning the strength of the THz electric �eld, we implement an additional optical

element { a variable attenuator { for controlling the pump power incident on the THz

generation crystal. The attenuator is composed of a half-waveplate and a polarized

beamsplitter, as shown in Fig. A.3(a). The half-waveplate is mounted on the rotating

polarizer holder for manual control of the polarization direction (white arrow). The

Figure A.3: (a) The variable attenuator from Eksma Optics allows precise control of the pump

beam power utilized in THz generation. The polarization of the pump beam (indicated by the

red double-ended arrow) is rotated by the half-waveplate. When the beam passes through the

beam splitter, only the P-polarized component remains, with a reduced power level. (b) The

calibration curve of the transmitted power percentage as a function of the rotation angle of the

half waveplate. The schematic in (a) is adapted from the online brochure [185] with permission.

Copyright (2023) Eksma Optics.
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incoming IR beam enters as P-polarized (P-pol., in Fig. A.3(a)). Assuming the polar-

ization is rotated with an angle, the beam splitter following after the half-waveplate

will re
ect the S-polarized (S-pol., in Fig. A.3(a)) component while transmitting the

P-polarized component. Thereby, the resulting beam after the attenuator remains

P-polarized and has no impact on the pulse width. Other technical features can be

found in the o�cial manual [185]. The calibration of the transmitted IR power is per-

formed as a function of the rotation angle of the waveplate, as shown in Fig. A.3(b).

The transmitted IR power does not exhibit a linear relationship with the rotation

angle. In addition, the four loops across the full rotation are not symmetry to each

other. Therefore, it is recommended to perform the calibration and carefully control

the element based on experimental conditions.

The power-dependence of the generated THz transients is demonstrated earlier

in Fig. 4.5(a). The transients are collected from a reference Pt mirror at 15 K under

the re
ection mode. The IR power used in the study ranges between 0.45 mW to

442 mW. The electric �eld strength is calibrated from the actual read-out of the lock-

in ampli�ers. It is shown that the maximum �eld generated by the ZnTe generation

crystal under the maximum IR power of 442 mW (beam diameter� 1.4 mm) is roughly

11 kV/cm. The power dependence of the peak-to-peak value (denoted asEpp,ref. in

Figs. 4.5(a)) is shown in Fig. A.4. For pump power less than 400 mW, the curve follows

an approximately linear relationship. To further con�rm this linear relationship, we

conduct a linear �t for the data points below 400 mW, assuming a zero o�set. In

addition, we evaluate the quality of the �t by calculating the relative residual via

(ydata � y�t )=ydata . The results are shown in the inset of Fig. A.4. With most of these

calculated percentages staying within a 10% range from the �t, we �nd our linear

Figure A.4: IR-power dependence of the peak-to-peak value (Epp,ref.) obtained from the tran-

sients of reference Pt mirror at 15 K (see Fig. 4.5(a) for the complete data set). The red curve

represents the linear �t. The relative residual is demonstrated in the inset, indicating the quality

of the �t with the data.
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model reliable within this IR power range.

For IR power larger than 400 mW, Epp, ref. starts to deviate from the linear

dependency. This deviation can be originating from the onset of the saturation e�ect.

Note that the saturation e�ect could happen for a variety of reasons. For instance,

it could be that the IR power starts to damage or generate other nonlinear e�ects in

the generation crystal, leading to a non-linear proportionality between the IR pump

power and the generated THz electric �eld.

A.3 Features of the THz cryostat

The Ferroic group is currently equipped with three Janis SVT-400 cryostats, following

the serial numbers #8250, #8792, and #11294. The standard con�guration in the

group is set to work in the optical regime, e.g., for #8792 and #11294. While #8250 is

customized to work in the THz regime and used in the present thesis. Janis SVT-400

is designed by Janis Cryogenics (now LakeShore Cryotronics) for maximum e�ciency

at a temperature range from 300 K down to 2 K. Under optimized conditions, the

cryostats can hold liquid helium (LHe) for more than 40 hours during sample space

usage[99].

Handling a cryostat requires extra care and basic knowledge of cryogenics. More-

over, window materials and retainer designs can vary across di�erent models. Paying

close attention to technical details and operating procedures is essential for preventing

undesirable outcomes during measurements. Below, we cover the key aspects of the

Janis SVT-400 cryostat of #8250, adapted with THz optics. Detailed instructions for

repair, leakage testing, window gluing, and more can be found on the public server

(Ferroic-Publicn3-labsnhardwarenothernCryostatsnJanis Research SVT-400 cryostat).

A.3.1 Preparations before the temperature-dependent measurements

The preparation should be done in three parts - the cryostat, the sample, and the

setup.

Cryostat

ˆ Check with the previous user or the cryostat responsible for the working condi-

tions. If there is any leak observed, contact the responsible immediately. Do not

start or continue before the irreversible damage.

ˆ Go through the checklist before transporting the cryostat to the optical setup.

Clean or replace the components that are aging. The checklist includes the vac-

uum pump (vacuum pipes, o-rings, 
anges, gauge, gauge sensor, pump stations,
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pump blades, air conditioning fan next to the turbo pump, etc.), machine pump

(valves, pump blades, etc.), and recovery line for LHe (vacuum pipes, o-rings,

and 
anges)

ˆ Important: When replacing windows, note that the THz cryostat utilizes spe-

ci�c materials: Tsurupica for outer windows and z-cut quartz for inner windows.

Diamond inner windows are also available within the group but are reserved for

the magnet cryostat.

Sample

ˆ The roughness of the sample needs to be within the submicron range, far below

the wavelength of THz radiation. It is suggested to polish the sample surface

before the THz-TDS measurements. If the responses are expected to be sensi-

tive to the polarization of the THz beam, XRD measurements are required to

determine the desired crystallographic surface for further measurements.

ˆ Important: In THz measurements, the sample size is suggested to be larger

than .5 x 1.5 mm due to the limitation on the diameter of THz light.

ˆ Mount the sample on a copper or Te
on holder with the varnish gel. Note that

the gel needs 24 hours to anneal under room temperature. Make sure to perform

this step before placing the sample inside the cryostat.

THz setup

ˆ THz setup should be well aligned and �nished with all the room temperature

tests (including reference signal) prior to cryostat loading.

ˆ Important: Since the THz-TDS setup is very compact, ensure that the space

is enough for all the necessary components (pumps, cryostats, temperature con-

troller, etc.)

A.3.2 Loading the cryostat on the THz setup

Important: The transportation of cryostat requires at least 2 { 3 people, with the

support of the blue cart. Do not do it alone!

A.3.2.a) Clear the path and the optical table in advance.

A.3.2.b) Place the arms of the blue cart along the two sides of the cryostats. Ensure

the arms are not crashing into the upper part of the cryostats. Use the

wooden pads on two sides to �x the position.

A.3.2.c) Lift the cryostat slightly higher than the table. After it is transferred to the

blue cart, lower the cryostat to the lowest level possible due to safety reasons.

The cryostat should always be kept almost to the 
oor during transportation.
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A.3.2.d) Arrive at the optical table and correct the entering angle and the sides of the

cryostat. Important: As mentioned earlier, the THz setup is very compact.

In addition, the lab space is also limited. The entering angle must be good

enough to not touch the legs of the optical table andnot touch any optical

elements.

A.3.2.e) Slowly move the arms and lower the cryostat down to the optical table.

A.3.3 Loading the sample in the cryostat

A.3.3.a) Find a matching sample stick and �x the sample holder.

A.3.3.b) Ensure the valves connecting to the sample space and the recovery line are

closed. In addition, the needle valves and the LHe operator should also be

o� at this point.

A.3.3.c) Open the sample space and place the sample stick into the cryostat.Impor-

tant: The insert angle has to be perpendicular for smooth insertion. Make

sure you hold on to not only the bottom part but also the head that includes

the temperature sensors.

A.3.3.d) While locking the sample stick, make sure no cables are collapsing with the

o-rings.

A.3.3.e) Align and check the signal from the sample.

A.3.4 Pump-�ushing the cryostat

The purpose of this step is to purify the environment of the sample space with Helium

gas and remove any residual water vapor or air in the sample space.Important: It

is crucial to perform this step before the cooling process and at room temperature.

Undesired particles must be stuck and a�ect the 
ow of LHe.

A.3.4.a) Connect the sample space with a motor pump and release the outlet for

exhausting air. Make sure all valves are closed on the motor pump.

A.3.4.b) Make sure the needle valve and the recovery valve are closed.

A.3.4.c) Connect another inlet of the motor pump with Helium gas with less than

0.6 bar pressure.

A.3.4.d) Open the valve between the sample space and the motor pump.

A.3.4.e) Turn on the motor pump and slowly open the valve to pump out all the air

from the sample space. Wait for a few minutes for the �rst round.
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A.3.4.f) Close the valve and observe whether the pressure increase. If the pressure

increases, there might be a huge leakage somewhere.

A.3.4.g) Turn the Helium gas valve on slowly before the pressure reaches 0 bar.

A.3.4.h) Repeat steps d) { f) at least �ve times.

A.3.4.i) For the second last round, open the Helium gas valve until the pressure

reaches 0.1 bar. Close the Helium gas valve, and open the needle valve. Wait

for a few seconds until the Helium gas �lls up the Helium reservoir. Open

the Helium operator and observe if there is Helium 
ow coming out. If there

is no gas 
ow, either try to open the needle valve a bit further or contact the

responsible.

A.3.4.j) For the last round, open the Helium gas until the pressure reaches 0.1 bar.

Close the valve that is connected to the Helium gas.

A.3.4.k) Open the valve that is connected to the recovery line. The pressure should

go quickly from 0.1 to 0 bar at this point.

A.3.5 Cooling down the cryostat

A.4.5.a) Before �lling any cryogenics, make sure the recovery line is open and con-

nected to the cryostat properly.

A.4.5.b) Book LHe in advance with the cryogenics responsible.

A.4.5.c) Fill liquid Nitrogen for pre-cooling down to 200 K.

A.4.5.d) Fill LHe for cooling down to 10 K.

A.4 Technical details of the Helmholtz coils

Helmholtz coils are a unique type of magnet composed of two identical wire coils

positioned parallel to one another and separated by a distance,Rcoils, equal to their

radius, as depicted in Fig. 3.4(a). The fundamental operating principle of Helmholtz

coils is that when an electric current, I , 
ows through the coils, a magnetic �eld is

generated within the region between the coils. This uniform �eld can be approximated

using the Biot-Savart law for a single coil[102,103]:

B (z) =
� 0Nwind I

2
�

R2
coils

(R2
coils + ( z � z0)2)3=2

; (A.2)

or for a set of two coils[102],
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�!
B (z) =

� 0Nwind I
2

�
�

R2
coils

(R2
coils + ( z � z0)2)3=2

+
R2

coils

(R2
coils + ( z + z0)2)3=2

�
; (A.3)

Based on the required �eld for measurements and the available power generator, you

can design the coils accordingly, taking into account the necessary values forNwind

and Rcoils. A MatLab script is written to simulate the generated �eld with the corre-

sponding parameters as shown in Fig. 3.4(b), see the public server (Ferroic-Publicn5-

sharenTHz setupnHelmholtz coil).

Before winding the coils, it is essential to choose suitable materials that ensure

the coils remain thermally stable while generating magnetic �elds. Table A.3 lists the

speci�cations used for the custom-designed coils. Once the materials are prepared,

the winding process can begin on the carriers. Note that the strength of each winding

round shall be as homogeneous as possible until the ending points. After winding, we

attach the terminals and apply additional Kapton tapes around the coils and wire

ends for further protection. The total weight of the coils is roughly 40 kg.

Component Materials Speci�cation

Coil carrier Aluminum
Rin = 7.5 cm, Rout = 15.5 cm,

height = 8.5 cm

Coil wire polyimide-coated Copper
D = 1.8 mm, tolerance of

T > 200� C, and I > 20 A

Table A.3: Speci�cations of materials used for the Helmholtz coils.

Figure A.5 presents the calibration curve of �elds measured at the center (z �

z0 = 0 cm) and o�-center ( z � z0 = 2 cm) as a function of the applied current. For

comparison, we have also included the expected values based on Eq. (A.3) using an

average diameter ofRcoils = 10.5 cm and the number of wires ofNwind = 1000. The

calibration results indicate that the �elds are distributed uniformly, even at a position

2 cm away from the center. Moreover, the generated �elds closely match the estimated

values (black dashed line), with only minor variations.

To further enhance the generated magnetic �eld, we use two �eld guides made of

123 mm3 pure iron. These iron guides serve as a magnetic medium that concentrates

the magnetic-�eld-
ux lines, e�ectively increasing the overall magnetic �eld strength

in the region between the coils. In the con�guration used in this thesis, the iron guides

are placed with a gap of 5 mm. The �eld probe is then positioned at the center of the

gap to calibrate the enhanced magnetic �eld value (black data points in Fig. A.6(b)).

It is shown that, the �eld value is roughly 2.5 times more than the initial settings (see

Fig. A.5). To compare the real condition with the Te
on holder, we mount the iron

guides on the holder and calibrate the �eld values, as shown in Fig. A.6(b).
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Figure A.5: The calibration curve represents the magnetic �eld in relation to the applied current

at different positions along the centered axis z, as shown in Fig. 3.4(a). The schematic is

adapted from an internal presentation delivered by Dr. Jannis Lehmann, titled Magnetic-�eld

coils for the Janis cryostat (21.07.2020). (b) The black curve illustrates the simulated �eld ratio,

calculated using Eq. (A.3), as it relates to the distance from the center. Assuming the generated

�eld possesses a �eld ratio of 100%, the off-center value is determined from the results found

in (a) under various applied currents. The standard deviation is under 0.7%.

Figure A.6: (a) Experimental con�guration for calibrating the magnetic �eld at the center of the

coils with two iron guides. (b) The calibration curve measured at the center of the coils with iron

guides placed free-standing as in (a) (black), or mounted on the sample holder made of Te�on

(red).

In summary, using the coils allows for continuous operation at a magnetic �eld of

up to 60 mT with a current of 6.2 A. By implementing the iron guides, it is possible to

generate up to 160 mT under the same current value. The coils have a large aperture

(14 cm for the on-axis and 2-3 cm for the o�-axis) that could be easily adapted to

other optical setups within the group.
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APPENDIX B
Analysis of optical transport properties

THz-TDS is an amplitude- and phase-resolved technique that provides direct access

to the complex nature of optical properties without resorting to Kramers-Kronig anal-

ysis[149,186]. Depending on the experimental con�gurations and the form of the target

samples, there are various approaches for extracting the physical parameters. The

fundamental principle involves comparing the signals obtained from the sample with

a reference signal. In this chapter, we discuss the mathematical models used in the

present thesis for bulk and thin-�lm samples. Speci�cally, we focus on the extraction

of the complex refractive index ~n = n + i� , with the real part n describing the propa-

gation of light within the medium and the imaginary part � describing the amount of

light absorbed in the medium[187]. With the knowledge of complex refractive index ~n,

we can obtain other physical quantities such as the relative dielectric constant or the

optical conductivity [187,188].

B.1 Model for bulk materials

For bulk materials, the analysis is relatively straightforward. The extraction process

follows two of the most common models used in the optical approach { Fresnel's

equation and Snell's equations. In Fig. B.1, we summarize the standard settings used

in the re
ection mode (Figs. B.1(a) and (b)) and the transmission mode (Figs. B.1(c)

and (d)). The main di�erence between the two modes is the reference used. In the

re
ection mode, we use a Pt mirror to help us assist in understanding the property of

the incident THz radiation. In principle, the mirror can be replaced with any mirror

that is re
ective in the THz range. In the transmission mode, the reference is simply

air, meaning THz radiation propagates without any intermediate substances. More

details will follow below.
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Figure B.1: The experimental con�gurations for measuring (a) the reference mirror (often a Pt

mirror) and (b) the sample in the re�ection mode; and for measuring (c) the reference (air under

pure nitrogen gas environment) and (d) the sample in the transmission mode.

B.1.1 Re�ection mode

For re
ection mode with bulk material, a mirror is used as a reference to perform

the analysis. The experimental con�gurations for reference and sample are shown

in Fig. B.1(a) and Fig. B.1(b), respectively. The incident THz radiation E in (t) is

sketched as a red pulse. The re
ected THz radiation from the reference and the

sample are labeled asEre
., ref. (t) with a gray pulse and Ere
., sample (t) with a blue

pulse, respectively.

The �rst step after data acquisition is to perform FT on all of the time transients

to convert into the frequency domain. We then obtain the complex re
ectivity ~Rbulk (! )

using the relation,

~Rbulk (! ) =
~Ere
.,sample (! )

~Ere
.,ref. (! )
; (B.1)

where ! = 2 �� is the angular frequency, ~Ere
., sample (! ) and ~Ere
., ref. (! ) are the FT

spectrum corresponding to the sample and the reference mirror, respectively, in the

frequency domain. As our laser system is set for P-polarized geometry, we use Fres-

nel's equation of subtracting the re
ection coe�cient under the transverse magnetic

condition. The relationship is expressed as[189]

~Rbulk (! ) =
~n2cos(� 1) � ~n1cos(� 2)
~n1cos(� 2) + ~n2cos(� 1)

: (B.2)

Here, ~n1 and ~n2 are the complex refractive indices of air, and the sample,� 1 and � 2

are the angle of incidence, and the angle of refraction from the sample/air interface,
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B.1. Model for bulk materials

respectively. Based on the experimental setup, we know that the incidence angle� 1

is 45� and the refractive index of air, ~n1 = 1 + i0[190]. Using these values along with

the Snell's law (n1sin� 1 = n2sin� 2), Eq. (B.2) can be updated to

~Rbulk (! ) =
~n2

2(! )cos(45� ) �
q

~n2
2(! ) � sin2(45� )

~n2
2(! )cos(45� ) +

q
~n2

2(! ) � sin2(45� )
: (B.3)

Upon further simpli�cation on Eq. (B.3), we obtain:

~Rbulk (! ) =
~n2

2(! ) �
p

2~n2
2(! ) � 1

~n2
2(! ) +

p
2~n2

2(! ) � 1
; (B.4)

with only one variable being the complex refractive index of the sample ~n2. Thereby,

we can obtain the optical properties of the sample from the data by linking Eq. (B.1)

with Eq. (B.4) and resolve the behavior at various temperatures. Note that, ~n2(! ) is

a frequency-dependent complex number.

B.1.2 Transmission mode

For transmission mode with bulk material, the reference is simply an open path for the

incident THz pulse. The alignment con�gurations for reference and sample are shown

in Fig. B.1(c) and Fig. B.1(d), respectively. The reference electric �eld is equal to the

incident �eld, i.e. E trans., ref. (t) = E in (t). The transmitted light after the sample is

labeled asE trans., sample (t) with a blue pulse. In contrast to the re
ection mode, the

scans of reference and sample have to be set with the zero-point of the sample, i.e.

considering the real time that THz light needs to travel through the sample. With

the time delay, we can estimate the real part of the refractive indexn(! ). And with

the magnitude di�erence, we can estimate the imaginary part of the refractive index

� (! ).

The �rst step after data acquisition is to perform FT on all the time transients.

Note that, the time range needs to be �xed in both the reference and sample. We

then obtain the complex transmittance ~Tbulk (! ) using the relation,

~Tbulk (! ) =
~E trans.,sample (! )

~E trans.,ref. (! )
; (B.5)

Now, we assume that the attenuation of the maximum of the magnitude of THz

spectrum in the sample follows Lambert-Beer law with

�
� ~E max

trans.,sample (! )
�
� =

�
� ~E max

trans.,ref. (! )
�
� � exp

�
�

!
c

�d
�

(B.6)
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where
�
� ~E max

trans.,sample (! )
�
� and

�
�E max

trans.,ref. (! )
�
� represent the maximal magnitudes of the

signals from the sample and reference in the FT spectrum. Based on Eq. (B.6), we

could obtain the imaginary part of the refractive index as

� = �
1
d

�
c
!

� ln

�
� ~E max

trans.,sample (! )
�
�

�
� ~E max

trans.,ref. (! )
�
� : (B.7)

The real part of the refractive index n can be approximated by the delayed time � t

that THz light takes to travel through the sample due to the di�erence between the

real refractive indices of the reference (air) and the sample. As we know that the

refractive index of air equals 1, the delay can be expressed by

� t =
d(n � 1)

c
: (B.8)

From Eq. (B.8), we can obtain the real part of the refractive index as

n =
c� t
d

+ 1 : (B.9)

For the calculations introduced above, we exclude any Fabry-P�erot re
ections

that happen between the two sides of the sample. Theoretically, the number of re-


ections can be in�nitely large. While practically, this number is commonly bounded

with upper limits based on signi�cantly reduced re
ected signals[186]. A more de-

tailed algorithm study considering Fabry-P�erot re
ections and systematic deviations

are elaborated in the literature[186,190,191].

With the aforementioned analysis, one can obtain the complex refractive index

of the bulk sample from the collected THz transients and relate it to other physical

properties, such as the relative dielectric constant� r of the sample,

� r (! ) = � 1 +
i ~� (! )
� 0!

; � r = n2; (Drude-Lorentz model): (B.10)

Here, � 1 is the high-frequency limit dielectric constant (assume unity for metallic ma-

terials), � 0 is the vacuum dielectric constant, and ~� is the complex optical conductivity

of the sample.

B.2 Model for thin �lms

The optical analysis for thin �lms is relatively complicated, especially for the re
ec-

tion mode. Figure B.2 depicts the standard settings used in the re
ection mode
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(Figs. B.2(a) and (b)) and in the transmission mode (Figs. B.2(c) and (d)). In both

cases, the references are substrates used for �lm deposition. Below, we elaborate on

the details of parameter extraction.

Figure B.2: The experimental con�gurations for measuring (a) the reference (in this case, a

substrate which is identical to the one for �lm growth) and (b) the sample in the re�ection mode;

and for measuring (c) the reference and (d) the sample in the transmission mode.

B.2.1 Re�ection mode

In order to determine the optical parameters of the thin-�lm sample, various analytical

methods have been proposed, including the three-layer or four-layer models. For our

analysis, we apply the three-layer model, which consists of three layers: air, the sample

�lm, and the substrate, as illustrated in Fig. B.3. When light is incident on the

thin-�lm sample, part of it is re
ected from the sample/air interface, while the rest

propagates through the �lm and is re
ected from the sample/substrate interface. For

convenience, we assignr1 and r2 as the Fresnel re
ection coe�cients for these two

re
ections, respectively. Additionally, we de�ne � 3 as the angle of re
ection from the

sample/substrate interface, ~n3 as the complex refractive index of the substrate, and

d�lms denotes the thickness of the �lm.

The �rst step after data acquisition is to obtain the spectral responses via FT,

similar to the case of re
ection mode with bulk materials. The complex re
ectivity is

then calculated from

~R�lm (! ) =
~Ere
.,sample (! )

~Ere
.,ref. (! )
: (B.11)

Based on the Fresnel equations and the three-layer model, we estimate the total re-


ection coe�cient r as
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Figure B.3: A schematic of the three-layer model, which consists of air, sample (�lm), and

substrate. The black arrows represent the propagation of light. Note that the re�ection from the

bottom side of the substrate is neglected in the three-layer model.

~R�lm = rei� =
r1 + r2ei� re
.

1 + r1r2ei� re
.
: (B.12)

Here, � re
. represents the phase. The individual Fresnel re
ection coe�cients and the

phase can be expressed as

r1 =
~n2cos� 1 � ~n1cos� 2

~n2cos� 1 + ~n1cos� 2
; r2 =

~n3cos� 2 � ~n2cos� 3

~n3cos� 2 + ~n2cos� 3
; � =

4�
�

~n2dcos� 2:

(B.13)

Using the knowledge on the refractive index of air (n1 = 1), the refractive index

of the YSZ substrate (n3 = 5.1), the incident angle (� 1 = 45 � ) and the Snell's law

(n1sin� 1 = ~n2sin� 2 = n3sin� 3), all equations can be simpli�ed and expressed by a single

variable, ~n2. Thereby, we can compute ~n2 from the experimental data embedded in

the complex re
ectivity of Eq. (B.11).

B.2.2 Transmission mode

The analysis for transmission mode with thin �lms can be complex in terms of the

optical path along each interface and the consideration of additional internal Fabry-

P�erot re
ections. While with THz light, one can gain slight simplicity thanks to the

long operating wavelength relative to the �lm thickness. First, we start with Fourier-

transforming all the time transients to obtain the complex transmittance,

~T�lm (! ) =
~E trans.,sample (! )

~E trans.,ref. (! )
; (B.14)
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In the case where the �lm thickness d is way smaller than the wavelength of light

(d�lm � � THz ), one can follow the Tinkham approximation [192],

~T�lm (! ) =
1

�
�1 + ~�d �lm

Z0
n3+1

�
�2 ; (B.15)

where Z0 = 377
 is the free-space impedance and ~� is the complex conductivity of

the sample. The condition for Eq. (B.15) only holds under the assumption that the

optical path length of the �lm is small enough such that the phase does not have

signi�cant shifts at the �lm/substrate interface [193]. Based on this approach, one can

then estimate other optical properties such as the e�ective susceptibility� e� (! ) [194],

� e� (! ) =
c(n3 + 1)( ~T�lm (! ) � 1)

i! ~T�lm (! )d�lm
; (B.16)

and the dielectric constant � (! ) [76] as,

� (! ) = 1 + � e� (! ) = 1 +
c(n3 + 1)( ~T�lm (! ) � 1)

i! ~T�lm (! )d�lm
: (B.17)

To summarize, THz-TDS o�ers direct information on the real and imaginary

parts of the physical properties. It is important to consider appropriate mathematical

models based on the experimental conditions. From the experimental perspective,

care has to be taken to ensure that the optical paths of the reference and the sample

are identical. In our setup, we use crossed geometry of two photodiodes to increase

the accuracy and precision of the alignment process. The crossing point is set to the

position where the THz beam is focused after the parabolic mirror (see Fig. A.1 in

Appendix A). Any small misalignment in the order of micrometers would reveal itself

by showing up at di�erent delay points in the time domain.
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APPENDIX C
Analysis of spectral weight

In this appendix, we provide a step-by-step guide to solve the nonlinear rate-equation

model as introduced in Section 2.3.2 and the mathematical calculations for extract-

ing the coherent quasiparticle spectral weight introduced in Sections 2.3.2 and 2.3.3.

Parts of the derivations are based on details provided in the work of Wetliet al. in

literature [82]. All the MatLab scripts used in the present thesis are accessible on the

public server under the directory (Ferroic-Publicn5-sharenTHz setupnScripts).

C.1 Derivations for the nonlinear rate-equation model

In this section, we focus on solving Eq. (2.23) and Eq. (2.24), which are the equations

for describing the dynamics of the breaking and discovery of Kondo states with THz

radiation within the context of nonlinear rate-equation model. We begin the process

with Eq. (2.23), which represents the time derivative of the normalized density of

photoexcited electrons,n(t) = � (t)=� 0,

dn(t)
dt

=
d� (t)

dt
�

1
� 0

= � � c! hf �
� (t)
� 0

: (C.1)

By replacing the transition rate described from Eq. (2.21), we can rewrite Eq. (C.1)

to,

dn(t)
dt

= � � c! hf �
� (t)
� 0

=
�

�
2�
~

jhf hf jdji cij 2 ~w�
K

�
�

� (t)
� 0

=
�

�
2�
~

jhf hf jdji cij 2 w�
K

�
1 �

� (t)
� 0

� �
�

� (t)
� 0

:

(C.2)
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We then use the equilibrium quasiparticle weight estimated from Eq. (2.22) and sub-

stitute the characteristic temperature with the lifetime derived from Eq. (2.17). This

�nal step leads us to the solution for Eq. (2.23) as the following:

dn(t)
dt

=
�

�
2�
~

jhf hf jdji cij 2 w�
K

�
1 �

� (t)
� 0

� �
�

� (t)
� 0

=
�

�
2�
~

jhf hf jdji cij 2 2~
� K

1
V 2

�
(1 � n) n

= �
4�
� K

(1 � n) n

(C.3)

We continue to tackle Eq. (2.24), which describes the emitted THz electric �eld

from HF materials in the time domain. Notably, the solution to this equation hinges

on the results of Eq. (2.23). Therefore, the process starts with resolving Eq. (2.23) as

the foundation to e�ciently solve for the THz electric �eld. We start by integrating

Eq. (2.23) (equivalent to the solution of Eq. (C.3)) while assuming a constant value

in time, denoted astconst. . The integrated results can be expressed as follows:

1
(1 � n) n

dn = �
4�
� K

dt

integration
������! ln

� n
1 � n

�
= �

4�
� K

t + tconst.
(C.4)

Further on, we perform exponentiation on Eq. (C.4) and resolve the normalized density

of photoexcited electrons via

ln
� n

1 � n

�
= �

4�
� K

t + tconst.

exponentiation
���������!

n
1 � n

= exp
�

�
4�
� K

t + tconst.

�

transposition
��������! n(t) =

exp
�

�
4�
� K

t + tconst.

�

1 + exp
�

�
4�
� K

t + tconst.

�

=
exp

�
�

2�
� K

t + tconst.

�

exp
� 2�

� K
t + tconst.

�
+exp

�
�

2�
� K

t + tconst.

�

=
1
2

�
1 � tanh

� 2�
� K

(t � t0)
� �

(C.5)

The solution is obtained under the assumption that tconst. = (4 �=� K ) � t0. By inserting

Eq. (C.5) into Eq. (2.24), the emitted THz electric �eld can be resolved as follows:
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�E (t) =
dn(t)

dt
� 0

=
�

� 0

2
�

� 0

2
tanh

� 2�
� K

(t � t0)
� �

1
dt

= �
� 0

2
2�
� K

1

cosh2
�

2�
� K

(t � t0)
�

= �
� 0�
� K

1

cosh2
�
2�

� t
� K

�
t0

� K

� �

= �
� 0�
� K

1

cosh2
�
2�

� t
� K

� 1
� �

=
�E0

cosh2
�
2�

� t
� K

� 1
� � (where �E0 = �

� 0�
� K

)

(C.6)

Here, t0 is assumed to be equivalent to� K as the integration constant (tconst. = 4 � ).

The solution of Eq. (C.6) is depicted in Fig. 2.6, with some examples demonstrated

in the CCA compound introduced in Section 2.3.3.

C.2 Data analysis for the quasiparticle spectral weight

In this section, we review the procedure for extracting the coherent Kondo spectral

weight introduced in Section 2.3.3 and provide the mathematical terms used in our

analysis.

The extraction procedure is divided into three steps: (i) normalization, (ii) back-

ground subtraction, and (iii) temporal integration. For convenience, we denotetstart

as the starting time of the THz transient, tend as the ending time of the THz transient,

E RT
THz (t) as the THz transients obtained at room temperature (RT), and E T

THz (t) as

the THz transients obtained at any other temperature lower than RT. Further, we

use the same terminology introduced in Section 2.3.2, wheret1 and t2 are the starting

and ending time of the envelope covering the delayed response. In the �rst step, the

normalization is performed such that the entire re
ected power at each temperature

is equivalent to one. In other words, the sum of the squared values of all the data

points acts as a scaling factor, giving the normalized transients (norm.) as:

E RT
THz,norm. (t) =

E RT
THz (t)

Rtend
tstart

(E RT
THz (t))2 dt

(C.7)

and,
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E T
THz,norm. (t) =

E T
THz (t)

Rtend
tstart

(E T
THz (t))2 dt

: (C.8)

The numerical integration is performed via the trapezoidal method. This method

approximates the integration process over an interval by breaking down the area into

trapezoids[195]. In the second step, we subtract the background o�set that is caused

by the experimental noise and the incoherent spectral weight contributions to the

Kondo physics. In particular, for temperatures above 150 K where the Kondo e�ect

is known to be lost, this o�set only contributes to the integration of the squared

time traces[82]. Therefore, we subtract the o�set value for each temperature by using

the THz transients measured at RT (or the highest measured temperature). The

subtraction is performed as:

E T
THz,sub. (t) = E T

THz,norm. (t) � E RT
THz,norm. (t) (C.9)

Lastly, the spectral weight is calculated by temporal integration within the envelope,

i.e., betweent1 and t2 of the subtracted THz transients, following:

E T
THz,norm. (t) =

Z t2

t1

(E T
THz,sub. (t))2 dt (C.10)

Here, the numerical integration is also performed via the trapezoidal method. This

approach is applied in the present thesis for achieving the results of Fig. 4.3, Fig. 6.4,

and Fig. 6.10.





APPENDIX D
Comparison between Fermi-gas and

Fermi-liquid approach

D.1 The Fermi-gas approach

In solid-state physics, a rigid body can be seen as a collection ofN individual particles.

Based on the Avogadro approximation, the number ofN is on the order of 1023, mak-

ing it mathematically complicated while solving N -coupled di�erential equations [108].

Surprisingly, many of the physical properties of solids can be understood by neglect-

ing the electron-electron interactions. This approximation, known as the free-electron

(single-particle) model or the Fermi-gas approach, assumes that the valence electrons

of the constituent atoms become conduction electrons and can move freely through

the volume of the solids[19,127]. If we consider the conduction electrons based on the

Fermi-gas approach withN number of conduction electrons in a cubic crystal of length

L , the Schr•odinger wave equation is[11,19]

�
�

~2

2m
5 2

�
	( r ) = " 	( r ). (D.1)

The single-particle wavefunction 	 is expressed as Eq. (D.1), with the spatial coordi-

nates r = ( x; y; z), the wavevector k = ( kx ; ky ; kz), the potential energy V (r ), and [11]

5 2 =
@2

@x2
+

@2

@y2
+

@2

@z2
. (D.2)

For convenience, we introduce wavefunctions that satisfy the periodic boundary con-

ditions with the length of L , i.e., 	( x + L; y; z ) = 	( x; y; z) (and similarly to the y

and z coordinates). Thereby, the wavefunctions can be described as the form of a

traveling plane wave,
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D. Comparison between Fermi-gas and Fermi-liquid approach

	( r ) =
1

L 3=2
ei k �r , (D.3)

under the condition that the wavevectors along thex-, y-, and z-axes ful�ll

kx =
2�
L

nx ; ky =
2�
L

ny ; kz =
2�
L

nz, (D.4)

where nx;y;z are integers. Inserting Eq. (D.3) into Eq. (D.1), we obtain the energy for

a given state with wavevector k

" =
~2k2

2m
=

~2

2m
(k2

x + k2
y + k2

z ), (D.5)

which are discrete points located on a paraboloid in Fig. D.1(a). Note that, according

to the Pauli exclusion principle, each energy state can be empty, partially �lled with a

single electron, or fully occupied by two electrons with the up and down spin states[19].

The electronic bands are �lled from bottom to top to minimize the overall energy.

This relates to the Fermi energy "F , which de�nes the boundary between the highest

occupied and the lowest unoccupied states. In the momentumk space, the occupied

orbitals may be represented as points inside a sphere of radiusjkF j, referring to the

magnitude of the Fermi wavevector. The energy at the surface of the sphere is the

Fermi energy. The shape of the Fermi surface can be more complex depending on the

structures of the materials[11,16].

The Fermi-gas approach works e�ciently, especially for simple metallic materi-

als with properties dependent on the kinetic properties of the conduction electrons

(e.g., electron conductivity via the Drude model)[19]. However, this approach quickly

becomes insu�cient when interactions amongst electrons start to set in[11,64,66]. The-

oretical e�orts have been made since the 1950s to �nd the proper terms required for

the model[196]. One of the proposals is to consider the Coulomb repulsion interaction

in the Schr•odinger equation Eq. (D.1). This term captures the e�ective potential felt

by every single electron due to the Coulomb repulsion with the other electrons. An

exchange interaction term is also accompanied based on the restriction set by the

Pauli principle, acting as a reduction term of the Coulomb interaction. This approx-

imation has been very successful for ordinary metals and semiconductors, which can

be classi�ed as weakly correlated systems. However, the Fermi-gas approach still faces

challenges in describing systems with strong correlations. In 1957, Landau proposed

a phenomenological explanation for this aspect.
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Figure D.1: Fermi-Dirac distribution function at � � 0 K for a Fermi gas (blue) and a Fermi

liquid (red). For Fermi gas, the occupation number jumps between 1 and 0 at the Fermi energy

EF. In contrast, for Fermi liquid, the jump at the Fermi surface is reduced to � � 1, which

indicates the quasiparticle residue considering electron-electron interactions.
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ferred to as the HFL temperature, THFL . This refers to the scenario that Landau's

Fermi-liquid theory can still be used to describe the physics, provided that the renor-

malization from the large e�ective mass is included. Under this scenario, the energy

scale is given by the Kondo energy instead of the Fermi energy (see Section 2.1.1 or

literature [5,11,13,16,17,34] for a comprehensive review of the renormalization theory).
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