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EPIGRAPH

The most beautiful thing we can experience is the mysterious. It is the source of all true art and

science. He to whom the emotion is a stranger, who can no longer pause to wonder and stand

wrapped in awe, is as good as dead; his eyes are closed.

—Albert Einstein

v



TABLE OF CONTENTS

Signature Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Epigraph . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

Abstract of the Dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

Chapter 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Quantum Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Dynamical Perspectives and Time-Resolved Experiments . . . . . . 3

Chapter 2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1 Optical Properties of Solids . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Nonlinear Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Chapter 3 Pump-Probe Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.1 Femtosecond Pulsed Lasers . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Optical Parametric Amplifiers . . . . . . . . . . . . . . . . . . . . 13
3.3 Time-Resolved Reflectivity . . . . . . . . . . . . . . . . . . . . . . 15
3.4 Transient Grating Techniques . . . . . . . . . . . . . . . . . . . . . 16

3.4.1 Experimental Geometry . . . . . . . . . . . . . . . . . . . 17
3.4.2 Heterodyne Detection . . . . . . . . . . . . . . . . . . . . 20
3.4.3 Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4.4 Applications of Heterodyne Transient Grating Techniques . 26

3.5 Time-Domain Spectroscopy . . . . . . . . . . . . . . . . . . . . . 27
3.5.1 Generation and Detection of THz Electric Field Transients . 28
3.5.2 Estimation of Peak Field Strength . . . . . . . . . . . . . . 33
3.5.3 Time Domain Analysis . . . . . . . . . . . . . . . . . . . . 34

Chapter 4 Phenomenological Models for Relaxation Dynamics . . . . . . . . . . . 39
4.1 The Rothwarf-Taylor Model . . . . . . . . . . . . . . . . . . . . . 39

vi



Chapter 5 Quasiparticle Relaxation Dynamics in URu2−xFexSi2 Single Crystals . . . 43
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3 Experimental Techniques . . . . . . . . . . . . . . . . . . . . . . . 46
5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 49

5.4.1 Overview of the Dynamics . . . . . . . . . . . . . . . . . . 49
5.4.2 Fluence Dependence . . . . . . . . . . . . . . . . . . . . . 52
5.4.3 Dynamics in the Hidden Order and Large Moment Antiferro-

magnetic Phases . . . . . . . . . . . . . . . . . . . . . . . 52
5.4.4 Anomalous Temperature Dependence Near the Bicritical Point 55
5.4.5 Dynamics in the Paramagnetic Phase . . . . . . . . . . . . 58

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Chapter 6 Ultrafast Quasiparticle Dynamics in Correlated Semimetal Ca3Ru2O7 . . 62
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.3 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . 64

6.3.1 Optical Pump-Probe Spectroscopy . . . . . . . . . . . . . . 64
6.3.2 Time-Domian Thermoreflectance . . . . . . . . . . . . . . 66
6.3.3 Density Functional Theory Calculations . . . . . . . . . . . 66

6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 67
6.4.1 Quasiparticle Relaxations Dynamics in Ca3Ru2O7 . . . . . 67
6.4.2 The fast relaxation component . . . . . . . . . . . . . . . . 70
6.4.3 The relaxation component emerging below TC . . . . . . . . 76
6.4.4 The slow relaxation component . . . . . . . . . . . . . . . 79

6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.6 Supplementary Materials . . . . . . . . . . . . . . . . . . . . . . . . 81

6.6.1 Optical-pump optical probe data at 60-300K and the parame-
ters of relaxation dynamics . . . . . . . . . . . . . . . . . . . 81

6.6.2 Debye temperature and Dielectric constants of Ca3Ru2O7 . 82
6.6.3 Failure of the Rothwarf-Taylor model for the fast dynamics A1 83
6.6.4 Time-domain thermoreflectance measurements . . . . . . . 84

6.7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Chapter 7 Dynamics of Doublons and Holons in Eu2Ir2O7 Thin Films . . . . . . . . 87
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2 Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
7.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . 112

vii



Chapter 8 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . . . 113

Appendix A Transient Grating Alignment . . . . . . . . . . . . . . . . . . . . . . . . 116

Appendix B High Field THz Alignment . . . . . . . . . . . . . . . . . . . . . . . . . 130
B.1 Coarse Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
B.2 Obtaining a Signal . . . . . . . . . . . . . . . . . . . . . . . . . . 132
B.3 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

viii



LIST OF FIGURES

Figure 3.1: Diagram of transient grating experiment. . . . . . . . . . . . . . . . . . . 18
Figure 3.2: Calibration of the transient grating experiment. . . . . . . . . . . . . . . . 24
Figure 3.3: Processing of THz time-domain scans for parameter retrieval. . . . . . . . 35

Figure 5.1: Phase diagram of URu2−xFexSi2. . . . . . . . . . . . . . . . . . . . . . . 46
Figure 5.2: Schematic of optical pump-probe experiment. . . . . . . . . . . . . . . . . 47
Figure 5.3: Fractional change in reflectivity ∆R/R vs. time after photoexcitation. . . . . 50
Figure 5.4: Fluence dependence of the quasiparticle relaxation dynamics. . . . . . . . . 51
Figure 5.5: Temperature dependence of fit parameters below T0. . . . . . . . . . . . . 53
Figure 5.6: Temperature dependence of fit parameters below T0 for x = 0.1. . . . . . . 55
Figure 5.7: Estimating the phase composition of the sample with x = 0.1. . . . . . . . . 57
Figure 5.8: Temperature dependence of fit parameters in the PM phase for x = 0. . . . . 58

Figure 6.1: Overview of the structure, phase diagram, and dynamics of Ca3Ru2O7. . . 65
Figure 6.2: Fermi Surface Dynamics in Ca3Ru2O7. . . . . . . . . . . . . . . . . . . . 68
Figure 6.3: Calculated band structure for Ca3Ru2O7. . . . . . . . . . . . . . . . . . . 69
Figure 6.4: Analysis of crossover behavior in resistivity. . . . . . . . . . . . . . . . . . 70
Figure 6.5: T -dependent rise time τr in Ca3Ru2O7. . . . . . . . . . . . . . . . . . . . 73
Figure 6.6: Dynamics of gapped quasiparticles in Ca3Ru2O7. . . . . . . . . . . . . . . 74
Figure 6.7: Overview thermalization processes in Ca3Ru2O7. . . . . . . . . . . . . . . 77
Figure 6.8: Schematic of photoexcited QPs relaxation dynamics at different stages. . . 78
Figure 6.9: Additional optical pump-probe dynamics for Ca3Ru2O7 at higher fluence. . . 81
Figure 6.10: Additional optical pump-probe dynamics for Ca3Ru2O7. . . . . . . . . . . 82
Figure 6.11: Amplitudes and time constants of the three experimentally observed relax-

ation dynamics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Figure 6.12: Dielectric constants of Ca3Ru2O7 at room temperature. . . . . . . . . . . . 84
Figure 6.13: Failure of the Rothwarf-Taylor model to describe the fast dynamics . . . . 84
Figure 6.14: Overview of time-domain thermoreflectance measurements. . . . . . . . . 86

Figure 7.1: Schematic of the THz experiment. . . . . . . . . . . . . . . . . . . . . . . 89
Figure 7.2: Temperature-dependent optical properties of the YSZ substrate. . . . . . . 90
Figure 7.3: Temperature-dependent optical properties of the 66 nm Eu2Ir2O7 thin film

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Figure 7.4: Estimate for fluence-dependent pump-induced heating in Eu2Ir2O7 thin film

samples for an initial temperature Tinitial = 10 K. . . . . . . . . . . . . . . 92
Figure 7.5: THz-frequency relaxation dynamics of the 66 nm Eu2Ir2O7 thin film sample. 94
Figure 7.6: Time-dependent THz-frequency spectral data on the photoexcited state of

the 66 nm Eu2Ir2O7 thin film sample at T = 10 K. . . . . . . . . . . . . . . 97
Figure 7.7: Time-dependent THz-frequency spectral data on the photoexcited state of

the 66 nm Eu2Ir2O7 thin film sample at T = 70 K. . . . . . . . . . . . . . . 99

ix



Figure 7.8: Time-dependent THz-frequency spectral data on the photoexcited state of
the 66 nm Eu2Ir2O7 thin film sample at T = 110 K. . . . . . . . . . . . . . 100

Figure 7.9: NIR-frequency relaxation dynamics of the 66 nm Eu2Ir2O7 thin film sample. 101
Figure 7.10: Fluence dependence of the NIR-frequency relaxation dynamics of the 66 nm

Eu2Ir2O7 thin film sample. . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Figure 7.11: NIR-frequency relaxation dynamics of the 20 nm Eu2Ir2O7 thin film sample. 105

Figure A.1: Placement of the camera and alignment laser. . . . . . . . . . . . . . . . . 119
Figure A.2: Alignment of the phase mask array. . . . . . . . . . . . . . . . . . . . . . 120
Figure A.3: Setting the phase mask depth. . . . . . . . . . . . . . . . . . . . . . . . . . 121
Figure A.4: Placement of the curved mirror. . . . . . . . . . . . . . . . . . . . . . . . 122
Figure A.5: Setting the curved mirror depth. . . . . . . . . . . . . . . . . . . . . . . . 122
Figure A.6: Blocking beams. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
Figure A.7: Placement of the pickoff mirror. . . . . . . . . . . . . . . . . . . . . . . . 124
Figure A.8: Placement of the coverslips. . . . . . . . . . . . . . . . . . . . . . . . . . 125
Figure A.9: Setting the coverslip angles. . . . . . . . . . . . . . . . . . . . . . . . . . 126

x



ACKNOWLEDGEMENTS

I’ll begin by thanking Professor Richard Averitt. I am amazed at the autonomy Rick

granted me immediately upon joining the lab, with essentially no experience doing experiments.

Over the years, this total freedom to do what I want, buy what I want, and build what I want, has

truly allowed me to blossom as an experimental physicist.

I’d like to thank the greater Averitt group as well. It’s been wonderful to grow as a scientist

in a relaxed, encouraging, and drama-free environment. I have learned a lot from working with

Jake, Kevin, Dylan, Jingdi, Gufeng. They have all been great friends and colleagues. I have also

had to pleasure recently to work with the newer grad students Rubaiat, Kelson, Mustafa, Peter,

and Max. It’s comforting to know the lab is in good hands.

I’d also like to thank Verner for mentoring my in the lab when I was just getting started.

His remarkable attention to detail is something to strive for. Working with Verner jumpstarted my

research experience. I think my Ph. D. would not have gone so smoothly had he not been there.

I feel very lucky to have gone to UCSD in part because of my cohort. There are some

incredible, fun, brilliant, down-to-earth people in the physics department here. There are too many

people to name, but I know that I have made some lifelong friends during my Ph. D. here. Special

thanks goes to Chelsey Dorow, who is a brilliant physicist and great friend, for introducing me to

my wife.

I definitely won the lottery with my family. My parents and my sister have always helped

me in many ways at every step of my journey and were especially helpful in getting me to the

finish line from afar during the last year. I’m so lucky to have their endless love and support.

Lastly, I’d like to thank my wife Olivia, who I met not long after moving to San Diego.

My adventures with her have been the most rewarding part the last six years of my life. I’m

amazed at how patient she was during my frequent trips to Mayer Hall at ridiculous hours while

taking important data. I am so happy we found each other.

Chapter 5, in full, is a reprint of the material as it appears in Physical Review B 2019.

xi



Peter Kissin, Sheng Ran, Dylan Lovinger, Verner K. Thørsmolle, Noravee Kanchanavatee,

Kevin Huang, M. Brian Maple, and Richard D. Averitt. American Physical Society, 2019. The

dissertation author was the primary investigator and author of this paper.

Chapter 6, in full, is a reprint of the material as it appears in Physical Review B 2019.

Yakun Yuan, Peter Kissin, Danilo Puggioni, Kevin Cremin, Shiming Lei, Yu Wang, Zhiqiang

Mao, James M. Rondinelli, Richard D. Averitt, and Venkatraman Gopalan. American Physical

Society, 2019. The dissertation author shared the role of the primary investigator and author of

this paper with Yakun Yuan.

Chapter 7, in part, is currently being prepared for submission for publication of the

material. Peter Kissin, Xiaoran Liu, John W. Freeland, Jak Chakhalian, and Richard D. Averitt.

The dissertation author was the primary investigator and author of this material.

xii



VITA

2013 B. S. in Physics, Haverford College

2013-2014 Graduate Teaching Assistant, University of California, San Diego

2014-2019 Graduate Research Assistant, University of California, San Diego

2019 Ph. D. in Physics, University of California, San Diego

PUBLICATIONS

Peter Kissin, Sheng Ran, Dylan Lovinger, Verner K. Thorsmølle, Noravee Kanchanavatee,
Kevin Huang, M. Brian Maple, and Richard D. Averitt. Quasiparticle relaxation dynamics in
URu2−xFexSi2 single crystals, Physical Review B 99, 165144 (2019).
https://doi.org/10.1103/PhysRevB.99.165144

Peter Kissin, Xiaoran Liu, John W. Freeland, Jak Chakhalian, and Richard D. Averitt. Dynamics
of doublons and holons in Eu2Ir2O7 thin films, (in preparation).

Yakun Yuan, Peter Kissin, Danilo Puggioni, Kevin Cremin, Shiming Lei, Yu Wang, Zhiqiang
Mao, James M. Rondinelli, Richard D. Averitt, and Venkatraman Gopalan. Ultrafast quasipar-
ticle dynamics in the correlated semimetal Ca3Ru2O7, Physical Review B 99, 155111 (2019).
https://doi.org/10.1103/PhysRevB.99.155111

xiii



ABSTRACT OF THE DISSERTATION

Quantum Materials from the Dynamical Perspective

by

Peter Kissin

Doctor of Philosophy in Physics

University of California San Diego, 2019

Professor Richard Averitt, Chair

Quantum materials are systems in which electronic ground states emerge from strong

interactions between charge, spin, lattice, and orbital degrees of freedom. These interactions

may be enhanced by reduced dimensionality or geometric frustration, and may also result in

topologically protected electronic states. Noninteracting single band models fail to adequately

describe these systems. Time-resolved optical measurements using femtosecond laser pulses

can be used to study strongly interacting degrees of freedom on their natural timescales. By

photoexciting the samples gently, it is possible to study these dynamics without disturbing the

underlying order. In this work, the relaxation dynamics of photoexcited quasiparticles are studied

in several quantum materials in which Coulomb repulsion and spin-orbit coupling are both strong.
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The relaxation dynamics reveal information about the low energy energy electronic structure as

well as the nature of the strong interactions that govern the emergent properties of the system.
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Chapter 1

Introduction

In this chapter, we introduce the idea of “Quantum Materials,” which is a unifying theme

in contemporary condensed matter physics. We then discuss how time-resolved experiments

using femtosecond laser pulses offer novel ways to study and understand excitations, dynamics,

and emergent phenomena in quantum materials. At the end of the chapter, we describe the

organization of the remainder of the dissertation.

1.1 Quantum Materials

“Quantum materials” is a term encompassing several large classes of systems of contem-

porary interest in condensed matter physics. Previously known as the field of “strongly correlated

electrons,” the name quantum materials is more inclusive, emphasizing the common origins of

emergent electronic phases from strong interactions, topology, and dimensionality. One of the

defining characteristics of quantum materials is electronic behavior that defies description in

terms of the noninteracting band theory of solids. While these criteria might seem a bit vague to

be of much use, the breadth of the field is matched to its lofty goals. These goals include none

other than a unified description of the emergence of the myriad of distinct ground states studied

in contemporary condensed matter physics from the simple rules governing electronic degrees of
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freedom in condensed matter systems.

The emergent behavior of electrons in quantum materials is the result of a delicate

balance between interacting charge, spin, lattice, and orbital degrees of freedom. Because of

this, another defining characteristic of quantum materials is amenability to control by tuning

external parameters, which can alter this balance. Furthermore, the macroscopic behavior of

adjacent phases can be radically different, naturally leading to useful device applications, where a

gentle external perturbation can induce changes in macroscopic physical properties (conductivity,

magnetization, etc.) by several orders of magnitude. Material phase diagrams, which map the

phenomenology of emergent phases in quantum materials, inform all good plans for research and

interpretation of experimental results in this field

Landau’s Fermi-liquid theory is the paradigm from which the idea of quantum materials

originates. In Fermi-liquid theory, a population of interacting fermions can be described as either

a gas on non-interacting fermions with renormalized properties (quasiparticles) or as a state with

spontaneously broken symmetry (e.g. a ferromagnet). Once the Fermi-liquid description of a

system is formulated, a model based in field theoretical methods, or even in classical statistical

mechanics, can be constructed and used to study its properties.

The breakdown of the Fermi-liquid theory as a complete description of electrodynamics

in solids coincided with two key discoveries. First, the discovery of unconventional non-BCS

superconductivity in lanthanides, actinides, and cuprates. In the intense flurry of research that

followed after the discoveries of unconventional superconductivity in these systems, it was found

that several key predictions of Fermi-liquid theory, such as the T 2 scaling of electrical resistivity,

are violated in the normal states of these systems above the superconducting transition temperature

TC. Generally, these violations can be attributed to the presence of strong interactions between

various electronic and lattice degrees of freedom. Second, the discovery of order characterized by

topology rather than symmetry breaking in integer and fractional quantum hall phases of quasi-

2D semiconductor quantum wells also presented challenges to the Fermi-liquid theory. Thus,

2



one candidate definition of a quantum material is simply a system in which strong correlations,

topology, or reduced dimensionality result in phases of matter which defy certain predictions of

Fermi-liquid theory.

1.2 Dynamical Perspectives and Time-Resolved Experiments

Static tuning knobs include temperature, magnetic and electric fields, pressure and strain,

as well as doping and heterostructuring. These have long been used to study emergent properties of

strongly correlated electrons, and remain quite useful. However, a relatively new class of dynamic

tuning knobs, enabled by mature technologies from the field of ultrafast optics, are becoming

powerful and versatile tools for controlling quantum materials. In particular, femtosecond laser

pulses with sufficient intensity to drive degrees of freedom far from equilibrium are now available

at nearly any desired photon energy in a university laboratory setting. The availability of such

pulses facilitates mode-selective excitation of a given degree of freedom on its natural timescales.

In addition to control, it is also possible to study the dynamical properties of quantum ma-

terials using femtosecond laser pulses. By stimulating one degree of freedom with a femtosecond

laser pulse and measuring the effect on another degree of freedom, the most relevant interactions

resulting in a given emergent electronic phase can be determined. If this is done systematically at

all relevant time and energy scales, it is possible to begin to disentangle these interactions. Thus,

a thorough understanding of dynamics offers new perspectives on a given material and phase

diagram, which can also inform strategies for control in subsequent experiments.

These “dynamical” perspectives on emergent material properties are especially important

given the notorious difficulty of understanding the behavior of quantum materials. For example,

one of the “holy grails” of condensed matter physics is a description of high TC superconductivity

in the cuprates, in the hopes of devising a strategy to pursue room temperature superconductivity.

Nevertheless, after more than 30 years and tens of thousands of papers on the subject, this

3



description remains elusive. What is clear is that the superconductivity in the cuprates relies on

the interplay of many strongly interacting degrees of freedom, resulting in a phase diagram with

many phenomenologically distinct proximal ground states. The dynamical perspectives offered

by time resolved experiments utilizing femtosecond laser pulses may result in new insights on

the emergence of such ground states from strongly interacting degrees of freedom in quantum

materials.
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Chapter 2

Background

2.1 Optical Properties of Solids

The macroscopic optical properties of a solid are determined by the frequency-dependent

refractive index, optical conductivity, and dielectric function. These quantities are all related.

Consider the electric field of a one-dimensional monochromatic plane wave at frequency ω

propagating in a medium. This may be written as:

Ẽ(ω) = Eeiω(ñ(ω)x/c−t) (2.1)

Where ñ(ω) = n+ iκ is the frequency-dependent complex refractive index of the medium. The

real part of the refractive index n determines the phase velocity of the wave in the medium. The

imaginary part of the refractive index κ determines the exponential attenuation of the wave as it

propagates:

Ẽ(ω) = Eeiω(n+iκ)x/c−ωt) = e−ωκx/cCos(ωnx/c−ωt) (2.2)

The intensity is proportional to |Ẽ(ω)|2, and falls off as e−2ωκx/c. Thus, the attenuation coefficient

α = 2ωκ/c describes the power absorption of the medium, while the penetration depth δp = α−1
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describes the length scale over which the power of the wave is attenuated upon entering the

medium.

The linear response of free and bound charge in the medium to Ẽ(ω) can be studied

in terms of the complex optical conductivity σ̃(ω) = σ1 + iσ2 and the the complex dielectric

function ε̃(ω = ε1 + iε2). σ̃(ω) determines the current density J̃(ω) in response to Ẽ(ω):

J̃(ω) = σ̃(ω)Ẽ(ω) (2.3)

Likewise, ε̃(ω) determines the electric displacement D̃(ω) in response to an applied electric field

Ẽ(ω):

D̃(ω) = ε̃(ω)Ẽ(ω) (2.4)

σ̃(ω) and ε̃(ω) are related to n and κ as:

σ1 = 2nκε0ω

σ2 = (1−n2−κ
2)ε0ω

ε1 = n2−κ
2

ε2 = 2nκ

(2.5)

Thus, a measurement of ñ(ω) amounts to both a measurement of σ̃(ω) and of ε̃(ω). ñ(ω) can

be measured by setting up a reflection or transmission experiment where light is incident upon

one medium (medium 2) from another medium (medium 1) and solving the appropriate Fresnel

equations. The Fresnel equations for the complex transmission or reflection coefficients are given

6



by:

t̃s =
2ñ1Cosθ1

ñ1Cosθ1 + ñ2Cosθ2

t̃p =
2ñ1Cosθ1

ñ2Cosθ1 + ñ1Cosθ2

r̃s =
ñ1Cosθ1− ñ2Cosθ2

ñ1Cosθ1 + ñ2Cosθ2

r̃p =
ñ2Cosθ1− ñ1Cosθ2

ñ2Cosθ1 + ñ1Cosθ2

(2.6)

Where ñ1 and ñ2 are the complex refractive indices of medium 1 and medium 2, θ1 is the angle

of incidence and reflection, θ2 is the angle of refraction of the transmitted beam in medium 2,

and the subscripts s and p denotes the reflection or transmission of s and p polarized light. Thus,

by measuring reflection from an air-sample interface at a finite angle of incidence using both

polarization components of the light, it is possible to determine n and κ of the sample (this is

essentially what is done in the technique of spectroscopic ellipsometry). On the other hand, at

normal incidence, it is not possible to directly measure both n and κ of the sample. However,

because n and κ are causally linked, it is possible to use Kramers-Kronig relations to obtain

the full complex refractive index ñ if either n or κ is known over a sufficiently wide range of

frequencies.

2.2 Nonlinear Optics

In all polarizable solid media, the polarization changes nonlinearly with the applied

electric field due to anharmonicities in the potential energy landscapes of the polarizable degrees

of freedom. For small anharmonicities, the polarization response P̃ can be expanded as a Taylor
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series in Ẽ:

P̃ = ε0(χ
(1)Ẽ +χ

(2)Ẽ2 +χ
(3)Ẽ3 + ...) (2.7)

Where the coefficients χ(n) are the nth order susceptibilities of the medium. Thus, every coefficient

χ(n) of order n > 1 acts as a nonlinear susceptibility and each corresponding term in the sum

acts as a nonlinear polarization of the same order. In the presence of such nonlinearity, the wave

equation adopts a source term:

∇
2Ẽ− n2

c2
∂2

∂t2 Ẽ =
1

ε0c2
∂2

∂t2 P̃NL (2.8)

The effect of this source term is the mixing of electromagnetic waves. In general, nonlinearities

of order n lead to the mixing of n+1 electromagnetic waves. As an example, we consider just

the second order nonlinearity, the nonlinear polarization has the form:

P̃NL = ε0χ
(2)Ẽ2 (2.9)

We consider a wave consisting of two components at frequencies ω1 and ω2 with the same

polarizations. Neglecting the spatial dependence for simplicity, the field can be expressed as:

E(t) = E1e−iω1t +E2e−iω2t + c.c. (2.10)
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Where c.c. refers to the complex conjugate. In this case, the nonlinear polarization can be

expressed as:

PNL(t) =

ε0χ
(2)E2

1 e−2iω1t

+ ε0χ
(2)E2

2 e−2iω2t

+2ε0χ
(2)E1E2e−i(ω1

+ ε0χ
(2)

ω2)t

+2ε0χ
(2)E1E∗2 e−i(ω1−ω2)t

+ ε0χ
(2)(|E1|2 + |E2|2)e0

+ c.c.)

(2.11)

In Eq. 2.11, there are components present at frequencies 2ω1, 2ω2, ω1 +ω2, ω1−ω2, and 0.

Each frequency corresponds to a distinct three wave mixing process. These correspondences are

second harmonic generation at frequencies ω1 and ω2, sum and difference frequency generation

of ω1 and ω2, and optical rectification, respectively. Higher order nonlinear processes are also

highly relevant, but are more difficult to describe concisely with equations.

While the nonlinear response of the sample is negligible in the case of weak electric fields,

it can become quite important in the case of strong electric fields. It is also quite useful in the

lab for frequency conversion of light. Frequency conversion utilizing a given nonlinear optical

process is reasonably efficient provided the phase matching condition ∆k̃ = 0 is fulfilled, where

each k̃ is the wavevector of one of the waves participating in the nonlinear mixing.
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Chapter 3

Pump-Probe Techniques

Pump-probe techniques represent a quite general class of experiments that measure

non-equilibrium dynamics in condensed matter systems. In general, these techniques involve

perturbing a sample with a “pump” pulse and monitoring the pump-induced nonequilibrium

response through various optical properties as measured by a time-delayed “probe” pulse. By

mapping out the optical response as a function of pump-probe time delay, the full response of the

sample can be characterized as the sample returns to the thermal equilibrium state. This can be

done with femtosecond time resolution by using femtosecond laser pulses.

In this chapter, we discuss the how femtosecond laser pulses are generated, as well as

how to change their color by employing nonlinear optics. Next, we will discuss how to use

femtosecond laser pulses to perform the various measurement techniques utilized in this thesis.

We will conclude this chapter with detailed description of the specific components used to collect

the data presented in chapters 5,6, and 7.

3.1 Femtosecond Pulsed Lasers

Behind nearly every successful time resolved optical experiment is a reliable femtosecond

pulsed laser. The modern era of time resolved optics measurements began when Titanium-doped
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Sapphire (Ti3+:Al2O3 or Ti:Sapph) lasers became commercially available. Ti:Sapph crystals can

support lasing over a broad bandwidth, in principle covering 650-1100 nm, and peaking in gain at

800 nm. Ti:Sapph crystals are generally pumped by green diode-pumped solid state lasers, with

frequency doubled Nd3+:YVO4 lasers operating at 532 nm being the most common.

An oscillator is a type of pulsed laser consisting of two mirrors with a gain medium, such

as Ti:Sapph, between the mirrors, along with a pulse compressor to compensate for dispersion in

each round trip through the cavity and an output coupler to emit pulses. Generally, light trapped

in an optical cavity forms “modes,” which are standing waves of fixed frequency determined by

the length of the cavity. By default, the relative phases of these modes are not fixed, resulting in a

constant power in time, or “continuous-wave” (CW) operation. However, if the relative phases of

the modes are “locked,” then all the supported modes will interfere constructively at a specific

time, generating an short and intense pulse of coherent light. Only the modes that fall within gain

bandwidth of the gain medium are amplified, and thus the broader the gain bandwidth, the larger

the spectral content and the shorter the transform limited duration of the pulse.

Generally, mode-locking is achieved by introducing a time-dependent gain into the gain

medium. This can be done actively, for example by adding an electrically driven amplitude or

phase modulating element to the cavity, or passively. The most common way to achieve passive

mode locking for Ti:Sapph oscillators is to utilize Kerr lensing. Kerr lensing is a third order

nonlinear effect in which the refractive index of the medium increases in the presence of intense

light as δn = nnlI, where δn is the change induced in the refractive index, nnl is the nonlinear

refractive index, and I is the intensity of the beam. This results in a self-focusing feedback loop:

the high intensity of mode-locked pulses increases the tendency towards self-focusing in the gain

medium, which in turn increases the gain experienced by these same phase locked modes. This

interaction allows mode-locking to be self-sustaining. However, it is typically not self-starting,

but can be started easily, for example, by introducing a significant amplitude or phase fluctuation

to the cavity modes by nudging a cavity optic.
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Oscillators excel at producing mode-locked nanojoule (nJ) pulses at relatively high

repetition rates (80 MHz is common). However, additional steps are necessary to achieve the

microjoules (µJ) or millijoule (mJ) pulses, necessary to make intense pulses at MIR or THz

frequencies from these nJ pulses. To do this, a device called a regenerative amplifier (regen) can

be used to amplify “seed” pulses from the oscillator. An electro-optic switch called a Pockels

cell determines when a pulse from the oscillator enters the cavity of the regen. Most pulses are

blocked, as the repetition rates of regens are necessarily much lower than they are for oscillators.

Repetition rates higher than 1 MHz are rare, and 1 kHz is typical for mJ pulses. The seed pulse

from the oscillator makes many round trips in the regen and is amplified each time it passes

through the gain medium. Once sufficient amplification has occurred, another Pockels cell is

triggered allowing the amplified µJ or mJ pulse to exit the cavity towards the experiment.

The peak fields of the amplified pulses can be quite large if the pulses are well compressed,

leading to undesirable nonlinear effects during amplification or even damage to optics in the

cavity. To avoid this problem, a technique called chirped pulse amplification (CPA) is used, for

which half of the 2018 Nobel Prize in Physics was given to Donna Strickland and Gérard Mourou.

In CPA, the seed pulses are put through a pulse stretcher at the entrance of the regen, increasing

the pulse duration by orders of magnitude through temporal chirping before any amplification has

taken place. Because the pulses are stretched while they are amplified, no nonlinear effects or

damage occur. Once all amplification has occured, pulses exit the cavity and go through a pulse

compressor, reducing the pulse duration back to tens or hundreds of femtoseconds.

As an alternative to Ti:Sapph, Yb-doped double tungstates such as Yb3+:KGd(WO4)2

(Yb:KGW) or Yb3+:KY(WO4)2 (Yb:KYW) have emerged as excellent gain media for both

oscillators and regens. In these media, gain bandwidth is sufficient to generate pulses shorter

than 100 fs centered near 1040 nm. Systems based on these media have several advantages over

Ti:Sapph lasers, leading to greatly enhanced stability and power scaling. Most notably, the Yb3+

ion can be directly pumped by a 980 nm laser diode. This eliminates the need for the costly and
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finicky diode-pumped solid state lasers needed to pump Ti:Sapph crystals, which are a frequent

point of failure for Ti:Sapph laser systems. Additionally, the quantum error (the ratio between

the energies of pump photons and emitted photons) is much more favorable, at about 0.95 for

Yb:KGW and Yb:KYW vs. about 0.65 for Ti:Sapph. As a result, the gain medium must dissipate

much less heat, allowing the output power of Yb:KGW or Yb:KYW based regens to scale to

hundreds of Watts.

Oscillators using Yb:KGW or Yb:KYW usually achieve passive modelocking by incorpo-

rating a semiconducting saturable absorber mirror (SESAM) within the cavity. In short, SESAMs

consist of a thin layer of a semiconductor on top of a dielectric mirror. The semiconductor layer

absorbs incident photons for low peak intensities, but the interband transition responsible for the

absorption can be bleached for high peak intensities, resulting in transmission to the dielectric

mirror underneath. This results in a higher reflectivity for higher intensity light. Mode-locking is

self-sustaining if a SESAM is used, and is typically self-starting, as intensity fluctuations in CW

operation are amplified by the saturable absorption.

3.2 Optical Parametric Amplifiers

Frequency conversion from the laser fundamental can be achieved using nonlinear optics.

Here, we discuss two highly relevant nonlinear processes: white light generation and optical

parametric amplification.

White light generation (WLG) is a complex nonlinear process in which the laser fun-

damental is converted into light with a broad and continuous spectrum inside a bulk nonlinear

medium [1]. WLG is related to the Kerr nonlinearity in that it is triggered when a femtosecond

laser pulse in a nonlinear medium reaches a threshold intensity due to self-focusing, strongly

enhancing nonlinearities. In short, this leads to uncontrolled amplitude and phase variations of the

laser pulse due to the combined effects of self-steepening, self-phase-modulation, filamentation,
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and several other nonlinear effects. Filamentation plays a particularly important role in enhancing

the nonlinear interaction, as the diameter and length of the filament is set by a balance between

the Kerr nonlinearity, which promotes focusing, and multiphoton ionization within the filament,

which promotes defocusing. Dispersion eventually reduces the peak intensity of the filament

below threshold, at which point the white light diverges from the end of the filament. The most

common material for WLG is sapphire, but several other materials, including Y3Al5O12 (YAG),

have lower threshold intensities for WLG, making them less susceptible to laser-induced damage.

This is particularly important for WLG at higher repetition rates, where damage accumulates

more rapidly. One particularly nice characteristic of WLG in bulk media is that the white light

inherits the spectral phase of the pump pulse. This makes white light suitable for compression

to extremely short pulse duration (10 fs) as well as for seeding broadband optical parametric

amplifiers.

Optical parametric amplification is a nonlinear process related to difference frequency

generation [2]. In optical parametric amplifiers (OPAs), energy is transferred from a pump beam

at fixed frequency ωp (typically the fundamental or harmonic of the laser) to a variable frequency

signal beam at lower frequency ωs > ωp/2. By conservation of energy, another beam, known as

the idler, is also produced at lower frequency ωi < ωp/2, such that ωp - ωs = ωi. Pump to signal

conversion efficiency can exceed 20% in a well designed OPA. The signal beam is generated

by amplifying a specific portion of the spectrum of a white light seed. The bandwidth of the

signal beam is generally larger than the bandwidth of the pump beam, supporting shorter pulse

durations. This is particularly relevant in case of non-collinear optical parametric amplifiers

(NOPAs), in which the phase matching bandwidth for signal beam amplification is much larger

due to the non-collinear phase matching geometry. Thus, OPAs and NOPAs are the best existing

means to produce intense and tuneable femtosecond pulses in the visible and NIR, and can be

used to produce intense ultrashort pulses in the visible and NIR with durations of less than 10

femtoseconds.
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Another important application of OPAs is the generation of femtosecond pulses with a

stable carrier-envelope phase (CEP). The CEP is the relative phase between carrier and envelope

of the electric field transient. This is possible because the pump, signal, and idler beams are

derived from the same laser pulse if WLG is used to seed the OPA. Since each of these beams

will inherit the CEP fluctuations of the laser pulse, combining them in the correct way leads to

passive cancellation of the CEP fluctuations. This results in a pulse with a constant electric field

profile from pulse to pulse.

3.3 Time-Resolved Reflectivity

One of the simplest type of pump-probe experiments is the time resolved measurement of

the reflectivity of a sample following photoexcitation. The reflectivity R is the squared modulus

of the complex reflection coefficient r̃. Time-resolved reflectivity measures the small change in

reflectivity ∆R in response to photoexcitation by a pump pulse. For small changes in reflection

coefficient, this can be written as:

∆R = |r̃+δr̃|2−|r̃|2 = |r̃||δr̃|Cos(φ) (3.1)

Where the physical phase φ is the angle in the complex plane between the equilibrium reflection

coefficient r̃ and the photoinduced change in reflection coefficient δr̃. The quantity typicially

reported is the fractional change in reflectivity ∆R/R, which is written as:

∆R
R

=
|δr̃|
|r̃|

Cos(φ) (3.2)

From the Fresnel equations at normal incidence, r̃ can be written in terms of the complex dielectric

function ε̃ as:

r̃ =
1−
√

ε̃

1+
√

ε̃
(3.3)
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We can expand for small changes in ε̃ to write:

δr̃ =
∂r̃
∂ε̃

δε̃ =
−1√

ε̃(1+
√

ε̃)2
δε̃ (3.4)

We can rewrite this expression as:

δε̃ =
√

ε̃(1+
√

ε̃)2|δr̃|eiφ (3.5)

Thus, knowledge of φ enables the real and imaginary parts of optical constants to be determined.

Small changes in ε̃ can in turn be related to small changes in the complex conductivity σ̃. ε̃ is

related to σ̃ as:

ε̃ = 1+
4πiσ̃

ω
(3.6)

Expanding for small changes in σ̃:

δσ̃ =
∂σ̃

∂ε̃
δε̃ =− iω

4π
δε̃ (3.7)

3.4 Transient Grating Techniques

Transient grating techniques are similar to pump probe techniques, except that two

pump pulses are used instead of one. The two pump pulses interfere on the surface of the

sample. If the photoexcitation changes the optical properties of the sample, then the interference

pattern generates a spatially periodic excitation that literally acts as a transient grating. The

decay dynamics of the transient grating may be tracked by measuring the time dependence of a

diffracted probe beam.

While transient grating experiments involving two pump beams and only one diffracted

probe beam are possible, this approach is challenging since the diffracted probe beam is quite

weak. Because of this, it can be hard to find the direction in which the beam diffracts, which
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is determined by conservation of momentum in the plane of the sample. Even if this direction

can be found, the measurement remains difficult. The intensity of the diffracted beam scales

quadratically with the photoinduced change of the refractive index δñ. However, δñ is very small,

so the diffracted beam intensity is typically below the detection threshold for the photodetectors

and data acquisition electronics used in these experiments unless the pump fluence is very large.

The implementation of optical heterodyning in transient grating techniques has resulted

in tremendous improvements in the sensitivity of transient grating measurements. The basic idea

is to mix the weak diffracted probe beam with a stronger local oscillator beam. The electric fields

of these two beams sum, resulting in an intensity I ∝ |ẼLO|2 + |Ẽd|2 +2Re(ẼLOẼ∗d), where ẼLO

and Ẽd are the electric fields of the local oscillator beam and the diffracted beam. The third term

in the sum is the “heterodyne” term. It is merely first order in Ẽd and hence in δñ, meaning that

it offers a much more sensitive way to measure the weak diffracted beam than the “homodyne”

diffracted intensity.

3.4.1 Experimental Geometry

Heterodyne transient grating experiments are most commonly implemented by using a

diffractive optic known as a phase mask [3, 4], which is a transmission grating that maximizes

intensity diffracted into the±1 orders. A pulse incident on a phase mask will generate an identical

pair of pulses. To implement heterodyne transient grating, pump and probe beams are focused

onto the same spot on the phase mask, producing a total of four beams that diverge at an angle

Sinθ = λ/λPM, where λ is the wavelength of the light and λPM is the periodicity of the phase

mask. The four beams are collected and refocused onto the sample with an imaging system at an

angle of Sinθ = λ/MλPM, where M is the magnification of the imaging system. Irrespective of the

pump wavelength used, the pump pulse pair generates an interference pattern and corresponding

transient excitation grating on the sample with a periodicity of λg = MλPM/2.

The advantages of using a phase mask are numerous. Notably, diffraction from the

17



transient grating tilts the fronts of the pulses, preserving the spatial and temporal resolution

of the focused spots at the sample position. More importantly, the Bragg condition is always

satisfied for both probe beams, since they enter at an angle of Sinθ = λ/MλPM = λ/2λg, ensuring

efficient diffraction. Furthermore, the diffracted component of each probe beam naturally emerges

collinearly with the specularly reflected component of the opposite probe beam. This provides a

simple way to implement sensitive heterodyne detection without tedious alignment. Additionally,

the beam pairs generated by a phase mask are passively phase locked. This minimizes drift in the

heterodyne signal due to both the relative phase between the probe and local oscillator beams and

the relative phase between pump beams.

p1 = p2 + q = d2

p2 = p1 - q = d1

k1

k2

Pump 2

Probe 2

Probe 1

Pump 1

Probe

Pump
Shaker

Cover Slip

θ

Phase
Mask

Object 
Plane

Phase
Mask

Image\
Sample
 Plane

q = k1 - k2-k2

x

y

Figure 3.1: Diagram of transient grating experiment. The two pump beams are drawn in red
solid lines. The two probe beams are drawn in red dashed lines. x and y are define as the
horizontal and vertical directions in the sample plane, respectively. The collinearity of the
diffracted and transmitted/specularly reflected probe beam pairs is demonstrated as a natural
consequence of the use of the phase mask and conservation of momentum in the sample plane
on the right of the diagram.

To better understand how the phase mask leads to a natural implementation of of hetero-

dyne transient grating, we consider conservation of momentum for a case extremely similar to the

experiment built in the Averitt lab. A diagram of this setup is shown in Fig. 3.1. Although Fig.
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3.1 depicts a measurement performed in transmission geometry utilizing a lens for imaging, it

nonetheless applicable to the case of an experiment in reflection geometry utilizing a curved mir-

ror for imaging. We assume degenerate pump and probe beams, so that wavevector conservation

amounts to momentum conservation. For simplicity, we also assume that the image plane of the

phase mask coincides with the sample surface. We define x and y as the horizontal and vertical

directions in the sample plane. However, we note that the following derivation applies to the case

of near normal incidence as well, as long as the y components of all momenta remain unaltered

by the imaging system. This can be accomplished if all reflections in the experiment do not alter

the absolute values of the y components of the momenta.

The pump and probe beams are level and at the same height but separated horizontally

(x direction). They are focused onto the phase mask with different momenta in x. After the

phase mask, the beams continue to diverge horizontally and are also diffracted into ±1 orders

vertically (y direction). These four divergent beams are relay imaged with a magnification ratio

of 1 onto the sample. The relay imaging simply switches the sign of the in plane components

of the momenta. The angle at which the beams are focused into the phase mask relative to

the sample normal determines their momenta along x. Thus, the momenta along x are the

same for both pump pulses, k1,x = k2,x ≡ kx, and for both probe pulses, p1,x = p2,x ≡ px. The

momenta along y are determined by λ and λPM, and have the same absolute value for each

of the degenerate beams. However, the momenta along y are opposite for both pump pulses,

q/2 ≡ k1,y = −k2,y ≡ −q/2, and for both probe pulses, q/2 ≡ p1,y = −p2,y ≡ −q/2. This is

because both pulse pairs are ±1 diffracted orders originating from the same pulse. Therefore, we

express the in-plane components of the wavevectors of the pulses incident upon the sample as

k1 = kxx+q/2y, k2 = kxx−q/2y, p1 = pxx+q/2y, and p2 = pxx−q/2y. Efficient diffraction

is guaranteed for this case because the phase matching condition ∆k = k1−k2−p1 +p2 = 0 is

satisfied. The interference of the pump beams will create a grating with wavevector k1−k2 = q.

The +1 order diffraction of probe beam 2 from this grating has the same wavevector as probe beam
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1: d2 = p2 +q = pxx+q/2y = p1. Therefore these two beams will be collinear after interacting

with the sample. Likewise, the -1 order diffraction of probe beam 1 has the same wavevector as

probe beam 2: d1 = p1−q = pxx−q/2y = p2, and these beams will also propagate collinearly

after interacting with the sample.

3.4.2 Heterodyne Detection

The heterodyne mixing between each specularly reflected beam and its diffracted twin

beam means that both probe beams will contain information about the transient grating, in addition

to typical pump probe information, after interacting with the sample. The electric fields along the

two specularly reflected probe beam paths may be written as:

Ẽ1,r = (r̃+δr̃)Ẽ1,i + η̃δr̃Ẽ2,i

Ẽ2,r = (r̃+δr̃)|Ẽ2,i + η̃
∗
δr̃Ẽ1,i

(3.8)

Where Ẽ1,i and Ẽ2,i are the electric fields of the two incident pulses, and η̃δr̃ is a complex

diffraction coefficient. η̃ is conjugated in the bottom expression to account for diffraction into the

opposite order. Specifically, we are assuming that +1 diffracted order of probe beam 2 is collinear

with specularly reflected component of probe beam 1, and that -1 diffracted order of probe beam

1 is collinear with the specularly reflected component of probe beam 2. Explicitly writing out all

amplitudes and phases, Eq. 3.8 may be expressed as:

Ẽ1,r = (|r̃|eiφr + |δr̃|eiφδr)|Ẽ1,i|eiφ1 + |η̃|eiφη |δr̃|eiφδr |Ẽ2,i|eiφ2

Ẽ2,r = (|r̃|eiφr + |δr̃|eiφδr)|Ẽ2,i|eiφ2 + |η̃|e−iφη |δr̃|eiφδr |Ẽ1,i|eiφ1

(3.9)

Where φ1 and φ2 are the absolute phases of probe beams 1 and 2, φr and φδr are the absolute

phases of r̃ and δr̃, and φη is the absolute phase of the transient grating. φη is set by the relative

phase between the two pump beams, while the relative phase between probe beams φ2 - φ1 is
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determined by the optics of the imaging system and the coverslips. Thus, φη, φ2, φ1 are set purely

by optics and do not relate to the physics of the sample. In contrast, φr and φδr are intrinsic optical

properties that relate to the physics of the sample. We note that the two probe beams are identical

apart from the relative phase φ2−φ1, since the two beams are just ±1 diffracted orders of the

same beam. This means that |Ẽ1,i|= |Ẽ2,i| ≡ |Ẽi|.

The photodetector used to measure the beams is sensitive to intensity. Squaring the electric

fields and dropping the terms that are quadratic in the small parameter δr̃ gives:

I1 ∝ |Ẽ1,r|2 = |Ẽi|2|r̃|2 + |Ẽi|2|r̃||δr̃|Cosφ+ |Ẽi|2|r̃||δr̃||η̃|Cos(ψ+φ)

I2 ∝ |Ẽ2,r|2 = |Ẽi|2|r̃|2 + |Ẽi|2|r̃||δr̃|Cosφ+ |Ẽi|2|r̃||δr̃||η̃|Cos(ψ−φ)

(3.10)

Where we define the optical phase ψ≡ φη +φ2−φ1 and the physical phase φ≡ φr−φδr. This

expression has the form I = Ieq+∆I. Thus, the typical quantity that is measured in a time resolved

reflectivity experiment, ∆I/I, can be expressed as:

∆I1

I1
=
|δr̃|
|r̃|

Cosφ+
|δr̃|
|r̃|
|η̃|Cos(ψ+φ)

∆I2

I2
=
|δr̃|
|r̃|

Cosφ+
|δr̃|
|r̃|
|η̃|Cos(ψ−φ)

(3.11)

Eq. 3.11 is the general expression for the heterodyne signal measured in both specularly reflected

probe beam paths for an arbitrary optical phase ψ.

3.4.3 Data Acquisition

Also present in Fig. 3.1 are identical thin pieces of glass that have been inserted into the

two probe beam paths. These pieces of glass have been labelled as “shaker” and “coverslip,”. The

coverslip is mounted on a motorized rotation stage and the shaker is mounted on a motorized

galvanometer. The galvanometer can be held fixed in place with a constant DC signal, or it can

be turned into a rotary oscillator if driven by an AC signal.
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We now discuss how the optical phase ψ and the physical phase φ may be unambiguously

determined from the heterodyne transient grating signal by using the coverslip and shaker [5].

Note that ψ may be continuously varied by rotating the coverslip by an angle θ, or dynamically

modulated using the shaker. If the coverslip is placed at approximately 45◦ with respect to the

incident probe beam, then the change in ψ is linear in θ for small θ, and the graph of ∆I/I vs. θ

will be a cosine. We can exploit the symmetry of the two specularly reflected probe beam paths to

calibrate ψ. If ψ = 0, π/2, or π, then Eq. 3.11 can be simplified by exploiting basic trigonometric

identities. At these three angles, the photodetector current for specularly reflected probe beam 1

may be written as:

∆I1

I1

∣∣∣∣
ψ=0

=
|δr̃|
|r̃|

Cosφ+
|δr̃|
|r̃|
|η̃|Cos(φ)

∆I1

I1

∣∣∣∣
ψ= π

2

=
|δr̃|
|r̃|

Cosφ+
|δr̃|
|r̃|
|η̃|Sin(φ)

∆I1

I1

∣∣∣∣
ψ=π

=
|δr̃|
|r̃|

Cosφ− |δr̃|
|r̃|
|η̃|Cos(φ)

(3.12)

Likewise, the photodetector current for specularly reflected probe beam 2 may be written as:

∆I2

I2

∣∣∣∣
ψ=0

=
|δr̃|
|r̃|

Cosφ+
|δr̃|
|r̃|
|η̃|Cos(φ)

∆I2

I2

∣∣∣∣
ψ= π

2

=
|δr̃|
|r̃|

Cosφ− |δr̃|
|r̃|
|η̃|Sin(φ)

∆I2

I2

∣∣∣∣
ψ=π

=
|δr̃|
|r̃|

Cosφ− |δr̃|
|r̃|
|η̃|Cos(φ)

(3.13)

Thus, the coverslip angles θ corresponding to optical phases ψ = 0 and ψ = π may be identified

as the positions of equal photodetector currents in both probe beam arms, with ψ = π/2 lying

halfway in between. We note that the optical phase ψ does not depend on the properties of the

sample. Thus, it is sufficient to perform the calibration with one set of experimental parameters

(pump-probe time delay, temperature, fluence, etc.) fixed. The coverslip angles corresponding to
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ψ = 0, ψ = π/2, and ψ = π will not change as these experimental parameters are varied. Once

the calibration is complete, it is sufficient to record the signal from only one of probe beams at

the three coverslip angles that give ψ = 0, ψ = π/2, and ψ = π.

In practice, the calibration procedure occurs as follows. At a stable temperature and a

fixed pump fluence, the time delay between pump and probe beams is set to a value where the

pump probe signal is large and stationary. Then, probe beam 2 is blocked and the fractional

change in the photocurrent from probe beam 1 ∆I1/I1 is recorded while varying the coverslip

angle θ. Typically, a 2π phase shift in ψ is obtained for a coverslip rotation of about 1◦. After

this, probe beam 1 is blocked and ∆I2/I2 is measured while varying θ over the same range of

angles. This procedure creates two phase-shifted cosine curves, which are fit to a function of the

form f (θ) = A+B∗Cos(kθ+θ0), with k treated as a shared fitting parameter for both curves.

The coverslip angles corresponding to ψ = 0, ψ = π/2, and ψ = π are then identified and fixed

for the duration of the experiment. A typical calibration curve is shown in Fig. 3.2.

Consider the case where the shaker is held stationary. This method of data acquisition is

referred to as “3 point transient grating.” Eq. 3.12 consists of three equations and three unknowns.

Thus, the unknowns |δr̃|
|r̃| , |η̃|, and φ may be solved:

|δr̃|
|r̃|

=
I0 + I2√
2(I0− I2)

√
I2
0 −2I0I1 +2I2

1 −2I1I2 + I2
2

|η̃|= I0− I2

I0 + I2

φ = Arctan(−I0−2I1 + I2

I0− I2
)

(3.14)

Where we have abbreviated ∆I1
I1
|ψ=0, π

2 ,π
as I0,1,2. Another method of data acquisition is referred

to as “2 point transient grating.” In this method, the shaker is driven by an AC signal so that it

oscillates, dynamically modulating ψ. By using a lock-in amplifier referenced to the shaker drive

frequency, the first term in Eq. 3.12 can be removed from the measured photocurrent. In this

situation, the heterodyne signal in both probe arms (Eq. 3.12) will be reduced to:
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Figure 3.2: Calibration of the transient grating experiment. The red and blue data points are the
signal from the lock-in measured as a function of coverslip angle θ. The red and blue dashed
lines are best fits to the red and blue data points using a cosine function. The dotted black
vertical lines mark the coverslip angles corresponding to ψ = 0, ψ = π/2, and ψ = π. ψ = 0 and
ψ = π occur halfway between the two minima and maxima, respectively, of the best fit cosines.
ψ = π/2 occurs halfway between ψ = 0 and ψ = π.

∆I1

I1
=
|δr̃|
|r̃|
|η̃|Cos(ψ+φ)

∆I2

I2
=
|δr̃|
|r̃|
|η̃|Cos(ψ−φ)

(3.15)

The calibration procedure remains the same. Setting the coverslip rotation angle such that

ψ = 0, π/2, or π gives:
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∆I1

I1

∣∣∣∣
ψ=0

=
|δr̃|
|r̃|
|η̃|Cos(φ)

∆I1

I1

∣∣∣∣
ψ= π

2

=
|δr̃|
|r̃|
|η̃|Sin(φ)

∆I1

I1

∣∣∣∣
ψ=π

=−|δr̃|
|r̃|
|η̃|Cos(φ)

(3.16)

Clearly, the bottom expression is redundant, and only two independent equations are

represented here. This means that only two coverslip angles are necessary and that only two

unknowns, |δr̃|
|r̃| |η̃| and φ, may be obtained. This is why this method of data acquisition is referred

to as the 2 point method. The solution to the system of equations in this case is:

|δr̃|
|r̃|
|η̃|=

√
I2
0 + I2

1

φ = Arctan(
I1

I0
)

(3.17)

Whether to perform the transient grating measurement in 2 point or 3 point mode depends

on the situation, as both approaches have benefits and drawbacks. The ability to measure and

distinguish between |δr̃|/|r̃| and |η̃| in single set of measurements is a major advantage of 3 point

transient grating. Another advantage is that the measured photocurrents are less noisy. That said,

although the photocurrents measured with 2 point transient grating are noisier due to the shaker,

Eq. 3.17 is much simpler than Eq. 3.14, and in practice, this doesn’t result in significantly noisier

data for φ or η̃. The phase modulation technique employed in 2 point transient grating is highly

effective at removing pump scatter from the signal, which can be quite difficult to get rid of in

3 point transient grating. Data acquisition is also much quicker, since the photocurrent must be

measured at only two coverslip angles. Optimizing the transient grating signal is much easier in

the case of 2 point transient grating because the pump-probe signal is absent from the lock-in
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output.

3.4.4 Applications of Heterodyne Transient Grating Techniques

Transient grating measurements offers access to the same information and properties that

can be studied with standard pump probe techniques. In addition, the heterodyne transient grating

signal contains information which is inaccessible for standard pump probe techniques involving

only two beams. Notably, measurement of φ is equivalent to the time resolved measurement of

the photoinduced change in the real and imaginary optical constants at the probe wavelength. In

contrast, time resolved reflectivity experiments are insensitive to changes in reflectivity that are

out of phase with the equilibrium reflectivity. This is quite useful for almost any type of pump

probe measurement, especially if the dynamical response consists of contributions from multiple

different types of electronic excitations [6].

Transient grating techniques may also be used to excite and detect finite-q collective

modes at the wavevector of the grating. The range of accessible q generally limits this approach

to studying acoustic modes near zone center. For example, acoustic phonons in metallic thin films

[7] and the phase mode of a charge density wave in a cuprate [8] have been coherently excited

and detected with this technique.

Another unique capability of transient grating techniques is the measurement of diffusion.

It is possible to study diffusive phenomena with transient gratings because the time-dependent

intensity of the diffracted beam depends not only on the typical relaxation mechanisms studied in

time resolved reflectivity experiments, such as recombination and electron-phonon coupling, but

also on diffusion. Diffusion parallel to the wavevector of the grating tends to smear out the crests

and troughs of the grating, turning the periodic excitation into a uniform excitation incapable

of diffracting a probe beam. In the simplest model applicable to the decay dynamics of the

transient grating, the net relaxation rate of the grating Γ = Γr +Dq2, where Γr is the relaxation

rate measured by time resolved reflectivity, D is the diffusion constant, and q is the wavevector of
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the grating. In the context of condensed matter physics, perhaps the most significant result is on

the diffusion of nonequilibrium quasiparticles in a cuprate superconductor [9].

We note that the study of diffusion with this technique is often quite challenging. One

reason for this is that the penetration depth of visible or NIR light is typically on the order of 100

nm in many samples of interest. However, the grating periodicity is at least an order of magnitude

larger, meaning that the easiest direction for diffusion is into the bulk. The technique is only

sensitive to the diffusion along the wavevector of the grating.

It is also possible to measure the diffusion of spin-polarized excitations using the so-called

“spin transient grating” technique. A transient grating experiment can be turned into a spin

transient grating experiment with a simple modification. Spin transient grating measurements

enable the study of relaxational and diffusive dynamics of spin-polarized excitation [10, 11, 12].

However, a description of this technique is beyond the scope of this thesis.

3.5 Time-Domain Spectroscopy

Time-domain spectroscopy is a technique which involves measuring the time-domain

trace of an AC electric field transient. Spectral information can be extracted from the time-domain

trace by means of Fourier Analysis. Traditionally, time-domain spectroscopy has been used

primarily in the terahertz (THz) frequency range, loosely defined as 100 GHz to 3 THz. As such,

this is one of the only techniques capable of bridging the so-called “THz gap” separating state of

the art radio frequency electronics below ∼100 GHz from bright and/or coherent light sources

coupled with efficient detectors operating above ∼3 THz. In recent years, the techniques of time

domain spectroscopy have been adapted to the higher frequency mid-infrared or “multi-THz”

frequency regions. It is now possible to measure the time-domain traces of electric field transients

reaching the NIR with center frequencies as high as 100 THz.

Time-domain spectroscopy is quite useful for a number of reasons. Notably, the amplitude
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and phase of the electric field transient are measured, enabling the extraction of real and imaginary

optical parameters without resorting to Kramers-Kronig analysis. The frequency windows

studied with this technique are intrinsically broad, as few cycle or even single cycle electric

field transients are typically used. Nonetheless, the frequency resolution can be set to be quite

narrow simply by increasing the temporal duration of the measurement window. Most importantly,

this technique is naturally well suited for pump-probe type experiments, where the frequency

dependent transmission or reflection coefficient of a sample is measured as a function of time

delay following photoexcitation by a pump pulse.

3.5.1 Generation and Detection of THz Electric Field Transients

There are many ways to generate THz electric field transients using femtosecond lasers.

There are three techniques that are utilized in the Averitt Lab:

1. Frequency conversion by means of nonlinear optics.

2. Radiation from transient photocurrents biased photoconductive switches.

3. Emission from a laser generated plasma in gas.

We describe the first technique in detail and briefly mention the second technique. Nonlinear

optics, specifically optical rectification and difference frequency generation using NIR laser

pulses, is the most common means to generate THz pulses in the Averitt lab. In order to generate

THz efficiently using nonlinear optics, there must be phase matching between the generating NIR

pulse and generated THz pulse. The phase matching condition for optical rectification is given

by:

∆k = k(ωNIR +ωT Hz)− k(ωNIR)− k(ωT Hz) = 0 (3.18)
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Where ωNIR and ωT Hz are the center frequencies of the NIR and THz pulses, respectively. To

account for finite bandwidth, we expand this equation to first order in frequency:

k(ωT Hz)

ωT Hz
≈ (ωNIR +ωT Hz)−ωNIR

ωT Hz

(
∂k
∂ω

)
NIR

=

(
∂k
∂ω

)
NIR

(3.19)

Thus, the phase matching condition amounts to the requirement that the THz phase velocity must

be equal to the NIR group velocity. This way, the generated THz wave is always in phase with

the generating NIR wave, and destructive interference is avoided. We consider monochromatic

NIR and THz beams centered at ωNIR and ωT Hz. After copropagating through a nonlinear crystal

of thickness d, the group velocity mismatch time is:

δ(ωT Hz)≈
ng(ωNIR)−n(ωT Hz)

c
d (3.20)

Where ng(ωNIR) is the group refractive index of the NIR beam and n(ωT Hz) is the phase refractive

index of the THz beam. Thus, there is a compromise between broadband response and interaction

length.

In common electro-optic crystals such as ZnTe and GaP, the phase matching condition

is nearly always fulfilled because n(ωT Hz) is almost equal to ng(ωNIR). However, it is possible

to achieve so-called “quasi-phase-matching” even if this is not the case by utilizing tilted pulse

fronts. This technique has been used with great success in LiNbO3. In LiNbO3, n(ωT Hz) is much

larger than ng(ωNIR). Nonetheless, this material has a much higher electro-optic coefficient than

any other known inorganic nonlinear crystal, and thus should generate THz quite efficiently if

done correctly.

The principle of tilted pulse front quasi-phase-matching is to match the NIR group velocity

with the THz phase velocity in a noncollinear, Cherenkov-like geometry. In this case, the group

velocity of the NIR pulse projected in the direction of its pulse front is matched the phase velocity
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of the THz pulse:

vT Hz = vg
NIRCos(γopt)

γopt = Cos−1
(

ng(ωNIR)

n(ωT Hz)

) (3.21)

Where γopt is the angle of the pulse front tilt in the LiNbO3 crystal. This type of phase matching

is possible because the THz is emitted perpendicularly to the wavefront of the NIR beam, which

is not the same as the direction of propagation in the case of a tilted pulse front.

Experimentally, the tilted pulse front is typically created through angular dispersion

introduced by a diffraction grating. In this case, the NIR beam is spatially and temporally

dispersed after diffraction, reducing THz generation efficiency. The solution this problem is to

use the diffracted beam to create an image of the grating inside the crystal. This preserves the

temporal duration of the incident pulse at the focal plane of the imaging system. To achieve phase

matching and minimize pulse duration simultaneously, the angle of the grating image produced

inside crystal θ must match the pulse front tilt angle in the crystal γ. The angle of the grating

image θ is given by:

Tan(θ) = nβTan(θd) (3.22)

Where n is the NIR phase refractive index, β is the magnification ratio of the imaging system, and

θd is the angle between the diffracted beam and the grating normal.

The image of the tilted pulse front produced in the crystal has a tilt angle γ given by:

Tan(γ) =
λg

ngβCos(θd)
(3.23)

Where ng is the NIR group refractive index of the nonlinear crystal, λ is the NIR wavelength,

and g is the line density of the grating. g and λ are typically fixed by the need to choose a stock

diffraction grating and pump laser. ng is fixed by the choice of pump wavelength. Furthermore,
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γ is set by the velocity matching condition, Eq. 3.21. Thus, β and θd are the free parameters

of Eq. 3.23. Only one set of values for β and θd simultaneously satisfies the grating imaging

condition, Eq. 3.22. To solve for these values, we set θ = γ = γopt , rearrange Eq. 3.22 and Eq.

3.23 in terms of β, and solve for θd . The solution for θd can then be plugged back in to either

equation to obtain the correct value for β, which then determines the placement of optics for the

imaging system. In our case, we have λ = 1.042, µm, n = 2.16, ng = 2.21, g = 1.5 lines/µm, γopt =

63.4◦. This gives θd ≈ 55.9◦ and β ≈ 0.629.

To detect THz pulses generated by electro-optic crystals, a technique known as electro-

optic sampling (EOS) is typically used. EOS uses the Pockels effect for linear electro-optic

detection of the THz pulse, which is also based on the second order onlinear susceptibility of the

sampling medium. Thus, many of the same crystals used for THz generation are also used for

THz detection, and the same concerns about phase matching, group velocity mismatch, etc. apply

to the EOS.

In short, the Pockels effect is a birefringence induced in a nonlinear medium that depends

linearly on a static or quasistatic electric field. Thus, if the THz pulse and a much shorter linearly

polarized NIR gate pulse are overlapped in space and time in the nonlinear medium, the gate

pulse acquires a slight ellipticity. This can be used to measure the time domain profile of the THz

electric field transient by sending the gate beam through a quarter wave plate and a polarizer. In

the absence of the THz pulse, the quarter wave plate converts the linearly polarized pulse into a

circularly polarized pulse, which is then split into equal s and p linearly polarized components

polarizer. However, if the THz pulse is present, the two components will no longer be equal.

The difference between the two components can then be measured using a pair of balanced

photodiodes. This detection scheme is highly effective at suppressing shot-to-shot noise of the

laser.

THz pulses generated from biased photoconductive switches rely on the intrinsically fast

relaxation times of electrons in semiconductors with large densities of defects. Typical substrates
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for photoconductive switches include low temperature grown GaAs, ErAs nanoislands embedded

within GaAs, and radiation-damaged Si on Sapphire. Two metal electrodes are placed on the

defect-laden semiconducting substrate, separated by a distance on the order of ten µm. A static

bias is placed across the two electrodes. When a femtosecond NIR laser pulse is incident upon

the subrtate between the electrodes, carriers are excited across the bandgap. These carriers are

accelerated by the bias, resulting in a transient current. The radiated THz electric field ET Hz(t) is

proportional to the rate of change of the photocurrent Jph(t):

ET Hz(t) ∝
dJph(t)

dt
= e(ve

dne

dt
+ vh

dnh

dt
+ne

dve

dt
+nh

dvh

dt
) (3.24)

Where ne and nh are the densities of electrons and holes, and ve and vh are the drift velocities of

electrons and holes in the static bias field. Thus the time domain profile of the emitted THz pulse

is dictated by the dynamics of carrier excitation and relaxation, and the amplitude of the emitted

THz pulse is set by the carrier mobility. Relaxation times on the order of 1 ps resulting in radiated

electric fields on the order of 1 THz. Hyper-hemispherical lenses, most commonly made from

high-resistivity floating-zone grown Si, are used to couple the THz pulses into free space.

Photoconductive switches can also be used to detect THz electric field transients in a

process that is nearly identical to generation. Instead, the THz electric field acts as a transient

bias, which accelerates carriers generated in the substrate by a NIR pulse. Because the size

of the photoconductive switch is much smaller than the diffraction limit for THz light, we can

neglect the spatial variation in the intensity of the THz pulse and consider the local electric field

as instantaneously quasistatic. Provided the photocarrier response time is much faster than the

temporal variation of the THz pulse, the photocurrent measured across the two electrodes will be

proportional to the electric field of the THz pulse. Thus the time delay between the THz pulse

and the NIR gate pulse can be varied in order to measure the time domain trace of the THz pulse.
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3.5.2 Estimation of Peak Field Strength

While THz pulses have long been used to study low energy dynamics, it has only recently

become possible to drive materials out of equilibrium using intense THz pulses due to develop-

ments like tilted pulse front pumping and organic crystals with large electro-optic coefficients.

Of course, it is possible to measure the strength of photoexcitation using parameters such as

fluence that are commonly used to quantify the strength of NIR or optical pump pulses. However,

because these intense THz pulses are typically few or even single cycle, the peak electric field

strengths are quite large, and are often capable of driving various degrees of freedom even in the

absence of absorption (for example, through field-induced tunneling). Therefore, it is important

to accurately measure the peak field strength of these intense THz transients, and the strength of

THz pump beams is often quoted in units of kV/cm instead of mJ/cm2.

Unfortunately, it is quite difficult to accurately measure the peak THz field strength. Two

techniques can be used. If the envelope function of THz pulse is known, the peak field strength is

given by:

Epeak =

√
2η0W
πr2τ

(3.25)

Where η0 = 377 Ω is the impedance of free space, W is the THz pulse energy, r is the radius of

the THz beam and τ is the duration of the envelope function.

It is also possible to estimate the peak field strength directly using electro-optic sampling

signal ∆I/I = (I1− I2)/(I1 + I2) [13]:

Epeak =
λ

2πLnrt
∆I
I

(3.26)

Where λ is the gate beam wavelength, L is the detector crystal thickness, n is the gate beam

refractive index in the detector crystal, r is the electro-optic coefficient of the detector crystal, and

t = 2/(nT Hz+1) is the Fresnel transmission coefficient of the THz pulse at the air-crystal interface.

However, to accurately estimate the field strength with this technique, the amplitude and phase
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of the measured THz spectrum must be corrected to account for the detector response function

[14, 15]. The detector response function accounts for imperfect phase matching between the THz

and gate beam, as well as dispersion and absorption inside the THz crystal. The correction to the

estimated field strength can be significant, especially if a thick crystal or an especially short gate

pulse is used.

3.5.3 Time Domain Analysis

To extract optical parameters from a sample using time domain spectroscopy, several

steps must be performed. First, the time domain scans reflected from or transmitted through a

sample must be measured, followed by the measurement of time domain scans reflected from or

transmitted through a reference material with known parameters. Next, the sample and reference

time domain scans are processed. The processing of time domain scans consists of background

subtraction, time-windowing, and zero-padding. The processed scans are then Fourier transformed

and divided, returning the complex reflection or transmission coefficient. Finally, a model for the

theoretical reflection or transmission coefficient is fit to the measured reflection or transmission

coefficient. This nonlinear fit returns frequency dependent real and imaginary optical quantities.

Background subtraction is performed to ensure that the measured electric field falls to

zero at the beginning and the end of the time domain scan. This background typically arises due

to the incomplete suppression of scattered light hitting the photodetector at the lock-in reference

frequency and may be present even if the gate pulse is blocked.

The time-windowing of the scans is the most intricate processing step and serves several

functions. Notably, replica pulses that arise due to multiple internal reflections of both the

measured pulse and the gate pulse inside optics are often present in time domain scans. These

replica pulses are colloquially referred to as “etalons.” The presence of etalons in the time domain

scans results in artifacts in the frequency domain and makes the extraction of optical parameters

much more difficult. If the sample under study is sufficiently thick, then the etalons are well
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separated in time and it possible to keep only the first THz pulse by windowing appropriately.

Windowing also prevents other frequency domain artifacts that may arise from phase shifts due

to the sample or from the pulse not quite going to zero at the beginning and end of the scan.

Typically, a Hanning window is chosen for simplicity. Any window function that peaks at 1

and smoothly goes to zero at the beginning and the end of the scan can work, but will affect the

resulting spectrum slightly differently. It is important that the window is centered at the peak of

the both the sample and the reference pulse, which in general are offset by a phase shift.

Once the time domain scans are windowed and smoothly go to zero at the beginning and

end, they are zero-padded to artificially increase frequency resolution, ∆ f = fs/N, where N is the

number of data points in the time-domain scan. N should be a power of 2 in order to simplify the

fast Fourier transform algorithm.
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Figure 3.3: Processing of THz time-domain scans for parameter retrieval. (a) Time domain
scans of the electric field transmitted through the sample (red) and through the air reference
(blue), normalized to the peak of the reference scan. The unprocessed, raw scans for both curves
are plotted as thin black lines underneath. The windowing functions used to process the raw
data are plotted as dotted red and blue lines. An etalon is present in the unprocessed reference
scan at t = 2 ps. (b) Amplitudes of the Fourier transforms of the processed time domain scans of
the sample (red) and the reference (blue), normalized to the peak of the reference amplitude.
The spectral content of this THz pulse extends from roughly 0.2 to 1.5 THz. The inset shows
the measured transmissivity T .

In summary, the processing of the raw time domain scans prior to prepare the data for
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parameter extraction consists of background subtraction, windowing, and zero-padding. As

an example we apply these steps to measure the transmissivity of an Yttria-stabilized zirconia

substrate at T = 10 K in Fig. 3.3. Care must be taken to ensure that the processing of scans is

done appropriately. For example, if a strong resonance is present in the sample in the frequency

range of the pulse, the measured width and depth of the resonance may be strongly modified if

the scan is prematurely windowed and then zero-padded. The best way to prevent artifacts that

arise due to processing is to ensure that the measured pulse actually does go to nearly to zero at

the beginning and end of the scan, with the exception of etalons.

Generally, theoretical complex transmission or reflection coefficients are obtained by

solving the electromagnetism problem that models the experiment, including Fresnel terms

at interfaces, propagation terms, and Fabry-Perot terms as necessary. Once a good model

is established, the complex refractive index of the sample can be extracted by minimizing

the difference between theoretical and measured transmission or reflection coefficient at each

frequency. To demonstrate how this is done, we consider the experimentally relevant case of

transmission through an isotropic thin film on an isotropic thick substrate at normal incidence. The

properties of the substrate must be well known or else measured relative to air. The significance

of the thick substrate is that the etalons may be separated from the electric field of the main pulse

in the time domain, and the Fabry-Perot term may be neglected, simplifying analysis. In this case,

the electric field transmitted through the substrate Ẽt will be given by:

Ẽt = t̃13P̃3t̃31Ẽi (3.27)

Where t̃13 is the Fresnel transmission coefficient at the air-substrate interface, P̃3 is the wave

propagation coefficient in the substrate, and t̃31 is the Fresnel transmission coefficient at the

substrate-air interface, and Ẽi is the incident electric field. At normal incidence, this expression
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becomes:

t̃(ω)≡ Ẽt

Ẽi
=

4ñ3

(ñ3 +1)2 exp[iωL(ñ3−1)/c] (3.28)

Where ñ3 is the complex refractive index of the substrate and L is the thickness of the substrate.

In the case of a thin film, the etalons may not be separated in the time domain and the Fabry-Perot

term must be included in the model. In this case, the transmitted electric field Ẽt will be given by:

Ẽt = t̃12F̃2P̃2t̃23P̃3t̃31Ẽi (3.29)

Where t̃12 is the Fresnel transmission coefficient at the air-film interface, F̃2 is the Fabry-Perot

term due to multiple internal reflections in the thin film, P̃2 is the wave propagation coefficient

in the film, t̃23 is the Fresnel transmission coefficient at the film-substrate interface, P̃3 is the

wave propagation coefficient in the substrate, t̃31 is the Fresnel transmission coefficient at the

substrate-air interface, and Ẽi is the incident electric field. At normal incidence, this expression

becomes:

t̃(ω) =
2(ñ3+1)

(ñ2+1)(ñ3+ñ2)
exp[iωd(ñ2−1)/c]

1+ (ñ2−1)(ñ3−ñ2)
(ñ2+1)(ñ3+ñ2)

exp[2iωdñ2/c]
exp[iω∆L(ñ3−1)/c] (3.30)

Where ñ2 is the complex refractive index of the film, d is the thickness of the film, ñ3 is the

complex refractive index of the substrate, and ∆L is the difference in thickness between the

sample substrate and the reference substrate. In a well designed experiment, ∆L = 0 and this last

term can be dropped.

The adaptation to time resolved THz spectroscopy is simple. The photoexcitation creates

a small change in the transmission coefficient of the sample ∆t̃:

t̃(ω)+∆t̃(ω,τ) =
FFT (Ẽs(t))
FFT (Ẽr(t))

+
FFT (∆Ẽ(t,τ))

FFT (Ẽr(t))
(3.31)

Where Ẽs(t) is the electric field transmitted through the sample, Ẽr(t) is the electric field transmit-

ted through the reference, ∆Ẽ(t,τ) is the small change in the electric field transmitted through the
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sample, and τ is the time delay between the pump pulse and the probe pulse. Pump modulation

and lock-in detection is used to sentively measure ∆Ẽ(t,τ) while scanning the probe time delay

axis t.

The small change in transmission coefficient is due to a small change in the refractive

index of the sample ∆ñ2:

∆ñ2 =
dñ2

dt̃
∆t̃ (3.32)

From ∆ñ2 = ∆n + i∆κ, where n and κ are the real and imaginary components of the sample

refractive index, the pump-induced change in all other optical properties can be obtained:

∆σ1 =
dσ1

dn
∆n+

dσ1

dκ
∆κ = 2ε0ω(∆nκ+n∆κ)

∆σ2 =
dσ2

dn
∆n+

dσ2

dκ
∆κ =−2ε0ω(n∆n−κ∆κ)

∆ε1 =
dε1

dn
∆n+

dε1

dκ
∆κ = 2(n∆n−κ∆κ)

∆ε2 =
dε2

dn
∆n+

dε2

dκ
∆κ = 2(∆nκ−n∆κ)

(3.33)
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Chapter 4

Phenomenological Models for Relaxation

Dynamics

The class of phenomena that can be studied using pump probe techniques is extremely

broad. For brevity, we focus on the two phenomena most relevant to this thesis: electron-phonon

thermalization and quasiparticle recombination dynamics. In metals, fast relaxation dynamics are

observed. This can be largely attributed to electron-phonon thermalization, which can be studied

using effective temperature models. The slower relaxation dynamics observed in gapped systems

can be approached using the Rothwarf-Taylor Model.

4.1 The Rothwarf-Taylor Model

Originally developed to describe nonequilibrium phenomena in BCS superconductors,

the Rothwarf-Taylor (RT) equations provide a powerful and versatile phenomenological model

to describe nonequilibrium quasiparticle dynamics in the presence of a small gap in the density

of states. The RT model focuses on the kinetics of interacting populations of nonequilibrum

quasiparticles and bosons (these are broken Cooper pairs and phonons, respectively, in the case
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of BCS superconductors). In the RT model, the photoexcited state is characterized principally

by the excess number densities of nonequilibrium quasiparticles and bosons. On the other

hand, quantities such as the energies, momenta, and spin and orbital angular momenta of the

photoexcited quasiparticles are neglected. In spite of these simplifications, the RT model appears

to provide an accurate description of relaxation dynamics in a large variety of phenomenologically

distinct quantum material systems.

The Rothwarf-Taylor equations are given by:

dn
dt

= In +2γpcN−Bn2 (4.1)

dN
dt

= IN +Bn2/2− γpcN− γesc(N−Neq) (4.2)

Where n and N are the number densities of across-gap quasiparticles and bosons with energies

greater than or equal to the gap energy. Of course, such bosons are sufficiently energetic to excite

a quasiparticle across the gap. The right hand side of Eq. 4.1 shows the difference between

quasiparticle creation and annihilation rates. In is the external creation rate of quasiparticles

and 2γpcN is the rate of pair creation due to the annihilation of gap energy bosons. Bn2 is

the annihilation rate of quasiparticles with the creation of a gap energy boson, which varies

quadratically with quasiparticle density n because recombination involves two particles (e.g. an

electron and a hole). The right hand side of Eq. 4.2 shows the difference between gap energy

boson creation and annihilation rates. IN is the external creation rate of gap energy bosons. and

Bn2/2 and γpcN are scaled by a factor of two because, while quasiparticles must be created and

annihilated in pairs, a single gap energy boson can be created or annihilated, and this is generally

much more likely occur than processes involving multiple bosons. Finally, γesc(N−Neq) is the

rate at which gap energy bosons escape from the system, either due to diffusion or anharmonic

decay. Generally, anharmonic decay is much quicker, unless a sample is quite thin.

In general, the dynamical evolution of the system following photoexcitation depends
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on the relative magnitudes of γesc,γpc, and B. If γesc� γpc, then a gap energy boson is much

more likely to excite a quasiparticle than to escape, and the population of gap energy bosons N

increases until a quasiequilibrium with quasiparticles is reached. This quasiequilibrium occurs if

and when the quasiparticle creation and annihilation rates are equal, γpcN = Bn2. In this regime,

known as the “strong bottleneck,” n and N will both decay at the density-independent rate γesc.

At earlier times, or if a quasiequilibrium is never reached, γpcN � Bn2, and the quasiparticle

population n decays at the rate Bn, which depends linearly on n. This regime is known as the

“weak bottleneck” regime. The return to equilibrium in the weak bottleneck regime is dictated by

bimolecular kinetics.

The RT equations can be simplified by writing the total quasiparticle population as n

= nph + nth, where nph and nth are the portions of the quasiparticle population created by the

photoexcitation and already existing in thermal equilibrium, respectively. Likewise, we write

the boson population as N = Nph + Nth, where Nph and Nth are the portions of the boson due to

photoexcitation and already existing in thermal equilibrium, respectively. The thermal densities

of quasiparticles and gap energy bosons are related by detailed balance:

2γpcNth = Bn2
th (4.3)

Plugging this into Eq. 4.1 gives a rate equation for nph:

dnph

dt
= In−2Bnthnph +2γpcNph−Bn2

ph (4.4)

In the weak bottleneck regime, the term 2γpcNph is negligible, and the RT equations become

decoupled. In this limit, Eq. 4.4 becomes:

dnph

dt
= In−2Bnthnph−Bn2

ph (4.5)
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Eq. 4.5 is equivalent to the rate equation describing the bimolecular kinetics of nonequilibrium

electrons and holes in semiconductors. Assuming a delta-function-like In to mimic a femtosecond

laser pulse and a single exponential population relaxation nph(t) = n0e−γnt , the relaxation rate γn

can be written as:

γn =−
1

nph

dnph

dt
= 2Bnth +Bnph (4.6)

Thus, the effective relaxation rate γn consists of a contribution from thermal quasiparticles 2Bnth

and a contribution from photoexcited quasiparticles Bnph. Assuming the number of photoexcited

quasiparticles nph is linearly proportional to the absorbed energy density from the pump pulse,

Eq. 4.6 predicts a decay rate that is linear pump fluence F , with an intercept that depends on the

thermal quasiparticle density at a given temperature.

42



Chapter 5

Quasiparticle Relaxation Dynamics in

URu2−xFexSi2 Single Crystals

5.1 Abstract

We investigate quasiparticle relaxation dynamics in URu2−xFexSi2 single crystals using

ultrafast optical-pump optical-probe (OPOP) spectroscopy as a function of temperature and

Fe substitution (x), crossing from the hidden order (HO) phase (x = 0) to the large moment

antiferromagnet (LMAFM) phase (x = 0.12). At low temperature, the dynamics for x = 0 and x =

0.12 are consistent with the low energy electronic structure of the HO and LMAFM phases that

emerge from the high temperature paramagnetic (PM) phase. In contrast, near the bicritical point

separating HO and LMAFM (x = 0.1), two transitions occur over a narrow temperature range

(from 15.5 - 17.5 K). A PM to HO transition occurs at an intermediate temperature followed

by a transition to the LMAFM phase at lower temperature. While the data at low temperatures

are consistent with the expected coexistence of LMAFM and HO, the data in the intermediate

temperature phase are not, and instead suggest the possibility of an unexpected coexistence of

HO and PM. Additionally, the dynamics in the PM phase reflect the presence of a hybridization
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gap as well as strongly interacting spin and charge degrees of freedom. OPOP yields insights into

meV-scale electrodynamics with sub-Kelvin temperature resolution, providing a complementary

approach to study low energy electronic structure in quantum materials.

5.2 Introduction

The metallic actinide compound URu2Si2, with its many proximal phases, offers a

platform to study emergent phenomena in f -electron systems poised between localization and

itinerancy. In particular, the hidden order (HO) phase, which develops from a strongly correlated

paramagnetic (PM) phase below T0 = 17.5 K [16, 17], has attracted extensive attention [18].

The combined efforts of ARPES [19, 20, 21, 22], quantum oscillations [23], and band structure

calculations [24, 25] have led to a consistent picture of the Fermi surface. Neutron scattering

measurements have identified magnetic excitations at Q0 = (1,0,0) and Q1 = (1±0.4,0,0) in

the body-centered tetragonal Brillouin zone (BZ) of the PM phase, which are gapped in the HO

phase [26, 27]. Despite this progress, the order parameter of the HO phase remains unidentified,

motivating novel experimental approaches.

An alternate route to understanding HO is to instead study the large-moment antiferro-

magnetic (LMAFM) phase in pressurized URu2Si2 [28]. While the LMAFM and HO phases have

similar signatures in thermodynamics and transport [29], and nearly identical Fermi surfaces [23],

the order parameter and symmetries of the LMAFM phase are known, facilitating progress in

theory [25]. Unfortunately, even the modest pressure necessary to access LMAFM renders many

techniques impossible. However, substitution of Fe for Ru yields an antiferromagnetic phase

without applied pressure [30, 31]. Striking resemblances exist between the magnetic excitation

spectra of the two phases [32], and distinctive features of the phase diagrams of URu2Si2 are

reproduced [33, 34]. Apparently, Fe substitution acts as a chemical pressure, enabling new

measurements in the LMAFM phase [35].
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Optical Pump Optical Probe (OPOP) spectroscopy has been used to study quasiparticle

(QP) relaxation dynamics in a diverse array of systems, including heavy fermion compounds with

hybridization gaps [36, 37], as well as in Kondo insulators [38, 39], heavy fermion superconduc-

tors [40], cuprates [41, 42, 43], Fe-based superconductors [44], BCS superconductors [45], charge

and spin density wave compounds [46, 47], and even recently in strongly spin-orbit coupled

systems such as iridates [48] and ruthenates [49]. The versatility of this technique comes from its

extreme sensitivity to the formation of meV-scale gaps in the electronic density of states (DOS)

near the Fermi Energy EF . The population of QPs that are excited across-gap by the pump pulse

results in a small change in the occupied joint density of states, altering the optical properties

of the sample as measured by the time-delayed probe pulse [50]. The meV-scale QP relaxation

dynamics can then be studied using optical or near-IR probe beams if at least one selection rule

allowed interband transition involving a gapped band is available at the probe photon energy.

The presence of a gap can then be inferred from the temperature (T ) and pump fluence (F)

dependence of the QP relaxation dynamics and may result in an increase in the relaxation time

by several orders of magnitude at low temperature. In this study, we investigate QP relaxation

dynamics in URu2−xFexSi2 single crystals spanning a broad range of Fe substitution (x), focusing

on the compositions indicated in Fig. 5.1. We observe differences in the dynamics between the

HO (x = 0) and LMAFM (x = 0.12) phases, which are successfully described using a simple

phenomenological model of relaxation bottlenecks associated with gaps characteristic of each

state. In contrast, near the bicritical point separating HO and LMAFM (x = 0.1), two transitions

occur over a narrow temperature range (from 15.5 - 17.5 K). A PM to HO transition occurs at

higher temperature, with a subsequent transition to a LMAFM phase at lower temperature. While

signatures of heterogeneity are present in both phases, anomalies in the intermediate temperature

HO phase suggest the unusual possibility of a persistent PM volume fraction. In the PM phase,

the dynamics reveal the presence of a hybridization gap as well as strongly interacting spin and

charge degrees of freedom.
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Figure 5.1: Phase diagram of URu2−xFexSi2, reproduced from [33]. Transition temperatures
determined by resistivity, magnetization, and heat capacity are depicted by gray squares, red
rings, and orange triangles, respectively. Thermal expansion shows two transitions, which are
depicted by blue diamonds and green circles. Optical pump-probe data are presented on samples
with x = 0, x = 0.1, and x = 0.12, indicated by the red dashed lines and arrows.

5.3 Experimental Techniques

A schematic of the experiment is shown in Fig. 5.2. Our laser system consists of a

regenerative amplifier based on Yb doped gain medium, producing 350 fs pulses centered at

1040 nm. 4 W of 1040 nm is frequency doubled to 520 nm and used to pump a non-collinear

optical parametric amplifier with two amplification stages. This yields several hundred mW of

power depending on signal wavelength, tunable from 650-900 nm, with a bandwidth-limited

pulse duration of less than 20 fs. We use an acousto-optic modulator made of quartz to modulate

the pump beam for lock-in detection of the signal. Quartz has reduced chromatic dispersion
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Figure 5.2: Schematic of optical pump-probe experiment. BS = beamsplitter, AOM = acousto-
optic modulator, PC = prism compressor, DS = delay stage, λ/2 = half waveplate. P = polarizer,
NDF = continuously variable neutral density filter. PD = photodiode.

compared to the more common TeO2, allowing for recompression of the pump pulse with a

simple prism pair. The acousto-optic modulator is synchronized with a subharmonic of the laser

repetition rate, so that every pump pulse is either diffracted or blocked. Achromatic focusing on

to the sample is accomplished using an off-axis parabolic mirror. The cross polarized pump and

probe beams were focused to 1
e2 spot diameters of 100 µm and 60 µm respectively.

Balanced photodiodes are used to enhance the dynamic range of detection and to partially

remove shot-to-shot fluctuations of the laser intensity from the signal. We find that balanced

detection increases the smallest signal we can resolve by slightly less than an order of magnitude.

Small long term drifts in the balance, which reduce the effectiveness of cancellation, arise

from temperature dependent changes in reflectivity, changes in the position of beam on sample,

formation of ice on the sample surface, etc. In order to correct for this drift, the 209 kHz pulsetrain

from each photodiode is integrated, producing a DC signal. The two DC signals are subtracted,

producing a difference signal that drives a servo motor. The servo motor adjusts the position

of an ND filter placed in the reference beam path in order to set the intensity of the reference

beam equal to that of the signal beam. The DC signal from the sample photodiode is sent to the

auxiliary channel of lock-in amplifier for continuous measurement of the reflectivity R.
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The Fe-substituted single crystals were grown in a tetra-arc furnace using the Czochralski

technique [33]. OPOP measurements used 20 fs laser pulses centered at 800 nm with a repetition

rate of 209 kHz. The data were collected from large, flat areas of samples cleaved in the a-b plane

and immediately placed in vacuum of 10−6 mbar or lower inside a continuous flow liquid He

optical cryostat. Additional data collected on polished samples showed qualitatively different

dynamics at low temperatures, highlighting the importance of studying HO on strain-free regions.

The use of an intermediate repetition rate amplifier has several advantages over the more

common 80 MHz oscillator for low temperature OPOP measurements. For an 80 MHz system,

cumulative heating due to the average optical power incident upon the illuminated spot is a large

source of uncertainty in temperature even at low fluence. In contrast, the repetition rate of 209

kHz is more than two orders of magnitude lower, allowing us to study a wider range of fluences

without cumulatively heating the sample at low temperature. This effect likely accounts for the

qualitative difference in fluence and temperature dependence between our data and the previous

OPOP data on the parent compound reported by Liu et al. [51].

The pump fluence was fixed at 0.5 µJ/cm2 for all temperature dependent measurements

to ensure minimal heating of the sample. At this fluence, analysis of the specific heat reported

in [17] bounds the change in quasiequilibrium temperature in the sample to less than 4 K at T

= 5 K and by less than 0.5 K just below T0 ≈16.5 K in the parent compound. The number of

quasiequilibrium e-h pairs created is an alternate way to assess the strength of photoexcitation.

Assuming the 7 meV gap feature in optical conductivity at 5 K [52, 53, 54, 55, 56] roughly

corresponds to the energy of the QP excitation to which our OPOP measurements are sensitive,

we estimate that 0.002 e-h pairs/U atom are excited by the pump pulse at this fluence. This is an

order of magnitude lower than the thermal carrier density inside the HO phase of 0.02 e-h pairs/U

atom [57], ensuring that our temperature dependent measurements are performed in the weak

photoexcitation regime.
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5.4 Results and Discussion

5.4.1 Overview of the Dynamics

Fig. 5.3 shows the photoinduced change in fractional reflectivity ∆R/R as a function of

time. The dynamics are qualitatively similar for all samples. At high temperature, the relaxation

is biexponential, consisting of a fast, negative component with a time constant of hundreds of fs

and a small, slow, positive component with a time constant of hundreds of ps. Upon cooling, the

fast component begins to slow to the few ps timescale, and the slower component switches sign

and increases in amplitude. At T0, between 17 K and 16.5 K, the signal amplitude continues to

increase for a few ps after photoexcitation and the relaxation time approaches a ns. These abrupt

changes to the dynamics at T0 mark the transition to the low temperature phase.

We fit the data with a multiexponential function:

∆R
R

(t) = f (t)∗ (A f e−t/τ f +Ase−t/τs +C) (5.1)

Where f (t) = 0.5 ∗ (1− er f [−σ(t− t0)]) ∗ (1+Ar(1− e−(t−t0)/τr)). In f (t), the first term con-

taining the error function represents the fast rise present at all temperatures. This term is included

for completeness and σ is temperature independent. The term containing Ar and τr represents

the slow rise dynamics that onset below T0. The second term in Eqn. 5.1 contains two expo-

nential decays and a constant. The constant is close to the experimental noise floor of 10−6 at

all temperatures, so our analysis will focus on the temperature dependence of the parameters

from the exponential terms. In order to compare amplitudes above and below T0, we define

(1+Ar)A f ,s = A1,2 (τ f ,s = τ1,2 for consistency).
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Figure 5.3: Fractional change in reflectivity ∆R/R vs. time after photoexcitation. Each curve is
labelled by the corresponding temperature in Kelvin. Solid lines are fits to the data using Eqn.
5.1. (a) x = 0, (b) x = 0.1, (c) x = 0.12

50



0.1 1 10 100 1000

0.0

0.5

1.0

Fluence [µJ/cm2]
5
3.62
2.4
1.63
0.5
0.362
0.287
0.163

∆
R

/R
[N

or
m

.]

Time [ps]

(b) x = 0.1, T = 20 K

0.1 1 10 100 1000

0.0

0.5

1.0

(a) x = 0.1, T = 16 K
∆

R
/R

[N
or

m
.]

Time [ps]

Figure 5.4: Fluence dependence of the QP relaxation dynamics (a) at T = 16 K, and (b) at T =
20 K.
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5.4.2 Fluence Dependence

Fig. 5.4 shows the fluence dependence of the data covering more than an order of

magnitude, roughly centered on F = 0.5 µJ/cm2, above and below T0, for x = 0.1. The data is

normalized to highlight the overlap of all the of the curves, showing that the relaxation dynamics

are independent of fluence. At higher fluence, above roughly F = 2 µJ/cm2, some fluence

dependence is observed both above and below T0. Below T0, this can be understood as the

fluence necessary to quench the HO phase. Following the quench of the HO phase, the relaxation

dynamics will be qualitatively different than the relaxation dynamics of photoexcited QPs within

the HO phase. The origin of the fluence dependence in the PM phase will be discussed later.

Relaxation of photoexcited QPs in the presence of a gap requires e-h recombination with

the emission of a high energy boson (HEB) with energy hω ≥ Egap. This situation is frequently

analyzed using the phenomenological Rothwarf-Taylor (RT) model [58]. The key parameters in

the RT model are the bare QP recombination rate γr, the rate of across-gap QP excitation by a

HEB γpc, and the rate of escape or anharmonic decay of HEBs γesc. Various regimes are realized

depending on these rates [59, 44]. If γr � γpc or γesc� γpc, then bimolecular recombination

dynamics are observed, and the bare recombination rate of QPs γr can be obtained. On the other

hand, if γpc is the fastest rate, the result is a strong bottleneck with a relaxation rate limited to γesc.

The observation of fluence independent relaxation dynamics below roughly F = 2 µJ/cm2 in Fig.

5.4 implies strongly bottlenecked QP relaxation.

5.4.3 Dynamics in the Hidden Order and Large Moment Antiferromag-

netic Phases

Fig. 5.5 shows the parameters extracted from fits to the raw data using Eqn. 5.1 below 20

K. All time constants diverge approaching T0 from below and jump to lower values in the PM

phase. This divergence is characteristic of a bottleneck associated with a temperature dependent
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Figure 5.5: Temperature dependence of fit parameters below T0. A1 and τ1 vs. T for (a) x = 0
and (b) x = 0.12. A2 and τ2 vs. T for (c) x = 0 and (d) x = 0.12. Blue and red dashed lines are
fits to Eqn. 5.2 and Eqn. 5.3, respectively. Gap energies extracted by these fits are displayed.

gap where the limiting step is the anharmonic decay of HEBs [41, 60]. To analyze the temperature

dependence of the fit parameters, we use a bottleneck model due to Kabanov et al. [50]:

A(T ) =
F/(∆(T )+ kBT/2)

1+ γ

√
2kBT
π∆(T )exp[−∆(T )/kBT ]

(5.2)

1
τ(T )

=
K∆(T )2

ln(1/{c∆(0)2 + exp[−∆(T )/kBT ]})
(5.3)

In Eqn. 5.2 and Eqn. 5.3, F ∝ EI , γ = 2ν/N(0)h̄Ωc, K = 12Γω/h̄ω2, c = EI/2N(0). EI is the

photoexcited energy density per unit cell, ν is the number of modes per unit cell, and N(0) is

the electronic DOS at EF . Ωc, Γω, and ω are the cutoff frequency, linewidth, and frequency of
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the modes, respectively. Eqn. 5.2 and Eqn. 5.3 can be derived from the RT model in the strong

bottleneck regime. The temperature dependence of the gaps is modeled with a generic BCS form

∆(T ) = ∆(0)tanh(1.74
√
(T/T0−1)) [55, 54]. We treat the zero-temperature gap ∆(0) and the

transition temperature T0 as shared parameters and fit to Eqn. 5.2 and Eqn. 5.3 simultaneously,

strongly constraining the extracted values of ∆(0).

Fits to the fast component, shown in (a) and (b) of Fig. 5.5, yield smaller gap energies

than reported with optical techniques, ∆1(0) = 3.7±0.1 meV for x = 0 and ∆1(0) = 5.1±0.2

meV for x = 0.12. An indirect gap is a possibility, since infrared and Raman spectroscopy only

probe direct gaps. The energies roughly agree with the energies of the magnetic excitation at Q1,

which has been interpreted as an interband transition across an indirect hybridization gap [27, 32].

A hybridization gap bottleneck arises naturally from this interpretation.

Fits to the slow component, shown in (c) and (d) of Fig. 5.5, return values of ∆2(0) =

7.5±0.5 meV and ∆2(0) = 9.7±1.1 meV for x = 0 and x = 0.12, respectively. These values are

consistent with measurements of the charge gaps in the HO and LMAFM phases of Fe-substituted

samples [30, 31, 61]. The value for x = 0 also agrees with the HO gap from Raman spectroscopy

[62, 63], so we interpret the slow component as a bottleneck involving a direct gap between a

localized, occupied f -state and a light conduction band that crosses the EF as in [63].

The gap energies extracted by the fits shown in Fig. 5.5 correspond to the literature values

for both phases. This excellent agreement supports the description of the QP relaxation dynamics

in terms of bottlenecks using Eqn. 5.2 and Eqn. 5.3 and demonstrates the sensitivity of our

technique to the low energy electronic structure of URu2Si2. Clearly, we can distinguish between

the QP relaxation dynamics in the HO and LMAFM phases, even though the gaps of the two

phases differ by only a few meV.
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Figure 5.6: Temperature dependence of fit parameters below T0 for x = 0.1. The data from the
proposed LMAFM, HO, and PM phases are highlighted in red, blue, and green, respectively.

5.4.4 Anomalous Temperature Dependence Near the Bicritical Point

Armed with an understanding of the dynamics for x = 0 and x = 0.12, we turn to the

fit parameters for x = 0.1, shown in Fig. 5.6. Anomalous temperature dependence is observed

between 17.5 K and 15.5 K. Both time constants jump twice: once between 17.5 and 17 K at

T0, and again at a second temperature T1 between 16 and 15.5 K. In contrast, abrupt changes

in relaxation times occur only once, at T0, for both x = 0 and x = 0.12. Additionally, the

rise in amplitudes below T0 occurs more gradually for x = 0.1 than for x = 0 or x = 0.12,

with a discontinuity in slope at T1. These observations are reminiscent of thermal expansion

measurements [33], where the two phase transitions observed for x = 0.08 and x = 0.1 were

interpreted as a second order PM to HO transition and a first order HO to LMAFM transition.
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One particularly striking feature of the data is the abrupt increase in signal amplitude

observed at the HO and LMAFM transitions. We perform a model-independent comparison of the

low temperature behavior of all three samples by considering the percentage change in the signal

amplitude, PCx(T ), with respect to the PM phase, in which the dynamics are independent of

x. Specifically, we consider the quantity PCx(T ) = (Ax(T )−Ax(20K))/(Ax(20K), where Ax(T )

denotes the raw signal amplitude for sample x at temperature T . Since the PM component of the

signal is independent x and varies relatively slowly with temperature, PCx(T ) has the approximate

form of a percentage change of the signal amplitude due to the emergence of HO or LMAFM

order for each sample. These quantities are plotted for each sample as a function of reduced

temperature T/T0 in Fig. 5.7. For x = 0, the amplitude nearly doubles as the sample cools from

the PM phase to the HO phase (corresponding to a percentage change of nearly 100%). The

increase is even greater for LMAFM phase in x = 0.12.

The well documented coexistence of HO and LMAFM domains in the parent compound

[64, 65] originates from inhomogeneous strain due to defects [66], and is thus likely to be

enhanced around Fe sites, as in the case of Rh substituted samples [67]. This effect likely

plays a much larger role for x = 0.1, given its proximity to the HO/LMAFM phase boundary,

than for either x = 0 and x = 0.12. Therefore, in order to study inhomogeneity in x = 0.1,

we assume that x = 0 and x = 0.12 represent comparatively pure HO and LMAFM phases,

respectively. Below T1, the data for x = 0.1 matches expectations. Since the amplitude in Eq. 5.2

depends only on band structure and lattice parameters [50], the overlap between PC0.1(T ) and

PC0.12(T ) suggests that x = 0.1 and x = 0.12 have the same phase composition at low temperature.

Closer to T1, PC0(T )< PC0.1(T )< PC0.12(T ). This is expected behavior for coexisting HO and

LMAFM domains, with a HO volume fraction VHO that decreases with temperature. So, we

assume that the signal for x = 0.1 in this temperature range consists of HO regions with volume

fraction VHO and LMAFM regions with volume fraction 1−VHO, which may be expressed as

VHO = (PC0.12−PC0.1)/(PC0.12−PC0). As seen in Fig. 5.7, VHO decreases roughly linearly,
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Figure 5.7: Percent change in OPOP signal amplitude PCx vs. reduced temperature T/T0 for x
= 0, x = 0.1, and x = 0.12. Dashed colored lines are interpolations between adjacent data points.
Dashed vertical lines are estimates for T0 and T1. The solid cyan line is an estimated HO volume
fraction VHO below T1. The solid magenta line is an estimated PM volume fraction VPM between
T0 and T1 based on the possible phase coexistence between HO and PM. VHO and VPM are listed
as percentages to facilitate plotting on the same axes.

from VHO ≈ 0.5 just below T1 to VHO ≈ 0 at low temperature. In contrast, it is difficult to describe

the data for x = 0.1 between T0 and T1 in terms of coexistence between HO and LMAFM. Here,

the expected phase composition is primarily HO with a small LMAFM volume fraction. However,

PC0.1(T ) is less than expected for both pure HO and LMAFM.

We speculate that the anomalously small signal amplitude arises from phase coexistence

of PM and HO. For example, if we assume that the signal for x = 0.1 contains contributions from

HO and PM domains, we may write VPM = (PC0−PC0.1)/PC0. From this, we obtain an estimate

for a PM volume fraction VPM ≈ 0.5, which is strikingly close to VHO just below T1. There are

several reasonable explanations for this unusual possibility. Perhaps the PM to HO transition in

this sample is driven weakly first order by proximity to the bicritical point in the phase diagram or

by disorder from Fe substitution. On the other hand, there is evidence for a weakly first order PM

to HO transition in the parent compound [68], and a first order PM to HO transition was predicted

in a recent theoretical study [69]. It is also possible that this is a nonequilibrium effect, similar to

the coexistence between superconducting and normal state domains observed in photoexcited

superconductors [70, 71, 72]. Each of these outcomes points to exotic and novel physics in
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f -electron systems, meriting future studies to replicate this observation and to clarify its origin, if

confirmed.

5.4.5 Dynamics in the Paramagnetic Phase
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Figure 5.8: Temperature dependence of fit parameters in the PM phase for x = 0. (a) A1 vs. T .
The blue dashed line is the c-axis magnetic susceptibility from [17], scaled for comparison. (b)
A2 vs. T . The blue dashed line is a fit to Eq. 5.2 with a temperature independent gap [50]. (c) τ1
vs. T . The blue and red dashed lines are fits to a power law and a bottleneck model, respectively,
as described in the text. The inset shows the same quantities plotted over a narrower temperature
range, from 15 K to 25 K. (d) τ2 vs. T .

The data in the PM phase is also informative. We first discuss the temperature dependence

of A2, shown in Fig. 5.8(b). In a previous OPOP study on the parent compound [51], this

component was interpreted as evidence of a HO pseudogap [73, 74, 75]. The dynamics we

observe are nearly independent of x in the PM phase. This observation is likely incompatible with
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a HO pseudogap that arises from competition between HO and LMAFM phases, but does not

rule out scenarios where the HO pseudogap originates from fluctuations of a shared HO-LMAFM

order parameter above T0 [35, 76]. On the other hand, a fit of A2 to a temperature independent

form of Eq. 5.2 between T0 and 40 K, shown in Fig. 5.8(b), is consistent with a bottleneck

associated with a gap of 13.8±0.5 meV. This is likely the correct interpretation of this component,

since a hybridization gap of similar energy has been observed in the PM phase with a number of

techniques [55, 54, 73, 77].

Next, we discuss the fast process A1 and τ1. As shown in Fig. 5.8(a), A1 peaks near 40 K

and decreases upon approaching T0. This is not the expected behavior from a bottleneck. At this

fluence, we assume that the concentration of photoexcited QPs is much less than the concentration

of thermal QPs nS� nT and approximate τ−1(T ) =C[nS +nT ] ≈CnT , with nT = T 1/2e−∆/kT .

A fit to this equation, shown in red in Fig. 5.8(c), returns a gap value of ∆=4.9±0.1 meV. This

value does not match any charge gap reported in the literature above T0.

On the other hand, the resemblance between A1 and the c-axis magnetic susceptibility,

highlighted in Fig. 5.8(a), indicates that the fast process may have a magnetic origin. A power law

fit [78] of the form τ1(T ) ∝ ((T −T0)/T0)
−k, shown in Fig. 5.8(c), reproduces the temperature

dependence of τ1, particularly the quasi-divergence near T0, with k = 1.14± 0.05 and T0 =

14.5±0.4 K. The slight disagreement between the nominal and extracted values of T0 is likely

due to pump induced heating that limits the accuracy of transition temperatures and critical

exponents measured with this technique. It is this same effect that is responsible for the fluence

dependence shown in Fig. 5.4(b), where the initial relaxation process is faster at higher fluence.

Nonetheless, the value for the scaling exponent k is close to the exponent describing critical

slowing down in the 3D Ising model, νz = 1.28±0.03 [79, 80], where ν is the critical exponent

of correlation length and z is the dynamical critical exponent [81]. The 3D Ising model is a good

starting point to describe magnetic fluctuations in the PM phase given the notable Ising anisotropy

in URu2Si2 [82].
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Based on this analysis, we conclude that the fast process tracks a relaxation channel for

photoexcited QPs involving scattering with magnetic fluctuations that slows as the magnetic fluc-

tuations become critical. The literature supports this interpretation. Strong magnetic fluctuations

are present at both Q0 [83] and Q1 [26] in this temperature range, and nearly critical behavior of

magnetic fluctuations at Q0 has been reported [76]. The THz frequency scattering of carriers by

critical magnetic fluctuations can also explain the non-Fermi liquid behavior observed in the PM

state [84].

5.5 Conclusion

To conclude, our measurements of QP relaxation dynamics in the URu2−xFexSi2 single

crystals reveal several new insights. The dynamics in the PM phase, which are nearly inde-

pendent of x, highlight the presence of a hybridization gap as well as the influence of strong

interactions between QPs and critical magnetic fluctuations. Below T0, the dynamics in the

HO and LMAFM phases reflect known differences in the low energy electronic structure. As

in past measurements [33], we observe a second phase transition in a sample of intermediate

Fe substituent concentration x = 0.1. In addition to a low temperature LMAFM phase, there

is a distinct intermediate temperature HO phase. The anomalous data in this phase suggests

the unexpected possibility of coexisting HO and PM. Our study lays the groundwork for future

experiments on the URu2−xFexSi2 system to understand HO, its relationship to LMAFM, and

novel forms of order in f -electron systems more generally.
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Chapter 6

Ultrafast Quasiparticle Dynamics in

Correlated Semimetal Ca3Ru2O7

6.1 Abstract

The correlated polar semimetal Ca3Ru2O7 exhibits a rich phase diagram including two

magnetic transitions (TN=56 K and TC=48 K) with the appearance of an insulating-like pseudogap

(at TC). In addition, there is a crossover back to metallic behavior at T ∗=30 K, the origin

of which is still under debate. We utilized ultrafast optical pump optical probe spectroscopy

to investigate quasiparticle dynamics as a function of temperature in this enigmatic quantum

material. We identify two dynamical processes, both of which are influenced by the onset of

the pseudogap. This includes electron-phonon relaxation and, below TC, the onset of a phonon

bottleneck hindering the relaxation of quasiparticles across the pseudogap. We introduce a

gap-modified two-temperature model to describe the temperature dependence of electron-phonon

thermalization, and use the Rothwarf-Taylor to model the phonon bottleneck. In conjunction

with density functional theory, our experimental results synergistically reveal the origin of the

T -dependent pseudogap. Further, our data and analysis indicate that T ∗ emerges as a natural
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consequence of T -dependent gapping out of carriers, and does not correspond to a separate

electronic transition. Our results highlight the value of low fluence ultrafast optics as a sensitive

probe of low energy electronic structure, thermodynamic parameters, and transport properties of

Ruddlesden-Popper ruthenates.

6.2 Introduction

Ruddlesden-Popper ruthenates have received tremendous research interest since the

discovery of superconductivity in Sr2RuO4, which is the only non-copper-based superconductor

isostructural to La2−x(Sr,Ba)xCuO4 [86, 87]. Previous studies on Ca3Ru2O7 (space group Bb21m,

Fig. 6.1(a)) have revealed a rich interplay between spin, lattice and electronic degrees of freedom

[88, 89, 90, 91, 92, 93]. As shown in Fig. 6.1(b), between TC=48 K and TN=56 K, the spins in

Ca3Ru2O7 align ferromagnetically within the a-b plane and antiferromagnetically (AFM) along

c-axis, with the spins oriented along the a-axis (AFM-a). At TC=48 K, the resistivity begins to

display insulating behavior and the spins align along the b-axis (AFM-b) [91], with metallic

resistivity reemerging below T ∗=30 K [92, 90, 89].

The electronic structure changes of Ca3Ru2O7 at TC and T ∗ require further clarification. TC

was previously thought to correspond to a Mott-like transition [90, 94], however, the observation

of a partial gap opening near EF points to a Fermi surface (FS) instability [95], which suggests

the appearance of a density wave [89, 96], despite the unusual redistribution of optical spectral

weight. While a density wave has not been directly observed in Ca3Ru2O7, this scenario may offer

new opportunities to study the emergence of charge and spin density waves in the isostructural

bilayer cuprates (see Fig. 6.1(a)). Recently, a Lifshitz transition was proposed as the origin of the

resistivity crossover at T ∗ [97].

The interactions between strongly correlated degrees of freedom are often more easily

disentangled when studied on their natural timescales, motivating dynamical studies of Ca3Ru2O7
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in the time domain. Optical pump optical probe (OPOP) spectroscopy has been used to study the

relaxation dynamics of photoexcited quasiparticles (QPs) in a variety of materials [50, 46, 45, 38,

98, 99, 100]. The versatility of this technique derives from its extreme sensitivity to the formation

of small gaps in the electronic density of states (DOS) near the Fermi energy EF . The presence of

a gap can be inferred from the temperature and pump fluence dependence of the QP relaxation

dynamics, and may result in an increase of the relaxation time by several orders of magnitude.

OPOP complements conventional frequency domain techniques in characterizing the low energy

electronic structure of quantum materials.

In this study, we investigate quasiparticle dynamics in Ca3Ru2O7 using OPOP spec-

troscopy. Our data reveals the development of a pseudogap that dramatically alters the relaxation

dynamics, slowing down the electron-phonon relaxation near Fermi surface, giving rise to a new

relaxation component related to a phonon bottleneck associated with above-gap QP excitations.

The coexistence of both relaxation channels with comparable strength in one material is unexpect-

edly rare, making Ca3Ru2O7 a unique platform to study quasiparticle dynamics affected by both

the pseudogap and Fermi surface. Analysis with a T -dependent DOS shows that the crossover at

T ∗ can be explained as a consequence of the T -dependent gap that opens at TC, without invoking

a separate electronic transition, simplifying the understanding of the phase diagram of Ca3Ru2O7.

6.3 Experimental Methods

6.3.1 Optical Pump-Probe Spectroscopy

Single crystals of Ca3Ru2O7 were grown using the floating zone method. OPOP measure-

ments on Ca3Ru2O7 used 25 fs laser pulses centered at 800 nm with a repetition rate of 209 kHz.

The pump fluence was fixed at 2 µJ/cm2 for all reported measurements to ensure minimal sample

heating. The sample temperature change is determined to be less than 1 K under experimental

temperature >20 K, which increases to 7 K at the lowest experimental temperature 10 K (see
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Figure 6.1: Overview of the structure, phase diagram, and dynamics of Ca3Ru2O7. (a) Atomic
structure of Ca3Ru2O7 with a Bb21m space group. Ca, Ru, and O atoms are labeled in blue,
brown and red, respectively. (b) DC resistivity of Ca3Ru2O7 in the a-b plane[89]. Regions
with different colors represent different behaviors emerging at low temperature. PM stands
for paramagnetic phase. The red line is a fit based on T -dependent carrier concentration and
scattering rate discussed later. (c) Temperature dependent OPOP data on Ca3Ru2O7. Four
distinct relaxation processes are clearly observed at various temperatures, color-coded to match
the resistivity phase diagram in (b). Black lines are fits using the multi-exponential decay model
described in the text.
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inset of Fig.6.7(b) and analysis in Sec. III.D). The probe fluence was 1 µJ/cm2. Due to the low

repetition rate, the system was able to fully relax back to ground state before each pump pulse. A

probe fluence dependence test verified there was no probe induced effect. The cross polarized

pump and probe beams were focused on to the sample to 1/e2 spot diameters of 70 µm and 40

µm respectively. The data were collected from large, flat areas of samples cleaved in the a-b plane.

A continuous flow liquid Helium optical cryostat was used for temperature control.

6.3.2 Time-Domian Thermoreflectance

Time-Domain Thermoreflectance (TDTR) measurements were carried out on aluminum

coated Ca3Ru2O7 as a function of temperature using 100 fs laser pulses at 800 nm with a repetition

rate of 80 MHz.[101, 102] The pump was frequency doubled by a BiBO crystal and focused

down to 20 µm of 1/e2 spot diameter, while probe at 800 nm had a spot size of 10 µm. The pump

beam was modulated with an electro-optic modulator operating at 4.95 MHz.

6.3.3 Density Functional Theory Calculations

Density functional theory (DFT) calculations were performed with the Perdew-Burke-

Ernzerh of exchange-correlation functional revised for solids[103, 104] as implemented in the

Vienna Ab-initio Simulation Package[105] with the projector-augmented wave method[106] to

treat the core and valence electrons using the following electronic configurations 3s2 3p6 4s2

(Ca), 5s2 4d6 (Ru), and 2s2 2p4 (O), and a 500 eV plane wave cutoff. Electron correlations in

Ru-4d electrons were treated using the Hubbard-U (Ue f f = 1.2 eV) method within the Dudarev

formalism[107]. Spin-polarized calculations with non-collinear AFM-b and AFM-a spin order

were imposed on the Ru atoms. A 7 × 7 × 5 Monkhorst-Pack k-point mesh[108] and Gaussian

smearing (20 meV width) was used for the Brillouin zone (BZ) sampling and integrations.
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6.4 Results and Discussion

6.4.1 Quasiparticle Relaxations Dynamics in Ca3Ru2O7

Figure 6.1(c) shows the T -dependence of the photoinduced change in fractional reflectivity

∆R/R as a function of time from 66 K to 10 K. The data are plotted on a logarithmic x-scale with

time zero shifted to 1 ps for better visualization. The temporal resolution is 25 fs. Above 66 K, the

dynamics are only weakly T -dependent (For complete dataset, see Supplementary Sec. I [109]).

Above TC, the relaxation is biexponential, consisting of a large, fast component that relaxes on

a subpicosecond timescale and a small, slow component that persists beyond the measurement

window of 500 ps. Near TN , between 58 K and 54 K, the fast component slows and the slow

component becomes faster, marking the PM to AFM-a transition. At TC, between 48 K and 47 K,

the maximum signal amplitude increases by a factor of three and the relaxation dynamics become

triexponential, with a new relaxation process emerging on an intermediate timescale of nearly 100

ps. These abrupt changes to the dynamics mark the first order transition to the partially gapped

low temperature phase[90]. Cooling from 47 K to 10 K, the fast component first becomes faster

then slows down, showing a minimum signal amplitude at 10 ps near T ∗.

We fit the data to a multiexponential function of the form [38]:

∆R
R

(t) = f (t)× (A1e−t/τd1 +A2e−t/τd2 +A3e−t/τd3) (6.1)

Where f (t) = r× (1
2 +

1
2er f (

√
2(t− t0)/τp))+(1− r)× (1− e−(t−t0)/τr)). In f (t), the first term

containing the error function represents the cross-correlation of the pump and probe pulses with

a T -independent pulse duration, τp. The second term containing τr represents the slow rise

dynamics that onset mainly below TC. r and 1− r are weights for above two contributions,

respectively. The main term, which contains three strongly T -dependent exponential decays,

is the focus of our analysis. Detailed analysis shows that the fast component A1,τd1 and the
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Figure 6.2: Fermi Surface Dynamics in Ca3Ru2O7. (a) Temperature dependence of the electron-
phonon thermalization time constant τd1. The inset shows a magnified plot on the non-zero
values of τd1 at high temperatures. (b) Temperature dependence of DOS near EF obtained from
TTM analysis (left panel). DOS for AFM-a and AFM-b ground states predicted by DFT. (right
panel) (c) Electronic heat capacity heat from TTM calculation. The inset shows the temperature
dependent electron-phonon coupling constant near the Fermi surface used for TTM analysis. (d)
Amplitude of electron-phonon thermalization dynamics A1 as a function of temperature. The fit
takes values in from the DOS in (b) and the electronic specific heat yielded from (a) and shown
in (c). The inset shows the electronic temperature change upon optical pump.
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Figure 6.3: Calculated band structure for Ca3Ru2O7. (a) Band structure and DOS in AFM-a
state, which is the ground state of Ca3Ru2O7 above TC. (b) Band structure and DOS in AFM-b
state, which is the ground state of Ca3Ru2O7 below TC. A suppression of DOS is observed
compared to AFM-a state in DOS near EF . The minimum point of this dip locates at ∼ 7 meV
above EF .
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new component A2,τd2 emerging below TC are associated with QP dynamics near EF . The slow

component A3,τd3 arises from the thermal dissipation of pump induced energy.

Metal Metal
PG

Crossover

T*≈30 K

TC=48 K

TN=56 K

T* TC

(a)

Figure 6.4: Analysis of crossover behavior in resistivity. 1/(n+ p) and 1/τ extracted from the
pseudogap crossover region between T ∗ and TC.

6.4.2 The fast relaxation component

We first focus on the fast relaxation component A1 and τd1. As shown in Fig. 6.2(a), the

time constant of this fast component is sub-picosecond at high temperatures and slows down upon

approaching TC. Within this temperature range, Ca3Ru2O7 exhibits metallic behavior ( dρ

dT > 0)

as shown by Fig. 6.1(b). Following photoexcitation, the fast relaxation dynamics of metals

are governed by electron-phonon (e-ph) thermalization, which can be described using the two-

temperature model (TTM)[110, 38]. A central assumption of the TTM is electron-electron (e-e)

scattering is much faster than electron-phonon (e-ph) scattering. Thus, the photoexcited electron

subsystem can almost immediately be described with an elevated electronic temperature Te.

Subsequently, e-ph thermalization increases the lattice temperature (Tl), until a quasiequilibrium
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is reached between the two subsystems.

The e-ph thermalization time constant in the TTM is given by τe−ph =
1
g

CeCl
Ce+Cl

, where

g(T ) is the e-ph coupling function, Ce and Cl are the specific heats for the electron and lattice

subsystems, respectively. Typically, Cl �Ce at high temperatures. On approaching 0 K, Ce = γT

and Cl = βT 3 , with γ=1.7 mJ/molRuK2 and β=0.14 mJ/molRuK4 for Ca3Ru2O7[92]. At the

lowest temperature (10 K) of this OPOP study, Ce=17�140 mJ/molRuK=Cl . Thus, the e-ph

thermalization time at all temperatures can be further simplified as:

τe−ph ≈
Ce

g
(6.2)

We approximate g(T ) for Ca3Ru2O7 using an expression valid for simple metals g(T ) =

dG(T )/dT,G(T ) = 4g∞(T/θD)
5 ∫ θD/T

0
x4

ex−1dx [38]. The Debye temperature θD=437 K (For

calculations, see Supplementary Sec. II[109]), leaving the constant g∞ as the only free parameter.

The T -dependence of g(T ) is plotted in the inset of Fig. 6.2(c). Assuming a T -independent Ce in

this temperature range, a fit to τd1 above TC, shown in the inset of Fig. 6.2(a), agrees well with

our data, supporting the TTM description of the dynamics above TC.

To account for changes in e-ph thermalization dynamics in the vicinity of TC (e.g. both the

lifetime and amplitude) we study the effect of a gap on the e-ph relaxation time by considering a

phenomenological T -dependent DOS of the form:

De(ε) = D0 +D1e
− ε2

w2
1 [1− ∆(T )

∆0
e
− (ε−ε′)2

w2
2 ] (6.3)

The summation of a constant, D0, and a Gaussian with width w1 is often used to describe

the DOS of correlated metals.[38] The term in the square brackets describes the reduction

in the DOS due to the opening of a gap, with a BCS-like temperature dependent behavior,

∆(T ) = ∆0tanh2.2
√

TC
T −1, where ∆(T ) is the temperature dependent gap size, and ∆0 is the

gap size at 0 K. The Gaussian centered at ε′ with width w2 approximates the shape of the
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DOS reduction due to the gap opening. The electronic specific heat can then be derived from

the electronic DOS near EF by Ce =
∂

∂T
∫

∞

−∞
εDe(ε,T ) f (ε,T )dε,ε = E−EF , ignoring the weak

temperature dependence of EF .

Allowing the parameters of the model DOS Eq.6.3 to vary, we fit τd1 using Eq.6.2 for all

temperatures. The fit, plotted in Fig. 6.2(a), reproduces the behavior down to ∼40 K, including

the slow down as cooling down to TC, the sudden jump at TC and the subsequent drop below TC.

The deviation of the fit below ∼40 K signifies the failure of the TTM at very low temperatures,

which is quite general in TTM analysis because the timescale of e-e thermalization slows down

and becomes comparable to the timescale of e-ph thermalization at low T [38]. The extracted

DOS described by Eq.6.3 and the resulting electronic specific heat Ce are plotted in Figs. 6.2(b)

left panel and (c) respectively, with parameters of w1=6.3±0.3 meV, ε′=4±2 meV, w2=4±2 meV.

In addition, we would like to point out that a gap below the Fermi level fails to fit the experimental

data. The gap in DOS centered at 4±2 meV qualitatively agrees with 8 meV gap observed by

ARPES [95].

To further explore the emergence of the gap in the electronic density-of-states in the

AFM-b ground state below TC, we performed electronic structure calculations using density

functional theory with static correlations (DFT+U+SOC), as shown in the right panel of Fig.

6.2(b) and Fig. 6.3. We find that, the DOS in AFM-a state exhibits a peak feature near EF , which

qualitatively agrees with our single Gaussian shape of DOS above TC. It also should be noted

that the DOS extracted from the fast relaxation dynamics under TTM only captures the dynamics

of electrons near EF within the thermal activation energy scale kBT . Thus, our measurement is

not sensitive to the electronic states far away from EF . This explains the differences between the

calculations and our model DOS away from EF . For the AFM-b ground state below TC, band

structure and DOS by DFT calculations predict a dip feature near EF with a minimum position at

∼7 meV. This is consistent with the T -dependent DOS obtained using TTM, where a dip feature

centered at 4±2 meV shows up as approaching 0 K. The position of this feature yielded by DFT
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Figure 6.5: T -dependent rise time τr in Ca3Ru2O7. The significant increase below TC signifies
the strong phonon bottleneck regime.
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(a)

(b)

Figure 6.6: Dynamics of gapped quasiparticles in Ca3Ru2O7. (a) A finite amplitude for A2
emerges below TC=48 K. The R-T fit yields a BCS-like gap with gap size of 7.1±0.2 meV
at 0 K. The inset shows the T -dependence of the gap size ∆/∆0.(b) Time constant τd2 of
QP relaxation dynamics. The R-T fit reveals a consistent gap size of ∆0=7.1±0.2 meV and
α = 2.39×10−8 < 52

θ3
DTmin

= 6.23×10−8.
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and TTM analysis qualitatively agree well with each other. The computed band structures for

both AFM-a and AFM-b states (shown in Fig. 6.3) share key features in common with established

experimental results. Prominent and relatively flat bands connect M and M’ near EF , qualitatively

reproducing the square Fermi surface observed in ARPES [95]. The gap primarily affects the

dispersions of bands in the vicinity of M and M’, resulting in a Fermi surface crossings along

M-M’ with holelike dispersion near M and electronlike dispersion near M’. These mimic the

electron and hole pockets detected by quantum oscillations at the same locations [96].

In addition, the transient amplitude A1 can be modeled with the TTM by considering the

number density of thermally activated electrons [38]:

A1 ∝ nT ′e −nTe =
∫

∞

0
De(ε,T ′e ) f (ε,T ′e )−De(ε,Te) f (ε,Te)dε (6.4)

The electronic temperature after photoexcitation T ′e is determined by ∆U =
∫ T ′e

Te
CedT , with de-

posited energy density ∆U . Equation (6.4) considers both changes in DOS and carrier population.

The transient electronic temperature change ∆Te, plotted in the inset of Fig. 6.2(d), is substantial,

thus a transient suppression of the gap and a corresponding change in De(ε,T ) at Te and T ′e in

Eq.6.4 must be considered in order to reproduce the T -dependence of A1. Taking De(ε,T ) from

Fig. 6.2(b), the fit to A1 using Eq.6.4 is shown in Fig. 6.2(d). The excellent fit captures all

characteristics over the entire temperature range of the measurement, which strongly suggests that

the TTM model captures essential features of the role of the pseudogap in determining the e-ph

thermalization. In addition, we also point out that the phonon bottleneck picture described later

by the Rothwarf-Taylor model fails to explain this dynamics (see Supplementary Sec. III[109]).

The development of the gap is expected to deplete the free carriers in the system, resulting

in an increase of resistivity below TC. On the other hand, the decrease in carrier scattering rate at

low temperatures will reduce the resistivity. Using the DOS employed for the TTM modeling, we

investigate if the T -dependent carrier density and scattering time is responsible for the upturn
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in resistivity ( dρ

dT < 0) between T ∗ and TC. We approximate the population of free electrons (n),

and holes (p), to be: n =
∫

∞

−∞
De(ε,T ) f (ε,T )dε−N1 and p =

∫
∞

−∞
De(ε,T )[1− f (ε,T )]dε−N2,

where N1 and N2 are populations of localized electrons and holes near EF . The total free carriers

can be written as n+ p =
∫

∞

−∞
De(ε,T )dε−N,N = N1 +N2. The scattering rate follows Fermi

liquid behavior with impurities at low temperatures: 1/τ ∝ T 2 + γ0. Thus, the resistivity is

expressed as: ρ ∝
1

τ(n+p) . The fits to experimental data is plotted as red line in Fig. 6.1(b).

The corresponding n+ p and 1/τ are shown in Fig. 6.4. The quality of the fit suggests the

insulating behavior between T ∗ and TC arises from the depletion of free carriers by the opening

of the pseudogap, and that the insulating to metallic resistivity crossover at T ∗ is a crossover

temperature that originates from the competition between carrier scattering rate and population

rather than from a separate electronic transition.

6.4.3 The relaxation component emerging below TC

We now turn to the new relaxation process A2 and τd2 that emerges below TC. In a

diverse assortment of other systems with small gaps near EF , the timescale of the return to

equilibrium is determined by the meV -scale kinetics of electron-hole (e-h) recombination. These

kinetics may be described with the phenomenological Rothwarf-Taylor (R-T) model [58]. In

R-T model, the photo-induced energy populates between QPs and high-energy phonons (HEPs)

through e-h recombination and excitation by HEPs. The energy dissipation is determined by the

escape of HEPs. If the HEP escape rate is slow, the system will exhibit a phonon bottleneck

behavior[41, 42, 59, 44]. The observation of the significant slow rise time, τr (Fig. 6.5), below

TC, as in Ca3Ru2O7, strongly indicates that the system is in the strong phonon bottleneck regime

[59], which is typically explained by an increase in scattering between hot electrons and phonons

in the presence of a gap in the electronic DOS at EF . This results in an initial excess population

of HEPs compared to the quasiequilibrium condition of the bottleneck, which can excite more

electrons across the gap [45].
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(a)

(b)

Figure 6.7: Overview thermalization processes in Ca3Ru2O7. (a) Heat capacity calculated by
modeling the amplitude of the slow dynamics A3 with the one-dimensional (1D) heat transport
model described in the text. The black line is obtained by calorimetry measurement from
literature.[111]. The inset is the temperature dependent reflectivity of Ca3Ru2O7 at 800 nm used
for the calculation. (b) The thermal conductivity extracted by using the time constant of the slow
dynamics τd3 under 1D model (open circles) agrees qualitatively with TDTR results (black line).
The inset is the maximum temperature change induced by optical pump after electron-phonon
thermalization given by 1D model.
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In the small photo excitation limit [59], the R-T model relates the density of thermally

activated QPs, nT , to the measured transient reflectivity amplitudes, A, and relaxation rates, τ−1,

as [38, 59, 47]:

nT (T ) ∝
A(T → 0)

A(T )
−1 (6.5)

τ
−1(T ) = Γ[δ+2nT (T )](∆(T )+α∆(T )T 4) (6.6)

where Γ, δ, and α are T -independent fitting parameters, ∆(T )+α∆(T )T 4 describes the depen-

dence of the high energy phonon (HEP) decay rate on the gap size ∆, with an upper limit of

α < 52/(θ3
DTmin)[47], where Tmin=10 K is the minimum temperature of the experiment. For our

analysis, we assume a standard form of the thermal QP density nT (T ) ∝
√

∆(T )T exp(−∆(T )/T )

[50, 47, 112] and a BCS-like gap of the form ∆(T ) = ∆0tanh2.2
√

TC
T −1.

The amplitude A2, and thus the thermal QP density implied by Eq.6.5, can be fitted as

shown in Fig. 6.6(a), yielding a gap size of ∆0=7.1±0.2 meV=1.71±0.05kBTC, which is close to

the BCS value of 1.76. Additionally, the abrupt onset of slow rise dynamics, shown in Fig.6.5, are

most easily explained in the strong bottleneck regime of the R-T model. Thus, we conclude that

the new relaxation process arises from a phonon bottleneck due to the presence of a gap in the

DOS near EF . Note that the 7.1±0.2 meV gap size is in excellent agreement with 8 meV band

edge shift revealed by ARPES[95]. However, it is smaller than the 13 meV reported by optical

spectroscopy measurement[89], suggesting this is an indirect gap. Using the above extracted
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gap size ∆(T ), the relaxation time τd2 is fitted by Eq.6.6 as shown in Fig. 6.6(b). The quality of

the fits confirms the presence of a BCS-like indirect gap below TC and the associated phonon

bottleneck picture.

6.4.4 The slow relaxation component

The slow relaxation dynamics, A3 and τd3 (see Supplementary Sec. I[109]), are analyzed

as follows. After e-ph thermalization and the escape of HEP during the phonon bottleneck process,

electron and lattice subsystems reach a quasiequilibrium state with a temperature higher than

environment. This pump induced heat is then dissipated away from the probe volume through

thermal conduction, which has a characteristic time scale of >500 ps. Assuming that the heat

transport only occurs perpendicular to the sample surface, and that the sample instantly establishes

an exponential temperature profile upon optical pumping with characteristic length same as the

optical penetration depth, an one-dimensional (1D) solution to the surface temperature evolution

can be written as:

∆T =
(1−R)4πkI0

λCv
e
− 16π2k2σ

λ2Cv
t
e−

4πkz
λ |z=0 (6.7)

In this equation R, k=0.79, I0=2 µJ/cm2, λ=800 nm, Cv, and σ are the reflectivity, dielectric

extinction coefficient (see Supplementary Sec. II[109]), pump fluence, pump wavelength, total

specific heat, and thermal conductivity, respectively. The change in reflection can be calculated

as: ∆R = R|T0+∆T (t=0ps)
T0

. The experimentally measured (blue dots) and smoothed (black line)

T -dependent reflectivity R are shown in the inset of Fig. 6.7(a). With the above equations and A3,

the 1D thermal transport model gives total specific heat Cv of Ca3Ru2O7 as shown by open circles

in Fig. 6.7(a). The Cv extracted by the 1D model qualitatively agrees well with calorimetry data

[111] in both the magnitude and T -dependence, confirming that the slow dynamics arise from

thermal dissipation. The overall temperature change due to optical heating is determined to be

smaller than 1 K above 30 K and increases to ∼7 K at 10 K, as shown in the inset of Fig. 6.7(b).
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Similarly, from the time-dependent behavior of equation (6.7), Cv, and relaxation time,

τd3, the thermal conductivity of Ca3Ru2O7 can be calculated as σ = λ2Cv
16π2k2τd3

. This quantity

is plotted in Fig. 6.7(b) using open circles. To compare with these results, Time-Domain

Thermoreflectance (TDTR) measurements were carried out on aluminum coated Ca3Ru2O7 as

a function of temperature, as shown in Supplementary Sec. IV[109]. The thermal conductivity

measured on Ca3Ru2O7 by the TDTR method is about 1.5 W/m K with very weak T -dependence

between 10 K and 80 K (black line in Fig. 6.7(b)), which is of a similar order of magnitude as the

values given by the 1D model. Note that this 1D model ignores the in-plane thermal transport

and the possible anisotropy in thermal conductivity, hence a perfect match to TDTR results is not

expected.

6.5 Conclusion

With above analysis, we construct a comprehensive picture of photoexcited QPs relaxation

dynamics in Ca3Ru2O7 as schematically shown in Fig. 6.8. Below TC, optical excitation at t=0 ps

increases the electronic temperature, Te, leading to a wider range of occupancy near EF , resulting

in a transient suppression of the pseudogap. The subsequent e-ph thermalization decreases the

electronic temperature together with a rapid recovery of the gap on a timescale of∼ τd1. However,

the electrons above the gap relax on a different timescale ∼ τd2 limited by the kinetics of the

phonon bottleneck. After the relaxation of these electrons back to Fermi level, the electron and

lattice subsystems reach quasi-equilibrium with a temperature slightly higher than environment.

The final slow recovery (∼ τd3) is governed by the heat dissipation into the bulk of the sample,

after which the system returns to equilibrium.

In summary, we present the first ultrafast optical spectroscopic study of the pseudogap

phase of Ca3Ru2O7. The T -dependent DOS yielded from the fast e-ph thermalization near Fermi

surface together with the phonon bottleneck emerging below TC provide a synergistic picture of
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the indirect gap. From this picture, we are able to explain the insulating to metallic crossover

in resistivity at T ∗ as a natural consequence of the T -dependent emergence of the gap, without

invoking a separate electronic transition. Given the simplicity of the TTM analysis described

above, the consistency between the results yielded by the TTM on the fast dynamics and R-T

model on the new dynamics below TC is surprisingly good. As demonstrated by this work, the

incorporation of a T -dependent DOS into the TTM can capture the influence of a gap near EF ,

providing an alternative approach to unveil the evolution of low energy electronic structure of

strongly correlated metals in the time domain.

6.6 Supplementary Materials

6.6.1 Optical-pump optical probe data at 60-300K and the parameters of

relaxation dynamics

60K

70K

80K
90K

300K

60K

70K

80K
90K

300K

(a) (b)

Figure 6.9: Additional optical pump-probe dynamics for Ca3Ru2O7 at higher fluence. (a) Loga-
rithmic and (b) Linear x-scale plots for T -dependent photo-induced reflectivity measurements
on Ca3Ru2O7 at high temperature. The time zero in (a) is shifted to 1 ps to avoid divergence at
log(0). A pump fluence of 10 µJ/cm2 was used. Black lines are fits using biexponential decay.
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Figure 6.10: Additional optical pump-probe dynamics for Ca3Ru2O7. (a) Logarithmic and (b)
Linear x-scale plots for T -dependent photo-induced reflectivity measurements on Ca3Ru2O7 at
low temperature. The time zero in (a) is shifted to 1 ps to avoid divergence at log(0). A pump
fluence of 2 µJ/cm2 was used. Black lines are fits using multiexponential decay.

6.6.2 Debye temperature and Dielectric constants of Ca3Ru2O7

The Debye temperature, θD, of Ca3Ru2O7 is calculated as follows. The lattice contribution

to the specific heat in the low temperature limit obeys:

Cv = βT 3,T → 0K (6.8)

with β=0.14 mJ/molRuK4.[92] Under Debye’s macroscopic picture of the phonon spectrum, we

also have:

Cv =
12π4

5
Rgc(

T
θD

)3,T → 0K (6.9)

where Rgc is the gas constant. By comparing equations (6.8) and (6.9), we have θD ≈ 437 K.

Dielectric constants of Ca3Ru2O7 at room temperature were determined by spectroscopic

ellipsometry measurements. Based on literature report on infrared spectroscopy study[89], there

is no change in the dielectric constants at 800 nm between 10 K and > TC. As an estimation,

dielectric extinction coefficient at 800 nm is taken as k=0.79 over the entire temeprature range.
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Figure 6.11: Amplitudes and time constants of the three experimentally observed relaxation
dynamics. (a) and (d) are for the fast dynamics present at all temperatures. (b) and (e) are for
the new dynamics appearing below TC. (c) and (f) are for the slow dynamics due to thermal
dissipation process.

6.6.3 Failure of the Rothwarf-Taylor model for the fast dynamics A1

R-T analysis of A1 fails to capture the behavior at low temperature (T < 30 K), as shown

in Fig. 6.13(a). Kabanov, et al. proposed another model to explain the gap related QP relaxation

dynamics in YBa2Cu3O7−δ, as follow. [50] The pump induced reflectivity ∆R/R is proportional

to the number of photoexcited QPs, npe, which is given by:

npe ∝
1/(∆(T )+ kBT/2)

1+α

√
2kBT
π∆(T )exp(−∆(T )/kBT )

(6.10)

where ∆(T ) is the T -dependent gap size, and α is a constant. The fits of equation (6.10) to A1

cannot explain the experimental data. (Fig. 6.13(b)) Hence, the dynamics related to A1 shouldn’t

be related to the gap behavior in Ca3Ru2O7. Instead, a T -dependent DOS combined with Two-

Temperature Model (TTM) is used to explain this dynamics in greater detail, as discussed in the

main text.
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(a) (b)

Figure 6.12: Dielectric constants of Ca3Ru2O7 at room temperature. (a)n and (b)k.

(a) (b)

Figure 6.13: Failure of the Rothwarf-Taylor model to describe the fast dynamics. (a) R-T model
(black line) fails to explain the amplitude of the fast dynamics A1 (open circles). (b) Kabanov’s
model (equation (6.10)) describing gap related dynamics fails to fit A1.

6.6.4 Time-domain thermoreflectance measurements
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Figure 6.14: Overview of time-domain thermoreflectance measurements. (a) Calibration
measurement on silicon gives thermal conductivity of 140 W/m K, which lies within the
expected range of 130-150 W/m K, confirming the validity of the TDTR setup. (b)-(m) T -
dependent thermal conductivity measurements on Ca3Ru2O7 gives thermal conducitivity of
0.6-1.9 W/m K in temperature range of 15-80 K.
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Chapter 7

Dynamics of Doublons and Holons in

Eu2Ir2O7 Thin Films

7.1 Introduction

For decades, the condensed matter physics community has spent considerable effort in an

attempt to understand systems such as unconvential superconductors and Mott insulators with

strong Coulombic interaction energy U . The discovery of topological insulators, along with other

topologically nontrivial states of matter, sparked additional interest in systems with strong spin-

orbit coupling λ. Recently, attention has turned to materials in which U and λ are both large in the

pursuit to realize exotic and novel phases of matter [113]. These conditions are most frequently

met in compounds containing transition metals from the 5d series. In particular, compounds

containing Ir have attracted extensive attention from both theorists and experimentalists.

The pyrochlore iridates (R2Ir2O7, where R is a rare earth element) offer fantastic op-

portunities to study novel phases that emerge from the interplay of U and λ in the weak to

intermediate U regime. The pyrochlore lattice consists of interwoven networks of corner-sharing

tetrahedra consisting of 4 R atoms and 4 Ir atoms. At room temperature, the pyrochlore iridates
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undergo a metal-insulator crossover with decreasing rare earth ionic radius r [114, 115]. A blurry

phase boundary at about r ≈ 1.09 Å separates weakly insulating Sm2Ir2O7 from weakly metallic

Nd2Ir2O7. On the insulating side of the phase diagram, there is also a continuous antiferromag-

netic phase transition, with a Néel temperature between TN = 100 K and TN = 150 K, depending

on r. The antiferromagnetism is characterized by all-in-all-out (AIAO) order, where the Ir4+

moments on each tetrahedron either point all inwards, towards the center, or all outwards, away

from the center [116]. This unusual type of antiferromagnetism is a consequence of geometric

frustration.

Since the AIAO order breaks time-reversal symmetry but preserves the cubic symmetry

of the lattice, the AIAO ground state is predicted to host possible Weyl semimetal phases [113].

This prediction has spurred intensive research on the pyrochlore iridates in search of novel

physics at the intersection of strong electronic correlations and topology. Conclusive evidence for

topologically protected states in the pyrochlore iridates remains elusive. Preparation of epitaxial

thin film samples of pyrochlore iridates has emerged as a strategy to enhance experimental

signatures of the predicted topologically protected [117].

Here, we report the preliminary results of several time-resolved optical measurements on

thin films of Eu2Ir2O7 (EIO) in response of photoexcitation at 1.55 eV, which creates nonequilib-

rium populations of doublons and holons. Most of the ensuing dynamics can be explained by

existing models of relaxation dynamics in Mott insulators. However, several unusual characteris-

tics of the data may require a more detailed consideration of the unique physics of pyrochlore

iridate thin films to properly explain.

7.2 Techniques

Our laser system consists of a regenerative amplifier based on an Yb doped gain medium,

producing 8 W of 350 fs pulses centered at 1040 nm. 4 W from the laser is frequency doubled to
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Figure 7.1: Schematic of the THz experiment.

520 nm and used to pump a non-collinear optical parametric amplifier with two amplification

stages. This yields several hundred mW of power depending on signal wavelength, tunable from

650-900 nm, with a bandwidth-limited pulse duration of less than 20 fs. The signal is set to 800

nm (1.55 eV) for these measurements. The signal is split into two beams, which serve as pump

and probe beams for time resolved reflectivity and transient grating experiments. The other 4

W from the laser is used to generate intense THz pulses using the tilted-pulse-front pumping

technique in a LiNbO3 crystal. For the time resolved Thz experiment, the 1.55 eV probe beam is

used for electro-optic sampling of the THz pulse electric field, while the pump beam is used to

photoexcite the sample. A schematic of the THz experiment is shown in Fig. 7.1

7.3 Results

The T -dependence of the complex refractive index of the Yttria-stabilized zirconia (YSZ)

substrate ñ = n+ iκ, extracted using Eq. 3.28, is shown in Fig. 7.2. Our measurements are

consistent with previous measurements in the literature [118]. Unfortunately, YSZ is a poor

choice of a substrate for THz spectroscopy. Both n and κ are large and T -dependent. Because of

this, the substrate is a major source of both Fresnel reflection and absorption at THz frequencies.

The absorption is particularly strong at higher frequencies, which limits the range that it is
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Figure 7.2: Temperature-dependent optical properties of YSZ substrate. (a) Real component
of the complex refractive index n vs. frequency f . (b) Imaginary component of the complex
refractive index κ vs. frequency f .

possible to do spectroscopy on the film to 0.3-1 THz. Furthermore, accurate measurements of

n and κ at all T are necessary due to their strong T -dependence. This may introduce a source

of noise/systematic error into the extracted optical constants of the thin-film sample. For these

reasons, performing accurate time-resolved THz spectroscopy on thin-film samples grown on

YSZ is quite challenging.

We determine the T -dependent optical properties of the 66 nm EIO sample by performing

time-domain THz spectroscopy to measure the complex transmission coefficient of the film t̃

= texp(iθt). The results are shown in Fig. 7.3. As shown in Fig. 7.3(a), the main observable

consequence of the magnetic phase transition is a featureless increase in the spectrally flat

transmission coefficient amplitude |t|. |t| is already quite large at around 0.9 in the disordered

phase, and approaches 1 at low T . In contrast, the phase of the transmission coefficient θt , shown

in Fig. 7.3(b), displays no robust or systematic T -dependence. We use Eq. 3.30 to determine

the dielectric function fully describing the optical properties of the film. The real and imaginary

components of the dielectric function, ε1 and ε2, are shown in Fig. 7.3(c) and (d), respectively. ε1

is T -independent, and more or less spectrally flat (though a small increase in ε1 with frequency

f is present). On the other hand, the magnetic phase transition is more readily apparent in ε2.
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Figure 7.3: Temperature-dependent optical properties of Eu2Ir2O7 thin film sample. (a) Ampli-
tude of complex transmission coefficient t vs. frequency f . (b) Phase of complex transmission
coefficient θt vs. frequency f . (c) Real component of the complex dielectric function ε1 vs.
frequency f . (d) Imaginary component of the complex dielectric function ε2 vs. frequency f .
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Figure 7.4: Estimate for fluence-dependent pump-induced heating in Eu2Ir2O7 thin film samples
for an initial temperature Tinitial = 10 K. The derivation of this estimate is described in the text.

ε2 increases with f . At low f , ε2 decreases strongly with T . Upon approaching f = 1 THz, ε2

stops showing T -dependence. Taken together, the full complex dielectric constant suggests strong

insulating behavior at all T . The magnetic phase transition appears to affect the electrodynamics

only at very low energies, further enhancing the insulating behavior.

Before discussing the dynamics, it is useful to try to quantify the heating due to photoex-

citation. In Fig. 7.4, we present an estimate for the pump-induced heating as a function of F for

an initial temperature T = 10 K. We arrive at this estimate using published specific heat [114] and

Fourier transform infrared spectroscopy [119] data. We assume that the energy from each pulse

does not dissipate, and is equally distributed between electronic and lattice degrees of freedom.
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Admittedly, this is a crude perspective on the effect of photoexcitation that ignores the many

subtleties of nonequilibrium physics. However, it offers a useful starting point to consider the role

of heating in this experiment. Based on this analysis, the effect of pump-induced heating should

be small unless F is large (on the order of 1 mJ/cm2). This means that it should be possible

to study dynamics within the magnetically ordered phase, without heating the sample into the

disordered phase, over a large range of low to moderate F . Another useful perspective to consider

is the absorbed energy per Ir site. This is about 17 meV at F = 1 mJ/cm2, and scales linearly with

F . If the types (and energies) of the excitations generated by the pump beam can be identified,

this quantity can be used to estimate the density of such excitations.

We now discuss the THz-frequency relaxation dynamics of the 66 nm EIO film following

photoexcitation. We systematically study the dynamics as a function of T and F by measuring

the fractional change in the transmitted THz electric field ∆E/E. Since only one time axis must

be scanned, measuring ∆E/E results in considerable time savings compared to time-resolved THz

spectroscopy, in which two time axes must be scanned for time-dependent spectral information.

This approach is justified here because the film is very thin and weakly conducting at all T , and

thus the pump-induced phase shift of the transmitted THz pulse is always negligibly small.

A summary of the ∆E/E data is shown in Fig. 7.5. Fig. 7.5(a) and (b) show the T -

dependence of the dynamics as a function of pump-probe time delay τ at a low fluence (F =

0.5 µJ/cm2) and a moderate fluence (F = 20 µJ/cm2), respectively. There are many similarities

between the response at both fluences. The sign of ∆E/E changes in response to the magnetic

phase transition, from being small and positive inside the PM phase to being large and negative

deep inside the AFM phase. For intermediate T , the sign of ∆E/E becomes time-dependent, from

being positive for small τ to being negative for large τ. Additionally, there is a bump following

the main peak of the transient response at about τ = 10 ps of unclear origin that disperses very

slightly with T . Ignoring the bump, the relaxation dynamics are biexponential at low T . The

slower of the two exponentials is present at all T and has a T -independent time constant of about
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Figure 7.5: THz-frequency relaxation dynamics of the 66 nm Eu2Ir2O7 thin film sample. τ = 0
has been shifted for clarity. (a) ∆E/E vs. τ at F = 0.5 µJ/cm2 for various T (b) ∆E/E vs. τ at F
= 20 µJ/cm2 for various T (c) (∆E/E)/F vs. τ at T = 10 K for various F . (d) |∆E/E|max vs. F for
various T . Solid lines are linear fits to the data at low F . (e) γ vs. F for various T . Solid lines are
linear fits to the data at low F . (f) γ vs. T for various F . Black data points are extrapolations of γ

for F →0, as described in the text. Solid lines are linear fits to the data. Error bars in (e) and (f)
are standard errors of the linear fit procedure described in the text for extracting relaxation rates.
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1 ns. This process can be identified as diffusion of heat out of the thin film sample and into the

YSZ substrate.

The main difference between the ∆E/E responses at low and moderate F , shown in Fig.

7.5(a) and (b), occurs deep within the AFM phase below approximately T = 30 K. While the

amplitude of the response saturates in the case of moderate F , the amplitude continues to grow

in the case of the low F . Additionally, the dynamics proceed on a much longer timescale in the

low F case. Notably, the initial relaxation timescale extends far past the bump at τ = 10 ps. The

dynamics associated with the rising edge of the transient also become longer, as evidenced by the

noticeable shift in the peak of the response |∆E/E|max to longer times at lower T . We highlight

the unusual F-dependence of the dynamics in 7.5(c), which shows ∆E/E normalized by F for

several F . If the response were linear in F , as would be expected for a semiconductor in the

regime where the response is determined by a high density of photoexcited electrons and holes,

then all these curves would overlap. The lack of such an overlap demonstrates that response of

the system is highly nonlinear in F . The nonlinearity in the amplitude of the response |∆E/E|max

vs. F is highlighted in Fig. 7.5(d) for several different temperatures. At each T , the response

departs from linearity above roughly 1 µJ/cm2. However, in Fig. 7.5(c), we observe that even

when the amplitude is nearly linear in F , the relaxation timescale doesn’t appear to saturate even

at very low F < 1 µJ/cm2, and instead becomes continuously longer as F is lowered.

In the context of the relaxation dynamics in quantum materials, divergent relaxation times

at low photoexcitation densities often occur due to pairwise nonequilibrium kinetics analogous to

bimolecular recombination. To test whether such bimolecular kinetics are at play in the dynamics

of photoexcited EIO, we compare measured relaxation rates to the predictions of Eq. 4.6. To

extract the initial relaxation rates from the raw ∆E/E vs. τ data, we transform the y-axis to

logarithmic (with a linear x-axis) and perform a linear fit on the initial relaxation dynamics after

the peak of the transient. The linearity of this data, which was checked for each T and F , shows

that the interesting relaxation dynamics are well described by a single exponential. In 7.5(e) we
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show the F-dependence of the extracted relaxation rates γ for several T , along with linear fits to

the data. At low F , γ is linear in F for each T , consistent with Eq. 4.6. The intercepts of the fits

correspond to the T -dependent relaxation rates in the limit F → 0. We plot these intercepts, along

with the measured T -dependence of γ for several F , in Fig. 7.5(f). The data appear perfectly

linear in T , with the slope being equal at low F . The different slopes at 10 and 20 µJ/cm2 may

indicate an elevated equilibrium T of the sample. This is a possibility, since the large amount of

power required for these F (about 40 mW for 20 µJ/cm2) may be too great of a thermal load on

the sample at 10 K.

In summary, the bimolecular kinetics model appears to describe the extracted relaxation

rates quite well as a function of both F and T . However, the observation that γ ∝ T is quite

surprising, since according to Eq. 4.6, the T -dependent component of the aggregate decay rate is

proportional to the thermal carrier density nth. Thus, this observation, if taken literally, suggests

that nth ∝ T . In a fully gapped system such as a semiconductor, an activated behavior nth ∝

exp(−∆/kT ) is expected. However, the power law behavior nth ∝ T may instead suggest exotic

features in the low energy electronic structure, such as a node [44, 50].

To expand upon our analysis of the THz-frequency dynamics, we turn now to the time-

resolved THz spectroscopy data. Fig. 7.6 shows an overview of the time resolved spectral data

deep within the AFM phase at T = 10 K for various pump-probe time delays τ. In contrast to

the spectrally flat equilibrium transmission coefficient t shown in Fig. 7.3(a), the photoinduced

change in the transmission coefficient ∆t at F = 0.5 µJ/cm2, shown in Fig. 7.6(a), is structured,

with a broad but defined peak near 0.8 THz. Furthermore, θ∆t , the phase of photoinduced change

in the transmission coefficient ∆t, shown in Fig. 7.6(b), varies slightly with τ, in contrast to the

T -independence of θt , shown in Fig. 7.3(b). The photoinduced changes in the real and imaginary

components of the dielectric function, ∆ε1 and ∆ε2, are shown in Fig. 7.6(c) and (d), respectively.

∆ε1 has a peak centered near 0.7 THz, while ∆ε2 has a peak near the edge of the useful part of the

spectrum, just below 1 THz. The peak structures, and the causal relationship of the peaks in ∆ε1
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Figure 7.6: Time-dependent THz-frequency spectral data on the photoexcited state of the 66
nm Eu2Ir2O7 thin film sample at T = 10 K. (a) |∆t|/t vs. f at F = 0.5 µJ/cm2 for various τ. (b)
θ∆t vs. f at F = 0.5 µJ/cm2 for various τ. (c) ∆ε1 vs. f at F = 0.5 µJ/cm2 for various τ. (d) ∆ε2
vs. f at F = 0.5 µJ/cm2 for various τ. (e) ∆ε1 vs. f for various F at τ = 3 ps. (f) ∆ε2 vs. f for
various F at τ = 3 ps.
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and ∆ε2, are reminiscent of a Lorentzian centered near 1 THz. A comparison of the response for

low vs. moderate F is shown in Fig. 7.6(e) and (f). Interestingly, while the structure of ∆ε1 is

quite similar in both F regimes, the excess of low frequency spectral content in ∆ε2 disappears

for moderate F . We note that ∆ε1 and ∆ε2 bear little resemblance to the equilibrium components

of the dielectric function ε1 and ε2, shown in Fig. 7.3(c) and (d). ε1 and ε2 both lack structures

such as peaks, with ε1 being approximately independent of both T and f .

Unfortunately, quantitative analysis of the 1 THz Lorentzian-like feature is difficult due to

the presence of several other features in ∆ε1 and ∆ε2. Notably, our spectral window is quite close

to a strong IR active optical phonon at f = 3 THz [119]. The low frequency tail of the Lorentzian

associated with this phonon extends into our spectral window. This is likely responsible for some

of the odd high frequency features in our data, such as the gradual upturn in ∆ε1 and ∆ε2 at long

τ as well as the sharp downturn in these same quantities at short τ. Additionally, the accessible

spectral content is strongly limited by absorption in the substrate. While there is still considerable

uncertainty associated with the interpretation of these spectra, we can definitively rule out a

simple Drude-like response, as might be expected in a semiconductor or an insulator subject to

above bandgap excitation. A Drude-component may be part of the response (possibly accounting

for the extra spectral weight in ∆ε2), but a more elaborate multicomponent model is needed to

reproduce the qualitative features of the data.

It is informative to study the THz spectroscopic response at different T . First, we consider

the response at T = 70 K, shown in Fig. 7.7. Many features are shared in common with the

spectral response at T = 70 K, including the broad peak structures in |∆t|/t, ∆ε1, and ∆ε2. Notable

differences exist between the responses at 10 K and 70 K as well. For τ > 2 ps, the extra low

f spectral content in ∆ε2 at T = 10 K is absent at T = 70 K. This is similar to the case of the

moderate F response at T = 10 K, shown in Fig. 7.6(f). Additionally, the peaks in ∆ε1 and ∆ε2

appear to be slightly blueshifted in comparison to T = 10 K. Next, we consider the response at

T = 110 K, shown in Fig. 7.8. Similar to the data at T = 10 K and T = 70 K, the extra low f
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Figure 7.7: Time-dependent THz-frequency spectral data on the photoexcited state of the 66
nm Eu2Ir2O7 thin film sample at T = 70 K. (a) |∆t|/t vs. f at F = 5 µJ/cm2 for various τ. (b) θ∆t

vs. f at F = 5 µJ/cm2 for various τ. (c) ∆ε1 vs. f at F = 5 µJ/cm2 for various τ. (d) ∆ε2 vs. f at
F = 5 µJ/cm2 for various τ.
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Figure 7.8: Time-dependent THz-frequency spectral data on the photoexcited state of the 66
nm Eu2Ir2O7 thin film sample at T = 110 K. (a) |∆t|/t vs. f at F = 20 µJ/cm2 for various τ. (b)
θ∆t vs. f at F = 20 µJ/cm2 for various τ. (c) ∆ε1 vs. f at F = 20 µJ/cm2 for various τ. (d) ∆ε2
vs. f at F = 20 µJ/cm2 for various τ.
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Figure 7.9: NIR-frequency relaxation dynamics of the 66 nm Eu2Ir2O7 thin film sample. τ =
0 has been shifted for clarity. (a) Comparison of ∆R/R vs. τ using an 800 nm probe pulse and
∆E/E vs. τ using a THz probe pulse for T = 10 K and F = 20 µJ/cm2. (b) ∆R/R vs. τ for various
F at T = 10 K. (c) T G vs. τ at F = 20 µJ/cm2 for various T . (d) φ vs. τ at F = 20 µJ/cm2 for
various T . The inset shows the asymptotic phase at long pump-probe time delays, which are
constructed by averaging φ from 100 to 500 ps. The error bars are standard deviations of the
mean for each data point.

spectral content in ∆ε2 is suppressed for τ > 2 ps. However, in contrast to the responses in the

AFM phase, the peak structures in |∆t|/t, ∆ε1, and ∆ε2 are not prominent.

In addition to time resolved transmission measurements using THz probe pulses, we

also performed similar time resolved reflection (∆R/R) measurements using NIR probe pulses

degenerate with the 800 nm pump pulses. An overview of the NIR response at low and moderate

F is shown in Fig. 7.9. Fig. 7.9(a) shows a comparison of the dynamics as measured by ∆E/E

and ∆R/R. Remarkably, the relaxation timescales agree perfectly. Additionally, the rise timescales

appear related. In particular, the slower rise time, which appears only in the AFM phase, is the
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same as measured with both techniques. However, the initial fast rise time is much faster in

the case of ∆R/R, suggesting that the difference in the fast rise time may be due to the different

time-resolution of these two techniques. From this analysis, it is clear that ∆R/R tracks ∆E/E

perfectly in the AFM phase at low to moderate F . This strongly suggests that photoexcitation

with 800 nm pump photons results in the dynamic transfer of spectral weight from high to low

energies. This notion of dynamic spectral weight transfer is reinforced by Fig. 7.9(b), which

shows the F-dependence of ∆R/R at T = 10 K. While the signal to noise ratio is worse than in

the case of ∆E/E, the same F-dependent relaxation time characteristic of bimolecular kinetics is

clearly present in the response.

To study the T -dependence of the ∆R/R response, we performed heterodyne transient

grating (TG) measurements in reflection geometry. Heterodyne TG provides amplitude as well

as phase information regarding the photoinduced changes in optical constants at the probe

wavelength in this situation. In Fig. 7.9(c) and (d), we show the amplitude (T G) and phase (φ) of

the photoinduced change in the complex reflection coefficient (δr̃) with respect to the equilibrium

reflection coefficient r̃. As in the ∆E/E, we see two different relaxation components in Fig. 7.9(c).

There is a fast component associated with the PM phase and a slow component associated with the

AFM phase, with both components being present in the intermediate T region of the hysteresis

of the magnetic phase transition. Intriguingly, 7.9(d) shows that the fast component is nearly in

phase with r̃ (φ = 0), while the slow component is nearly out of phase with r̃ (φ→ -π). In both

the PM phase and deep within the AFM phase, φ is τ-independent, reflecting the approximately

single component nature of the response. However, in the intermediate T region of the hysteresis,

φ is strongly dependent on τ, tracking the transfer of amplitude the fast component to the slow

component of the response with increasing τ.

We study the response of the 66 nm film at high F in Fig. 7.10. Fig. 7.10(a) and (b)

show the TG amplitude and phase of the response at T = 10 K for various F . The response

at high F above 100 µJ/cm2 is qualitatively different than the low F response. Notably, the
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Figure 7.10: Fluence dependence of the NIR-frequency relaxation dynamics of the 66 nm
Eu2Ir2O7 thin film sample. Dotted lines mark the location of τ = 0, which has been shifted for
clarity. (a) T G vs. τ at T = 10 K for various F . (b) φ vs. τ at T = 10 K for various F . (c) ∆R/R
vs. τ at T = 10 K for various F . (d) ∆E/E vs. τ at T = 10 K for various F .
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slow component of the response associated with the AFM phase moves to later and later times.

Additionally, there is a very fast component close to τ = 0 that is associated with a positive phase

(φ = π). Both of these signatures are absent from ∆R/R at low F . To complement these high-F

measurement with NIR probe pulses, we performed high-F ∆E/E measurements with a different

OPTP experiment using a 1 kHz Ti:Sapph regenerative amplifier. The results are shown in Fig.

7.10(d). Curiously, ∆E/E no longer tracks ∆R/R at high F , showing that the dynamic spectral

weight transfer characteristic of low to moderate F , as shown in Fig. 7.9(a), has broken down.

To study the effects of film thickness, we also performed heterodyne transient grating

and time-resolved reflectivity measurements on a 20 nm EIO film. The results are shown in Fig.

7.11. In general, the data on the 20 nm film are much noisier. This is quite common for reflection

measurements on very thin films, and is likely because the film thickness is approaching the

vibration amplitudes typical of optical cryostats. To cope with the noise, we take data at higher F

and average for longer, resulting in less F-dependent and T -dependent data overall. Nevertheless,

several observations can be made. Fig. 7.11(a) and (b) show the TG amplitude and phase,

respectively, at F = 50 µJ/cm2 and T = 10 K. The dynamics of the 20 nm film are qualitatively

similar to the dynamics of the 66 nm film, insofar as they consist of a fast component with φ ≈ 0

and a slow component with φ ≈ -π. However, the fast component is much more prominent for

the 20 nm film than for the 66 nm film. 7.11(c) and (d) show ∆R/R as a function of T and F ,

respectively. Clearly the slow, negative component is still associated with the low T AFM phase.

The peak in the slow component also shifts to longer and longer times with increasing F , as in

the case of the 66 nm film. However, the fast component persists to much lower F than in the

case of the 66 nm film. To quantify the relative weights of these two components for both films,

we plot the F dependence of minima and maxima of the transient reflectivity signals, ∆R/Rmin

and ∆R/Rmax, for both films at T = 10 K in Fig. 7.11(e) and (f), respectively. ∆R/Rmin displays

saturation behavior for both films, but the saturation onsets near F = 10 µJ/cm2 for the 20 nm film

and F = 100 µJ/cm2 for the 66 nm film. Likewise, the fast component, associated with ∆R/Rmax,
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Figure 7.11: NIR-frequency relaxation dynamics of the 20 nm Eu2Ir2O7 thin film sample. (a)
T G vs. τ at F = 50 µJ/cm2 for various T . (b) φ vs. τ at F = 50 µJ/cm2 for various T . (c) ∆R/R
vs. τ at F = 50 µJ/cm2 for various T . (d) ∆R/R vs. τ at T = 10 K for various F . (e) |∆R/R|min vs.
F for the two films of different thicknesses. (f) |∆R/R|max vs. F for the two films of different
thicknesses.
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persists to F < 10 µJ/cm2 for the 20 nm film, but completely disappears at F < 100 µJ/cm2 for

the 66 nm film.

7.4 Discussion

To begin the discussion, we summarize our observations regarding the dynamics:

1. The response at low to moderate F consists of two components. There is a fast component

associated with the PM phase and a slow component associated with the AFM phase.

2. The fast component is more prominent for the 20 nm film than for the 66 nm film. Likewise,

the slow component is more prominent for the 66 nm than for the 20 nm film.

3. Deep within the AFM phase, the relaxation dynamics are well described by a model of

bimolecular recombination kinetics with unusual T dependence (γ ∝ T ).

4. Time-resolved THz spectroscopy on the photoexcited state implies a multicomponent

response. Low frequency spectral weight is quickly suppressed, except in the bimolecular

kinetic regime at the lowest T and F .

5. At low to moderate F , the dynamics as measured by ∆E/E and by ∆R/R are identical,

implying photoinduced transfer of spectral weight from high to low energies.

6. At high F , the dynamics measured by ∆E/E and by ∆R/R are no longer identical. In ∆R/R,

a new extremely fast component emerges very close to τ = 0, and the slow component shifts

to progressively later times with increasing F .

We will refer back to these observations in the following analysis of the dynamics. Setting aside

the possible existence of exotic/topologically nontrivial metallic states, the insulating pyrochlore

iridates are well described as Mott insulators, or spin-orbit-assisted Mott insulators. As such,

we will attempt to compare the qualitative aspects of our data with the predictions of models
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that have been used to study relaxation processes in photoexcited Mott insulators. We note that

this discussion is quite preliminary. Further analysis and theoretical efforts are ongoing as of its

writing.

Clear signs of phase separation associated with the 1st order magnetic phase transition

can be seen in the T dependence of the dynamics in the 66 nm film. This is highlighted in Fig.

7.5(a) and (b) as well as in Fig. 7.9(c) and (d). At sufficiently high T , in the absence of magnetic

order, only the fast component of the response is present. In the intermediate T region, from

approximately T = 70 K to T = 100 K, both the fast and the slow component are present. As the

sample is cooled below T = 70 K, the fast component disappears from the response, leaving only

the slow component. As the photoinduced heating of the sample at F = 20 µJ/cm2 is quite small

in this range of T , these dynamics should reflect the equilibrium T dependence of the sample.

As such, the most natural interpretation is that the fast component is the response of the PM

phase, the slow component is the response of the AFM phase, and the relative weights of the two

components are related to the volume fractions of PM and AFM domains associated with the first

order magnetic phase transition. The timescales of both components of the relaxation dynamics

make sense, as the hopping of photoexcited carriers occurs much more slowly in the AFM phase

due to the additional kinematic constraints imposed by long range magnetic order [120]. This

interpretation could be checked by measuring dynamics in a single crystal EIO sample, in which

the second order phase transition to long range AIAO order would instead result in an abrupt

change to the relaxation dynamics.

The response at high F can also be understood in terms of phase separation associated

with the first order magnetic phase transition. At F > 100 µJ/cm2, the shift in the peak of the slow

component to progressively later τ with increasing F mentioned in observation 6 is most likely

related to the growth of AFM domains following a photoinduced AFM to PM phase transition.

Interestingly, our estimate for heating in Fig. 7.4 suggests a modest increase in T at this F . It

is possible that this phase transition is nonthermal, and instead related to a disturbance of long
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range magnetic order at some sufficiently high density of photoexcitations.

In general, the optical properties of Mott insulating iridates are dominated by three

interband transitions, related to excitation from the lower Hubbard band (LHB) to the upper

Hubbard band (UHB), the je f f = 3/2 band to the UHB, and the je f f = 5/2 to the UHB [121].

The only possible electronic transition in EIO for 1.55 eV pump photons at any T is the second

transition, from the je f f = 3/2 band to the UHB. It is safe to assume that the holes left behind

in the je f f = 3/2 band are quickly filled by electrons in the LHB. This is because each hole in

the je f f = 3/2 has a large energy cost on the order of 1 eV, and the relaxation towards the Fermi

energy should occur through electron-electron scattering on a timescale τe−e ≈ 1 eV−1 ≈ 5

fs in the absence of strong kinematic constraints. This point is likely related to the extremely

fast response at high F mentioned in observation 6 and shown in Fig. 7.10(a-c). Specifically,

the extremely fast response occurs when the je f f = 3/2 band to the UHB transition is saturated,

resulting in large nonequilibrium concentrations of holes in the je f f = 3/2 band and electrons in

the UHB that relax on a timescale comparable to the experimental time resolution of 30 fs. Once

the holes in the je f f = 3/2 band are filled, the resulting state of the system is characterized by

nonequilibrium populations of electrons in the UHB and holes in the LHB.

Based on this analysis, observation 5 is not particularly surprising. At equilibrium,

the UHB is empty and the LHB is filled, resulting in the insulating state. The presence of

nonequilibrium electrons in the UHB results in the blocking of some previously unblocked

transitions from the je f f = 3/2 band to the UHB. Likewise, the presence of nonequilibrium holes

in the LHB results in the unblocking of some previously blocked transitions from the je f f =

3/2 band to the LHB. Both of these effects result in a transient change in the reflectivity and a

decrease in spectral weight at 1.55 eV. A corresponding increase in the low energy spectral weight

is expected due to the inherently lower energy scales of the LHB and UHB as compared to the

je f f = 3/2 band. Naively, one might guess that these nonequilibrium populations of electrons

and holes act as free carriers, as in a photoexcited semiconductor or band insulator, resulting in a
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Drude response at THz frequencies. It is possible that a Drude-like response is observed at short

pump-probe time delays τ. However, for longer τ, a simple Drude response is definitively not

observed at any T , meaning that the low energy spectral weight must instead be accounted for in

other degrees of freedom.

The absence of a Drude response for τ > 2ps is a consequence of the relaxation dynamics

characteristic of Mott insulators in general. The charge excitations of Mott insulators are not sim-

ple electrons and holes, but rather quasiparticles which may exhibit spin-charge separation called

“doublons” and “holons.” These are so named because, whereas a Mott insulator at half-filling

has one valence electron at each site, a doublon corresponds to a double occupancy and a holon

to a vacancy. The dynamics of doublons and holons in a photoexcited Mott insulator are orders

of magnitude faster than the dynamics of electrons and holes in a photoexcited semiconductor.

The fast recombination dynamics in can be quantitatively modelled when described in terms of

multi-magnon emission [122, 123]. The response of a photoexcited Mott insulator for small τ is

Drude-like but suppressed very quickly. It goes without saying that the data for τ < 2 ps, which

is dangerously close to the limits of our time resolution, should be interpreted with great caution.

That said, it is possible that a fast Drude-like response can be seen in the spectral data at all T ,

with excess low f spectral weight in ∆ε2.

The mechanism for fast suppression of the Drude response in photoexcited Mott insulators

has been attributed both to the excitonic binding of carriers and to carrier localization. Localization

can occur due to a simple mechanism such as traps created by defects in any system. This

explanation is unlikely due to the rich T and F dependence observed in our data. However, the

strong interactions between spin and charge characteristic of Mott insulators prevent the free

motion of doublons and holons in an antiferromagnetic background, resulting in midgap states

[124, 125, 126]. On the other hand, just as electrons and holes in a semiconductor can bind to

form excitons, doublons and holons can form a weakly bound state in Mott insulators, resulting in

the suppression of free carrier spectral weight at frequencies below the binding energy. This state
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is also known as a Mott-Hubbard (MH) exciton. The optical conductivity of EIO bears strong

signatures of MH excitons [115]. Furthermore, the signatures of MH excitons appear in many

time-resolved experiments on Mott insulators [127, 128, 129], including several experiments

on other geometrically frustrated Mott insulating antiferromagnetic iridates, such as Na2IrO3

[6, 130, 120]. We note that the formation of nonequilibrium excitons in semiconductors results in

THz frequency intraexcitonic transitions [131, 132, 133]. This is one possible origin of the 1 THz

Lorentzian observed of the photoexcited state.

Observation 3 is somewhat at odds with the MH exciton scenario, as the very existence of

MH excitons would seem to suggest that each doublon has already found a holon to recombine

with, leading to F independent recombination. With the exception of Sr2IrO4 [134], bimolecular

kinetics are not observed in other Mott-like systems. One possibility is that the sparse doulbons

and holons in the low F regime are too far apart to interact strongly, and instead act as quasi-free

carriers, resulting in the long-lived excess low f spectral weight observed in Fig. 7.6(d). The

recombination dynamics of sparse doublons and holons would then result in bimolecular exciton

formation kinetics, quickly followed by recombination. This would explain the F-dependent

changes in the rise time seen in Fig. 7.5(c). The AFM-induced carrier localization scenario is

more amenable to explaining the bimolecular kinetics. However, it is unclear why this scenario

would result in excess low f spectral weight only at low F . It is possible that both of these effects

are at play, with localization effects strongly limiting the rate of MH exciton formation in the low

F limit of extremely sparse doublons and holons. In any case, the unusual T dependence of the

relaxation rate γ ∝ T remains difficult to understand.

Finally, we discuss the changes in the relaxation dynamics between the 66 nm film and

the 20 nm film, shown in Fig. 7.11 and described in observation 2, are fascinating and nontrivial.

Since the penetration depth of 1.55 eV light is 200 nm in bulk EIO, as determined by the extinction

coefficient reported in [119], the absorbed energy density is expected to be the same in both films.

However, as noted in observation 2, there are differences between the relative amplitudes and F
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dependence of the fast and slow components of the dynamics. It is reasonable to expect that the

stability of long range AIAO order decreases with film thickness due to the enhancement of spin

fluctuations in 2D [117]. Since we have associated the slow component with AFM, it may be

possible to understand these changes in terms of the emergence of long range magnetic order as

a function of film thickness. Another possibility is that U , λ, and t vary between the two films.

This would result in changes to both the phase behavior as well as to the optical properties. For

example, if the ratio U/t is larger for the 20 nm film than for the 66 nm film, then insulating

behavior is favored at all T . However, this would also result in changes to the joint density of

states associated with the je f f = 3/2 band to the UHB transition, with corresponding changes in

both the static and time resolved optical properties. A static measurement of the optical properties

of the films as a function of film thickness would be quite helpful to determine which of these

scenarios is more relevant.

7.5 Conclusion

We have presented our results of our time resolved measurements of relaxation dynamics

thin films of the pyrochlore iridate Eu2Ir2O7 following photoexcitation at 1.55 eV. The two

main timescales present in the relaxation dynamics are most likely related to the differences in

carrier hopping times in the presence or absence of all-in-all-out antiferromagnetism. We observe

signatures of phase coexistence associated with the unusual first order magnetic phase transition

in these samples. The physics of this phase coexistence may be especially rich when the phase

transition is photoinduced. Existing descriptions of relaxation dynamics in photoexcited Mott

insulators explain many of the qualitative features of the data, but not all of them. The linear

temperature dependence of the relaxation rate is difficult to understand. It may be necessary to

invoke physics unique to pyrochlore iridates, or even to pyrochlore iridate thin films, to obtain a

complete picture of the relaxation dynamics.
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Chapter 8

Conclusions and Future Directions

We begin this conclusion with a discussion of follow up experiments on compounds

studied in this dissertation, many of which will hopefully be performed in the next year. In the

URu2−xFexSi2 system, it would be quite interesting to study the relaxation dynamics for a x = 0.1

in a magnetic field. Because the field suppresses large moment antiferromagnetism quite strongly

but has a much weaker effect on hidden order, this would be quite helpful for testing the idea of

phase coexistence described in chapter 5. Another idea worth pursuing is to try to study the exotic

low energy collective modes of hidden order in the parent compound using intense THz pulses.

High sensitivity time resolved THz spectroscopy on Ca3Ru2O7 is of considerable interest.

It should be possible to spectrally disentangle the relaxation timescales associated with the

bottlenecked gap and the metallic response of the Fermi surface. This would help to confirm the

interpretation of our results presented in chapter 6, which are fairly consequential towards the

interpretation of the phase diagram of this system. Additionally, while Ca3Ru2O7 is a strongly

correlated metal at low T , it is extremely close to a Mott insulating state with a much larger

gap. For example, the Mott insulating state can be accessed with extremely small levels of Ti

substitution for Ru on the order of a few parts per thousand [135]. As such, it would be quite

interesting to see if a nonthermal transition between these two phases could be triggered by
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driving a suitable IR active optical phonon.

For the Eu2Ir2O7 films, several follow up works are necessary. It is quite convenient that

dynamics at THz and NIR probe wavelengths map on to each other perfectly, as time resolved

optical measurements require much less effort to perform. Measurements of relaxation dynamics

in a magnetic field may help to determine which degrees of freedom are responsible for the

unusual features of the bimolecular recombination kinetics. This also means we can study the

low energy response of pyrochlore iridate single crystals, which are too small to study with

THz pulses. It would also be quite interesting to measure samples with different rare earths,

since the variations in the properties across the pyrochlore iridate phase diagram are quite well

characterized.

The original research presented here has led to some modest new insights into the physics

of URu2−xFexSi2, Ca3Ru2O7, and Eu2Ir2O7. To avoid redundancy, we avoid repeating the

conclusions reached on each compound. Instead, it is appropriate now to try to ask and answer

some bigger questions. What has been accomplished in this research, and what has been learned

about quantum materials in general? For the most part, I would describe the work presented

in this dissertation as old school pump-probe experiments done on new materials using new

technology. Essentially, all we have done is photoexcite some carriers in each compound and

studied their return to equilibrium. This type of experiment has been performed on systems such

as simple metals and semiconductors for more than 40 years. It is surprising to me that the same

simple models that have been applied to these much systems continue to describe the relaxation

dynamics so well in these new school materials, in which the physics is much more complex. In

terms of relaxation dynamics, there are many ways in which quantum materials aren’t really that

unusual.

In terms of the new technology, I think my main contribution to this lab has been in

technique development. In the course of the this research, I have built several extremely sensitive

and robust experiments. These are described in chapter 3 and in the appendices, which I hope
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are helpful for future grad students in the Averitt lab. These experiments are enabled by new

laser technologies utilizing Yb doped gain media. Though the techniques themselves aren’t

new, adapting them to use these new sources involved some trial and error. The success of

these experiments demonstrates the tremendous promise of new laser technologies, which is still

underappreciated by the community. An updated version of this same laser, purchased just 5

years ago, now has more than an order of magnitude more power. It is amazing that it is no longer

necessary to choose between high sensitivity and high pulse intensity when purchasing a laser.

To conclude this dissertation, we turn now to a brief discussion on the larger state of the

field. In the past, the pulse energies, frequencies, and average powers of femtosecond laser pulses

were strongly constrained. Slowly but surely, this situation is changing. Due to technological

advances in lasers and optics, the range of frequencies lacking intense, stable, and coherent

sources of light is growing smaller every year. As such, the ultrafast labs of the future will likely

have spectral coverage that was unimaginable in the recent past. A multimodal approach towards

ultrafast phenomena, in which the dynamics of a system are studied over many energy scales,

could prove quite powerful.
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Appendix A

Transient Grating Alignment

The goal in designing a successful transient grating experiment is to overlap four beams

temporally and spatially on the surface of the sample in a geometry that allows the outgoing

beams to be separated from the incident beams. Another way of describing this is in terms of

imaging. In general, the best transient grating experiment will be the one that produces the highest

quality image of the transmission grating on the sample. Several approaches have been attempted

in building the transient grating experiment on the Spirit table. Each approach carries a unique

set of challenges and shortcomings, most of which may be traced back to chromatic and spherical

aberration introduced by the optics. Using the Spirit-NOPA as the light source for this experiment

is especially demanding in terms of managing chromatic aberration and temporal dispersion,

since the pulses can be tuned to have over 100 nm of bandwidth, supporting transform limited

pulse durations approaching 10 fs.

The first approach that was attempted was a two lens imaging system arranged so that

the first lens collimates the divergent beams from the grating while the second lens focuses the

collimated, parallel beams onto the sample. There are several advantages to this approach. The

parallel beams are necessary to implement the spin transient grating, in which a spin grating, in

contrast to a more typical charge grating, is imaged on the sample by using circularly polarized

116



light rather than linearly polarized light. More generally, parallel beams facilitate the placement

of additional optics into the beam path without changing the alignment. Additionally, different

grating periodicities may be achieved by varying the magnification ratio of the imaging system,

which can be done most easily by swapping out the focusing lens. Despite these advantages, this

design proved to be untenable due to chromatic aberration. This was especially problematic for

the highly divergent beams associated with small grating periodicities, which produced elliptical

spots with high aspect ratios. Thus, the pulse duration, fluence, and spot overlap are poorly

controlled and change quite a bit from grating to grating.

In the second approach that was attempted, the two lenses were swapped out for two

curved mirrors, producing an all-reflective imaging system that retained the middle segment

containing parallel beams. This resulted in considerable improvements in terms of chromatic

aberration and pulse duration, and nearly transform limited pulses with circular laser spots were

obtained for both small and large grating periodicities, at the cost of more difficult alignment due

to the necessity of two folding mirrors. Unfortunately, the presence of two optics in the imaging

system still presents an unacceptably large amount of spherical aberration. As a result, the focal

position changes quite a bit in switching between gratings, necessitating tedious realignment.

Great care must be taken to probe the same spot after realignment in single crystal sample of

quantum materials, which are typically spatially inhomogenous unless a large, flat, and strain-free

surface is carefully prepared. This approach is probably the best way to do spin transient grating

using the Spirit NOPA. However, I would not recommend this extremely difficult measurement

unless the result is of high interest and absolutely needs the time resolution provided by 20 fs

pulses.

In the third and final approach, the parallel beams were abandoned in favor of the

simplicity of a single curved mirror and a relay imaging system with a magnification ratio of 1.

Unfortunately, spin transient grating is substantially more difficult to implement in this geometry.

However, the advantages of this approach for standard charge transient grating techniques make
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this the obvious choice for the final design of the experiment. Notably, chromatic and spherical

aberration are almost completely absent in this design. Thus, the diameters, depths, and positions

of the focused spots do not change when the gratings are switched. Thus, it is in principle possible

to study diffusion in single crystals of quantum materials using this geometry. Additionally, if the

probe beam collection optics are initially well aligned, the grating periodicity may be switched

without a substantial realignment of optics.

Transient grating alignment is challenging but can be done from scratch in a day by a

seasoned hand. Before alignment begins, the NOPA should be running well, the acousto-optic

modulator should be diffracting the pump beam efficiently, both beams should be collimated,

the pump beam should be well aligned on the delay stage, and both beams should be well

compressed before they get to the experiment. For the first step, the pump and probe beams are

made parallel using two pairs of irises aligned to the grid of the table at the same height and

separated horizontally by about a half inch. Once the two beams are parallel, they are focused

using a 4” effective focal length 1” diameter off-axis parabolic mirror. The alignment of the

off-axis parabolic mirror can be done quickly by eye and then checked by placing the Thorlabs

camera at the focal position. The spots should be overlapped, circular, and focused as tightly

as possible at the overlap position. If not, iteratively adjust the position and orientation of the

parabola until the spots are circular. Then adjust overlap using steering mirrors and spot diameter

using a telescope.

Once the beams are parallel and the off-axis parabolic mirror is aligned, a focused

alignment laser spot should be brought in diagonally and made to overlap the pump and probe

spots on the camera. The alignment laser spot marks the position of the overlap of the pump and

probe spots and determines the correct depth of the phase mask array.

After pump, probe, and alignment spots are overlapped and the alignment laser is fixed in

place, the camera may be removed and the phase masks may be placed at the focal position so

that the beams go through the center of one of the phase masks. This should be done extremely
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Figure A.1: Placement of the camera and the alignment laser. The camera is positioned so that
the focused pump and probe beams overlap on the focal plane. The alignment laser is brought in
diagonally and focused with a lens to mark the position of the pump and probe overlap.

carefully, as the highly divergent higher order diffracted beams present a considerable beam

viewing hazard.

A phase mask is a transmission grating that maximizes the intensity of the ±1 diffracted

orders. Qualitatively, this is achieved by etching the grating to a depth so that the portions of

the beam transmitted through the ridges and the valleys of the grating interfere destructively,

effectively suppressing the 0 order term. The phase masks were fabrication by Dr. Xiaoguang

Zhao while he was a postdoc in the group of Professor Xin Zhang at Boston University. They

were fabricated with a reactive ion etching technique using a Chromium mask on a sode-lime

glass substrate. Each phase mask is a 2x2 mm square separated by 0.5 mm, so that the total phase

mask array occupies 2 mm x 24.5 mm. The 10 phase masks have line densities in lines per mm of

100, 120, 140, 160, 200, 250, 300, 360, 420, and 500. Thus, gratings of 1 µm to 5 µm periodicity

can be imaged onto the sample using an imaging system with a magnification ratio of 1. The etch
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depths of the phase masks we optimized for use at approximately 800 nm wavelength.

The phase mask array is mounted in a 2 diameter lens mount with a retaining ring. The

array is oriented vertically, so that vertical translation is used to switch between masks. The

initial alignment of the phase mask array is done by placing the array at the focus of the level

pump and probe beams. The diffraction due a phase mask should occur purely vertically in this

geometry, so a beam block is placed after the transmission grating to check that diffraction occurs

vertically using the higher order diffracted beams. If the alignment of the grating is off, the

retaining ring is loosened slightly, just enough so that the optic may be rotated. There should still

be strong friction between the substrate and the retaining ring. Then, using gloves, the substrate is

rotated manually by holding the edge of the substrate between pinched fingers. Take care never to

touch the array of phase masks at the center of the optic. Once the diffracted beams are perfectly

vertical, tighten the retaining ring gently, so as not to disturb the alignment of the optic. With

the phase masks diffracting purely vertically, the beams should then be made roughly normally

incident by aligning the back reflected beams on the alignment irises. The substrate should be

used to do this by vertically translating until the beams are not hitting a phase mask.

(a) Vertically diffracted beams. (b) Aligning the back reflection.

Figure A.2: Alignment of the phase mask array.

Once the orientation of the phase mask array is fixed, the depth should be set correctly by

120



overlapping the alignment laser spot with the pump and probe spots on the back surface of the

array. This can be done fairly well by eye but can be done more precisely by using a viewing

telescope or a camera, which should be fixed in place for a future step.

(a) Incorrect depth. (b) Correct depth.

Figure A.3: Setting the phase mask depth. Optimize the overlap between pump and probe spots
(which are red in these images) as well as the alignment laser (which is green in these images)
by adjusting the depth of the phase mask along the beam propagation axis. The phase masks
appear in these images as square patches.

Now all six degrees of freedom are set and the phase mask array is aligned. The next

step is to place the curved mirror to image the grating. The curved mirror is a 75 mm diameter

protected silver mirror with a radius of curvature of 112.5 mm from Thorlabs. The high numerical

aperture is necessary to collect the first order diffracted beams from all the gratings. At 800 nm,

this numerical aperture is only sufficient to use the first eight phase masks. A few custom parts

and optics would be necessary to use all ten phase masks. The position of the mirror is not critical.

Because the surface is spherically symmetric, the height and orientation of the mirror make no

difference for the image quality. Nonetheless, it is good practice to set the vertical and horizontal

position of the mirror so that the undiffracted beams hit the vertical center of the mirror and are

equidistant from the center horizontal. This is most easily done using beams diffracted from a

phase mask with small periodicity that clip on the top and bottom of the mirror, by checking the

vertical and horizontal position relative to center using a business card.

Next, the angle and the depth of the mirror are set. This is done by back reflecting the
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Figure A.4: Placement of the curved mirror. A business card may be used to check that the
mirror is centered with respect to the diffracted beams.

beams along their incident path, so that they focus to the same point on the phase mask from

which they were diffracted. This is done most precisely using the viewing telescope or the camera

that was previously used to set the depth of the phase mask array.

(a) Incorrect depth. (b) Correct depth.

Figure A.5: Setting the curved mirror depth. The incident, diffracted beams are overlapped
in the spot on the right, while the reflected beams are located to the left. Optimizing the
overlap between all reflected spots by adjusting the depth of the curved mirror along the beam
propagation axis results in relay imaging with a magnification ratio of 1.

Once this condition is achieved, the alignment laser and the viewing telescope or camera

may be removed. After the mirror is aligned, two irises are placed in front of and behind the phase

mask array, and are positioned and opened just enough to pass the 0 and +/-1 order diffracted
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beams and to block all higher orders. This step is necessary to eliminate the beam viewing hazard.

A horizontal strip of anodized aluminum foil is taped across the center of the mirror in order to

block the 0 order beam, leaving only the +/-1 beams for both pump and probe.

(a) Iris placement. (b) Foil placement.

Figure A.6: Blocking beams. Only the ±1 order diffracted beams pump and probe beams are
reflected off the curved mirror.

Next, the horizontal alignment of the curved mirror is deviated from normal incidence, so

that the outgoing and incident beams make an angle of approximately 10◦ in the horizontal plane.

This is done so that the beams may be picked off using a square folding mirror and directed to the

sample. The resulting focused beams are slightly elliptical, but this ellipticity is small as long as

the angle is not much larger than 10◦. The folding mirror should be perfectly vertical, so as not to

alter the height of the beams, and angled horizontally so that the beams make the shape of the

number four. The beams should be picked off approximately halfway between the grating and the

mirror. Block the beams after the focal point at the sample once the alignment is complete.

Next, thin pieces of glass are placed in the probe and local oscillator beam paths. For

this, microscope coverslips are used. The coverslips are size #1, which is approximately 130

microns thick, and made of borosilicate glass. Any #1 coverslip should do. The bottom coverslip

is glued to a screw using epoxy, which is mounted on an OEM rotation stage from Thorlabs with
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(a) Deviation from normal incidence. (b) Figure four shaped beam path.

Figure A.7: Placement of the pickoff mirror.

a minimum step size of 0.0165◦. Unfortunately, this rotation stage has been discontinued. The

top coverslip is cut into four pieces using a new razor blade in order to minimize rotational inertia

and then glued to the tip of a motorized galvanometer mirror using epoxy. The galvanometer was

part of a cheap laser light show kit purchased from Amazon. This galvanometer can be fed an AC

signal to use the transient grating experiment in two point mode, or it can be fixed in place by

keeping it plugged in to use the transient grating experiment in three point mode. Plugging it in

will change its position, so it should be plugged in during alignment. Care should be taken to

ensure that neither coverslip is placed in the path of either of the pump beams, and that neither

probe beam is clipping on the edge of either coverslip.

The coverslips should be angled at roughly 45◦ with respect to the incident beams. These

angles can be set roughly by looking at the reflected probe and local oscillator beams using a

business card.

With the coverslips in place, the Thorlabs camera is then used to view the four focused

beams at the sample position. Likely, the two pump beams and the two probe beams will overlap,

but the pump and probe will not overlap. This is due primarily to spherical aberration of the

curved mirror, and secondarily to displacement of the probe beams from the insertion of the

coverslips. Fine tuning of the coverslip angles should be done until the two probe beams overlap
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(a) Top view. (b) Side view.

Figure A.8: Placement of the coverslips. The incident, diffracted beams are overlapped in the
spot on the right, while the reflected beams are located to the left. Optimizing the overlap between
all reflected spots by adjusting the depth of the curved mirror along the beam propagation axis
results in relay imaging with a magnification ratio of 1.

perfectly. Then, the pump and probe steering mirrors before the iris pairs should be adjusted until

all four beams overlap perfectly precisely at the point where the beam diameters are minimized.

If this cannot be achieved, the alignment procedure should be repeated from the beginning.

With all four beams spatially overlapped, a BBO crystal can be placed at the focus to fine

tune the pulse duration at the sample position. Make sure 1 mm of fused silica is place in both

beam paths in order to account for the presence of the cryostat window. If the delay stage is at

the known time zero, nine second harmonic beams in a three by three square should be visible

after filtering out the fundamental. The four beams at the corners are second harmonic of the

individual pump and probe beams. The beams in the middle column and top and bottom rows are

single shot autocorrelations of the pump and probe beams. The probe pulse duration should be

minimized by finely adjusting first the internal prism compressor of the NOPA and monitoring

the intensity of the probe single shot autocorrelation beam. Then the pump pulse duration should

be minimized by finely adjusting the external prism compressor and monitoring the intensity of

the pump single shot autocorrelation beam. With the pulse duration minimized, the pulse duration
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Figure A.9: Setting the coverslip angles. The spots on the beam block are reflections of the two
probe beams off of the two coverslips. The orientation of the coverslips should be set so that the
reflected beams make an angle of 90◦ with the incident probe beams.

or experimental time resolution can be approximated using a cross-correlation by monitoring the

intensity of any of the beams in the middle row as a function of time delay. A cross correlation

FWHM of 30 fs, corresponding to a pulse duration of approximately 20 fs, should be attainable.

With the pulse duration minimized, the camera and extra 1 mm of fused silica may be

removed and the sample in cryostat may be placed at the focal position. For this measurement,

the ST-500 with the snout-like cold finger must be used in order to fit the sample around the many

optics in the experiment. In a typical reflection experiment, the sample surface should deflect

the beams at a relatively small angle, between 10◦ and 20◦, slightly away from the curved mirror
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compared to the incident beams. This is done so that the two probe beams may be picked off and

sent to a photodetector. For a pickoff mirror, a D shaped mirror with an angled straight edge is

used to pick off the reflected probe beams without clipping the incident pump or probe beams.

The D mirror should be quite close to the sample so that the beams do not clip on the edges of

the mirror for any phase mask used. The pump beams should not hit the D mirror in order to

minimize pump light on the photodetector.

After the pickoff mirror, the beams are collimated using a lens and sent through a polarizer.

A beam block should be placed between the lens and the polarizer for signal detection, which

involves blocking one of the two beams. After the polarizer, the beams are focused with a lens

and steered with a mirror to the diode of the photodetector. For easy transient grating calibration,

the photodetector should be placed so that both beams overlap on the photodiode. This way, the

calibration can proceed simply by blocking probe beam 1 and measuring probe beam 2, and vice

versa.

Optimization of the transient grating signal requires a finer touch than optimization of a

standard pump probe signal. First the method to optimize the transient grating signal in 3 point

mode will be described. With one of the two probe beams blocked after the sample, find the pump

probe signal by scanning the delay stage. Then, set the time delay to the peak of the pump probe

signal and adjust the depth of the sample until the lock-in reading is maximized. Next, attempt to

maximize the lock-in reading by rotating the bottom coverslip in small steps, 0.1◦ is typically a

good choice. If a significant variation in the lock-in reading can be attained, the transient grating

signal is present, and the maximized reading from the lock-in is the sum of the pump probe and

transient grating signal. Continue optimizing the lock-in reading by finely adjusting the sample

depth and pump probe overlap using the pump steering mirror. As a final step, adjust the depth

of the phase mask and the depth of the sample iteratively. This steps ensures that the image of

the grating on the sample occurs when the pump and probe beams are focused most tightly and

typically results in a large improvement in transient grating signal amplitude.
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The procedure to optimize the transient grating signal in 2 point mode is similar. First, the

pump probe signal is found, the time delay is set to the peak, and rotating the bottom coverslip

changes the lock-in reading, as in the optimization procedure for 3 point mode. Next, a double

modulation scheme involving two lock-ins is set up, which is described in the next paragraph.

The output of the second lock-in will contain only the transient grating signal. This signal should

be optimized by adjusting the sample depth and the pump steering mirror, and then again by

iteratively adjusting the phase mask depth and the sample depth.

The double modulation scheme operates as follows. The output of the photodetector is

sent to the first lock-in at the acousto-optic modulation frequency fAOM as usual, except a short

time constant τs is chosen rather than the usual long time constant. The resulting signal is noisy

due to the short integration time. Nevertheless, the high frequency modulation still limits 1/ f

noise. The output of the first lock-in is then sent to the second lock-in, which uses a long time

constant τl . The second lock-in supplies a sinusoidal driving voltage to the oscillating coverslip

at a slow frequency fD, which also serves as the reference frequency for the second lock-in.

The largest drive amplitude that preserves the linearity of the transient grating signal should be

chosen. Physically, this means that the coverslip modulation should not introduce more than a

half cycle of optical phase. The maximum drive voltage is typically about 0.5 V but 0.3 V is a

safer choice. The oscillating coverslip directly modulates the optical phase ψ, meaning the signal

returned by the second lock-in contains only terms that depend on ψ. As result, this method of

data acquisition eliminates scattered light from pump beam, which is typically a large source of

noise and systematic error in traditional pump probe experiments utilizing single modulation.

The double modulation works as long as fAOM� τ−1
s < fD. This way, the first lock-in still has

plenty of time to average over many cycles of the acousto-optic modulator but not enough time to

average over more than one cycle of the oscillating coverslip. Therefore, the portion of the signal

that is due to the oscillating coverslip is passed to the second lock-in. Typical numbers chosen for

experiments are fAOM = 52.25 kHz, τs = 3 ms, fD = 17.777 Hz, and τl = 300 ms.
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Once the transient grating signal is optimized with whichever method, the calibration

procedure can be performed. The absolute optical phase between the two probe beams is measured

in the calibration procedure. This enables the transient grating measurement to extract the physical

phase of the pump-probe signal, which is the phase between delta r and r.
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Appendix B

High Field THz Alignment

Generating THz using the tilted pulse front technique in LiNbO3 is quite different for the

case of an intermediate repetition rate laser utilizing µJ pulses as compared to the more typical

case of the 1 kHz regenerative amplifier using mJ pulses. This is because the fluence necessary to

achieve efficient THz generation, approximately 10 mJ/cm2, is the same in both cases. For the

case of the kHz laser, this means that the NIR generation beam will have a diameter of several

mm at the crystal. The Rayleigh range of this beam is quite long, meaning that long focal length

optics may be used to minimize spherical and chromatic aberrations. Additionally, the THz mode,

which inherits the spatial characteristics of the generating NIR beam, is quite a bit larger than

the diffraction limit. Thus, the THz beam emerges from the output face of the crystal with low

divergence.

Our system, however, runs at 209 kHz, with about 40 µJ pulses. Thus, the NIR generation

beam must have a diameter of a couple hundred microns to achieve the optimal fluence. The

Rayleigh range for a beam of this diameter is comparable to typical experimental dimensions.

Because of this, if long focal length imaging optics are used, a significant amount of beam

divergence between the grating and the crystal is inevitable. This results in a poor image of the

grating in the crystal due to wavefront curvature, strongly limiting the efficiency of the THz
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generation. On the other hand, if short focal length optics are used, strong spherical and chromatic

aberrations are introduced, which also results in a poor image of the grating in the crystal and

poor THz generation efficiency. For these reasons, the attainable THz power is quite a bit lower

than the expectation based on high conversion efficiencies that have been reported for Yb-based 1

kHz systems [136]. Furthermore, the THz mode generated is thus diffraction limited and strongly

divergent. Different optics are necessary to deliver this beam to the sample as compared to the

well-documented case of the 1 kHz high-field system.

B.1 Coarse Alignment

Alignment of the high field is most safely done with the beam heavily attenuated. To

begin the alignment, the NIR beam should be directed through the two irises outside of the purge

box. Inside the purge box, a telescope decreases the beam diameter by a factor of four, making

it close to the beam diameter at the output of the laser. The alignment of the telescope should

be checked and fixed if off. The position of the second lens may be adjusted to reduce the beam

diameter at the position of the crystal and increase the fluence of the NIR generation beam. This

results in a slightly focused rather than a collimated beam at the output of the telescope. Next, the

angle of the grating should be set. The grating is housed in a tip-tilt mount on a lab jack with

a manual rotation stage. The 0 order diffracted component of the beam can used for alignment,

ensuring that the NIR beam hits the grating at normal incidence when the dial on the rotation

stage reads 0 ◦. Then, the rotary mount can be set to the calculated optimum angle of incidence.

After setting this angle, the angle between the diffracted beam and the incident beam can be

checked against calculations.

A single plano-convex cylindrical lens is used to produce an image of the grating within

the crystal. Other schemes have been tried, including a single spherical lens and a 4 f system of

two cylindrical lenses. While this latter scheme results in an image of higher quality in theory,
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the efficiency of the single plano-convex cylindrical lens is the greatest in practice. This may be

because of the limited focal length of cylindrical lenses available, which in turn limits attainable

magnification ratios for imaging in the 4 f configuration. The single cylindrical lens is held by a

tip-tilt mount on a translation stage. The position of the lens should be set such that the beam

direction is not altered the insertion of the lens. The orientation of the lens should be set using the

backreflected beam, so that the NIR beam is normally incident upon the surface. The lens should

be placed the calculated distance away from the grating, which can be measured fairly accurately

by hand.

With the lens aligned, the LiNbO3 crystal may be placed at the calculated distance from

the grating. The crystal is mounted with six degrees of freedom. The orientation of the crystal

should be set by using the back reflection so that the NIR beam is normally incident upon the

surface. If possible, the ouput face of the crystal should be aligned to the grid of the table. This

will make placement of the crysostat easier.

B.2 Obtaining a Signal

To look for THz emitted by the LiNbO3, the THz should be collected and focused by

an imaging system, such as a single teflon lens or an aligned pair of off-axis parabolic mirrors.

If the alignment of the grating, lens, and crystal is done carefully, a signal should be present

without any optimization. The Gentec-EO pyroelectric detector should be placed at the image

plane and used to coarsely optimize the THz generation efficiency. The signal from this detector

must be synchronized with a chopper, which is placed near the laser output, and sent to a lock-in.

The signal from the lock-in is much less likely to pick up spurious signals compared to other

thermal or pyroelectric detectors. However, it does not accurately measure power. An accurate

measurement of power can be done with the thermal detector from Ophir after the alignment

procedure is complete. As a rule of thumb, with the chopper running at 17 Hz, a 465 mV signal
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from the pyroelectric detector covered by cardboard corresponds to 1 mW of THz power as

measured by the Ophir thermal detector.

B.3 Optimization

Once a measurable amount of THz power is generated, two different approaches are

possible. One approach involes maximizing the power. The other approach involves maximizing

the field strength. When the power is maximized, the spectrum is usually peaked at a lower

frequency, around 0.3 - 0.4 THz. This results in a large spot in the sample plane due to the

inherently large diffraction limits at these frequencies. On the other hand, it is possible to

optimize at a higher frequency, even though the power will be lower. Higher than 1 THz peak

frequency is attaiable. It is typically possible to focus a spectrum peaked above 1 THz to 500

µm FWHM, which is quite small for a THz spot. Because field strength scales inversely with

beam diameter and with the square root of the THz pulse energy, the higher frequency spectrum

often results in a greater peak field strength even though the power may be smaller by a factor of

five or so.

We will first describe the optimization of the THz power. This involves many degrees of

freedom, which we shall enumerate. The beam diameter as set by the second lens of the telescope

before the grating determines the fluence and hence plays a large role in efficiency. The position

of the cylindrical lens determines the magnification ratio and hence the position of the image of

the grating. This in turn determines the required position of the crystal for efficient generation.

The insertion of the crystal plays a role in generation efficiency. Too much insertion and losses

due to strong THz absorption in the crystal will reduce power. Too little insertion and the number

of THz generating cascade cycles will be reduced, limiting power. The rotation and the tilt of the

crystal also play a key role in mitigating Fresnel losses. There are a few “black magic” techniques

that may be used to optimize the THz generation as well. Really, any optical “degree of freedom”
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may be used to optimize the signal. This includes surprising things such as the horizontal tilt of

the grating, the horizontal and vertical tilts of the cylindrical lens, the horizontal tilt of the steering

mirror before the crystal, and even the horizontal tilt of both lenses in the telescope before the

grating. All of these can be used to optimize the power measured by the pyroelectric detector.

Once the THz power is optimal, the array of off-axis parabolic mirrors should be placed.

The off-axis parabolic mirrors for this system are mounted on custom right angle brackets ma-

chined from aluminum in-house, which are arranged on an aluminum breadboard with magnetic

pedestal bases at all four corners. If the right angle bracket mounts are made carefully and with

tight fits for all through holes, the off-axis parabolic mirror array can be assembled and aligned

in minutes. It can take days of work to align an array of off-axis parabolic mirrors mounted

on standard mirror mounts with the same alignment quality as the array of machined mounts.

Therefore my suggestion for all students in the future is to have such mounts machined. The

array should be placed so that the crystal is located at the focal point of the first mirror in the

array, with the direction of the collimated beam between the first and second parabolic mirrors

made parallel to the output face of the crystal. This can be done fairly precisely using a ruler or a

pair of calipers by referring to the drawing for the first mirror in the array. Next, the pyroelectric

detector should be placed at the focal point of the second mirror in the array. Fine adjustments

to the position and orientation of the breadboard, while repositioning the pyroelectric detector,

should be made until the power reaching the detector is optimum.

At this point, the detector should be moved to the sampling focal plane, after the fourth

off-axis parabolic mirror, and positioned to optimize the measured power. An iris may be placed

at the approximate sample focal point using calipers. With the iris fully closed, small iterative

adjustments to the breadboard position and the iris position can be made to optimize the power.

When the power is optimized, the array is well aligned and the iris is at the sample focal point.

This is extremely useful for aligning other beams to overlap with the THz spot. Therefore, it is

ideal to mount the iris such that it can easily be removed and replaced repeatably. Irises are also
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quite useful for checking the collimation, levelness, and diameter of THz beam between the first

two and the last two parabolic mirrors. Once this procedure is done, all that is left to do is to

measure the spectrum, power, and spot size. An aperture or knife-edge based technique is the

best way to measure spot size as of right now.

An alternate method is based on optimizing the electric field strength. First, the “THz

camera” is placed at the sample focal spot. The THz camera is really a LWIR camera made

by FLIR, model Tau 2. The sensor is a microbolometer array, and is thus sensitive to many

wavelengths. Luckily, the optics transmit enough THz that the focused spot is visible. The camera

does not give an accurate estimate for spot size, but is nonetheless quite useful for minimizing

the spot diameter and optimizing its spatial characteristics. Iterative adjustments can be made

to the optics to increase the central intensity of the beam, decrease the diameter of the beam, or

make the beam more Gaussian. Often times, insertion and rotation of the crystal, as well as the

telescope, make a big difference for improving these three aspects of the beam.

Once the spatial characteristic of the focused THz spot as measured by the camera are

optimal, electro-optic sampling is set up at the sample position. A gate beam is sent through the

hole in the off-axis parabolic mirror. One huge advantage of the large repetition rate is that it is

possible to take data very quickly. Using a short time constant on the lock-in, a somewhat noisy

THz waveform can be acquired in a few seconds. This is fast enough to use for optimization.

As long as the measured spectrum is suitable, optimization of the field strength can be done by

maximizing the amplitude of the peak of the THz pulse, using the same “tuning knobs” described

previously in this appendix.
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