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Abstract

Photoexcited hot charge carriers exhibit excess energies that could be harnessed for a wide
range of applications, such as in photovoltaic cells for the conversion of sunlight into energy.
The energy of the charge carriers also leads to scattering mechanisms in the constituents or
at the interfaces of heterostructures, which compete with their use in application devices.
Therefore, the spatial, temporal, and energetic distribution of hot charge carriers is impor-
tant for their efficient extraction and utilization. This work investigates the ultrafast local
and nonlocal relaxation dynamics of hot electrons in epitaxially grown Au/Fe/MgO(001)
thin films. Femtosecond time-resolved two-photon photoemission spectroscopy (tr-2PPE)
was used to study the energy-dependent ultrafast electron dynamics in Au and Fe buried
media/interfaces. Experiments were performed with two different geometries: (i) pump-
probe at the Au surface (FP) and (ii) pumping Fe layer and probing at the Au surface
(BP). The propagation of electrons from a ferromagnetic metal (FM) to a noble metal (NM)
through the FM/NM interface is of particular interest in this work.

As a first step for investigating the energy-dependent hot electron relaxation dynamics in
Au/Fe/MgO(001) thin films, femtosecond time-resolved 2PPE intensities as a function of
Au thickness da, and intermediate state energy E — Eg are explored. It is found that
optical excitation of the Fe layer leads to a temporal shift in the intensity built-up of the
transient 2PPE yields. The thicker the Au layer, the more pronounced the temporal shift
in the intensity built-up, which is attributed to transport effects. This nonlocal effect was
not observed in the tr-2PPE measurements with the Au-side pump geometry. Analysis of
the interplay among local and nonlocal relaxation dynamics led to the conclusion that hot
electrons propagate from the Fe layer to the Au layer surface in a superdiffusive manner.

It is also shown in this work that the Fe-side pump geometry can separate the local scatter-
ing rates in the constituents of the Au/Fe heterostructure, which can not be inferred from
the Au-side pump data analysis. However, tr-2PPE experiments with the Au-side pumping
approach reveal the first image potential state IPS (n =1) at the Au(001) surface. Another
spectral feature is observed by the Fe-side pumping approach, which is attributed to the
excitation of d-band minority states in Fe, and, thus, demonstrates the sensitivity of the
Fe-side pump geometry to the hot electron relaxation dynamics in buried media of metallic
heterostructures.

This work establishes Fe-side pumping in femtosecond two-photon photoemission spec-
troscopy and demonstrates a tool for analyzing hot electron relaxation and transport dy-
namics in FM/NM heterostructures energy-resolved in the time domain.






Zusammenfassung

Photoangeregte heifle Ladungstrager weisen einen Energietiberschuss auf, der fiir eine Vielzahl
von Anwendungen nutzbar gemacht werden konnte, wie z.B. in Photovoltaikzellen fiir die
Umwandlung von Sonnenlicht in Energie. Die Nutzung der Energie der Ladungstriger
konkurriert mit Streuereignissen in den Bestandteilen oder an den Grenzflachen von Het-
erostrukturen. Daher ist die raumliche, zeitliche und energetische Verteilung heifler Ladungs-
trager wichtig flir deren effiziente Extraktion und Nutzung. In dieser Arbeit wird die ultra-
schnelle lokale und nichtlokale Relaxationsdynamik heifler Elektronen in epitaktisch gewach-
senen Au/Fe/MgO(001)-Filmen untersucht. Es wurde Femtosekunden zeitaufgeloste Zwei-
Photonen-Photoemissionsspektroskopie (tr-2PPE) verwendet, um die energieabhéngige ul-
traschnelle Elektronendynamik in Au und Fe Volumen/Grenzflichen zu untersuchen. Die
Experimente wurden mit zwei verschiedenen Geometrien durchgefiihrt; (i) Photoanregung
und- Abfragung (pump-probe) an der Au-Oberflache (FP) und (ii) Pumpen der Fe-Schicht
und Probe an der Au-Oberfliche (BP).

Als erster Schritt zur Untersuchung der energieabhéngigen Relaxationsdynamik heifler Elek-
tronen in diinnen Au/Fe/MgO(001)-Filmen werden die Femtosekunden zeitaufgeloste 2PPE-
Intensitaten als Funktion der Au-Dicke da, und der Zwischenzustandsenergie £ — Er un-
tersucht. Es zeigt sich, dass die optische Anregung der Fe-Schicht zu einer zeitlichen Ver-
schiebung des Intensitatsaufbaus der transienten 2PPE-Intensitat fithrt. Je dicker die Au-
Schicht ist, desto ausgepragter ist die zeitliche Verschiebung des Intensitatsaufbaus, die
auf Transporteffekte zuriickgefiihrt wird. Dieser nichtlokale Effekt wurde bei den tr-2PPE-
Messungen mit der FP-Geometrie nicht beobachtet. Die Analyse der inelastischen e-e
Streuereignisse und der nichtlokalen Transporteffekte fiihrte zu der Schlussfolgerung, dass
sich heifle Elektronen auf superdiffusive Weise von der Fe-Schicht zur Au-Oberflache propa-
gieren. Es wird in dieser Arbeit auch gezeigt, dass die BP-Geometrie die lokalen Streuraten
in den Bestandteilen der Au/Fe-Heterostruktur trennen kann, was aus der FP-Datenanalyse
nicht abgeleitet werden kann. Dartiber hinaus zeigen tr-2PPE-Experimente mit FP-Ansatz
den ersten Bildladungszustand IPS (n =1) an der Au(001)-Oberfliche. Ein weiteres spek-
trales Merkmal wird mit der BP-Geometrie beobachtet, das auf die Anregung von d-Band-
Minoritatszustanden in Fe zurtickgefiihrt wird. Diese Arbeit etabliert das riickseitige Pumpen
(BP) in der Femtosekunden zeitaufgeloste Zwei-Photonen-Photoemissionsspektroskopie und
demonstriert eine neuartige Methode zur energie- und zeitaufgelosten Analyse der Relaxations-
und Transportdynamik heifler Elektronen in FM/NM Heterostrukturen.
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Abbreviations

Abbreviation Denomination

2D two-dimensional

2PPE two-photon photoemission

2TM two-temperature model

ARPES angle-resolved photoelectron spectroscopy
AFM atomic force microscope

BBO [B-barium-borate

BP back-side pumping front-side probing or Fe-side pumping Au-side probing
BWL bandwidth-limited

CCD charge coupled device

CD chromatic dispersion

CFD constant-fraction discriminator

CM chirped mirror

CPA chirped pulse amplification

CR count rate

CW continuous-wave

DFT density functional theory

DOS density of states

e-e electron-electron

e-m electron-magnon

e-ph electron-phonon

By Fermi energy

FLT Fermi liquid theory

FM ferromagnetic metal

FP front-side pumping front-side probing or Au-side pumping Au-side probing
FROG frequency-resolved optical gating

FS fused silica

fs femtosecond

FWHM full width at half maximum

GD group delay

GDD group delay dispersion

GVD group velocity dispersion
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Abbreviation Denomination

IC
ICAN
IMFP
IPES
IPS
LEED
LMIG
LPE
MBE
MCP
NEQ
ND
NIM
NM
NOPA
PES
PIC
ps
QMS
RegA
SHG
S/N
SpP
TDC
TEM
THz
Ti:Sa
TOD
e-TOF
p-e TOF
TOF
ToF-SIMS
tr
UHV
uv
VIS

integrated circuit

interdisciplinary center for analytics on the nanoscale

inelastic mean free path

inverse photoemission

image potential state

low energy electron diffraction
liquid metal ion gun

linear photoemission

molecular beam epitaxy

micro channel plate

nonequilibrium

neutral density

nuclear instrumentation module
normal or nonmagnetic metal
noncollinear optical parametric amplification
photoelectron spectroscopy
particle-in-cell

picosecond

quadrupole mass spectrometer
regenerative amplifier

second harmonic generation
signal-to-noise

spin polarization

time-to-digital converter
transmission electron microscopy
terahertz

Ti-doped sapphire

third-order dispersion

electron time-of-flight
position-sensitive electron time-of-flight
time-of-flight

time-of-flight secondary ion mass spectrometry
time-resolved
ultra-high vacuum
ultraviolet
visible



Contents

1X

Contents

Acknowledgments
Abstract
Zusammenfassung

1 Introduction

1.1 Motivation . . . . . . . . ..
1.2 Experimental approach . . . . . . . .. ... ... L

2 Theoretical background

2.1 Electronic band structure of Auand Fe . . . . . . . . . .. ... ... ...

2.2 Absorption of light inmetals . . . . . . . ... ... ... ... ... .....

2.3 Elementary electron relaxation processes . . . . . . .. .. .. ... .. ...

2.3.1 Inelastic electron-electron scattering . . . . . . . .. .. ...

2.3.2 Interplay of scattering & transport dynamics . . . . . . . . ... ...

2.3.3 Superdiffusive hot electron transport . . . . . ... .. ... ... ..

2.4 Hot electron relaxation dynamics & film thickness effect . . . . . . . . . . ..

2.5 Photoelectron spectroscopy . . . . . ..o

2.5.1 Principles of photoelectron spectroscopy . . . . .. .. ... .. ...

2.5.2  Two-photon photoelectron spectroscopy . . . . .. .. ... .. ...

2.5.3 Time-resolved two-photon photoemission . . . . . .. ... ... ...

3 Sample preparation and experimental details

3.1 Au/Fe/MgO(001) thin film preparation and characterization . . . . . .. ..
3.1.1 Thickness determination of Fe and Au thin film layers. . . . . . . ..

3.2 UHV chamber and the photoelectron spectrometer . . . . . . .. ... ...

3.3 Laser setup and laser pulse overlap . . . . . . .. .. ... ... ... ...

3.4 Pulse characterization . . . . . . . . .

3.5 Compression of VIS and UV laser pulses . . . . . . .. ... ... ... ...

3.5.1 Characterization of pulses in time and frequency domain

4 Relaxation dynamics of hot electrons analyzed via tr-2PPE

iii

14
15
17
19
21
23
28
29
32
35

39
39
41
43
46
53
%)
56

64



Contents

4.1 Absorption profiles in Au/Fe/MgO(001) . . .. ... ... ... ... ..
4.2 Time-resolved 2PPE data analysis . . . . . . . ... .. ... ... ...
4.2.1 Analysis of Au-side pump time-resolved 2PPE data . . . . . . .
4.2.2  Analysis of Fe-side pump time-resolved 2PPE data . . . . . ..
4.3  Electron dynamics in Fe/Au heterostructure . . . . . . .. ... .. ..
4.3.1 Time-dependent 2PPE intensity relaxation behavior . . . . . . .
4.3.2 Interplay of local relaxation and transport processes . . . . . . .

4.3.3 Separation of e~ dynamics in the individual Fe/Au constituents

4.4 Anomaly in the relaxation time . . . . . . . ... ... ... ... ...

5 Conclusions and outlook

A Basics in ultrashort laser pulse dispersion

B Continuum approach for scattering along the heterostructure
Bibliography

List of publications

95

97

99

101

113



List of Figures xi

List of Figures

1-1

2-7

2-8
2-9

2-10

2-11
2-12

2-13

2-14

2-15
2-16
2-17
2-18

2-19

Time-resolved pump-probe photoelectron spectroscopy with FP and BP ge-

ometries on epitaxially grown Au/Fe/MgO(001) thin films . . . . . . . .. .. 6
Pump-probe photoelectron spectroscopy with BP geometry on Fe/Au het-

erostructures: local vs. nonlocal hot electron relaxation dynamics . . . . . . . 8
[lustration of epitaxially grown fcc-Au(001) on bee-Fe(001) . . . . . . . . .. 10
Electronic band structure and density of states (DOS) of Au . . . . ... .. 11
Image potential state in front of a metal surface . . . .. ... .. ... ... 12
Electronic band structure and density of states (DOS) of Fe . . . . . . . . .. 13
Energy-momentum FE(k) diagram of intra- and interband transition processes

by photon absorption in metals . . . . . . . .. ... .. ... L. 14
Ultrafast phenomena: Typical time scales and energy bandwidth of elementary

excitation and decay processes in solid materials . . . . . .. ... ... ... 16
Schematic of electron-electron scattering . . . . . . . . ... ... 18
Nonequilibrium hot electron relaxation and transport dynamics after photoex-

citation of metallic surface by an ultrashort laser pulse . . . . . . . . . .. .. 20
Time evolution of the anomalous diffusion coefficient d,, and three different

transport regimes . . . . . . ... L. Lo oL 23
Thickness-dependent effects on hot electron relaxation dynamics . . . . . . . 24
Relaxation times of photoexcited electron distributions in Cu/Si(111)-7x7

films and bulk Cu . . . . . . ... 25
Preliminary work: Front-side pumping back-side probing on Au thin films . . 26

Scheme of back-side pumping tr-2PPE on Fe/Au heterostructure and the gen-
eration of nonlocal spin transport and local scattering processes based on the
electronic density of states (DOS) of Fe in the majority and minority sub-bands 27

Time-resolved pump-probe photoelectron spectroscopy on a metallic surface . 28
Energetic representation of the direct photoemission process . . . . . . . . .. 29
Time-resolved linear photoemission (tr-LPE) and time-resolved two-photon
photoemission (tr-2PPE) . . . . .. ... oo 31
Excitation mechanisms of 2PPE involving discrete initial, intermediate and
final states . . . . . . L 33

Static multi-photon photoemission processes . . . . . ... .. .. ... ... 34



2-20
2-21
2-22

3-1
3-2

3-8
3-9
3-10
3-11
3-12
3-13

3-14

4-1
4-2

4-3

4-4

4-5

4-6
4-7

Xii List of Figures

Time-resolved 2PPE scheme with different pump-probe sequences . . . . . . . 35
Time-resolved 2PPE on 10 nm Au/7 nm Fe/MgO(001) with FP geometry . . 37
Simulation of a time-resolved 2PPE yield as a function of pump-probe time

delay . . . .. 38
AFM image provided by ICAN of an Au surface . . . . ... ... ... ... 40
The stepwise design of the Au/Fe/MgO(001) sample with Au thicknesses da, =

5 — 70 nm and a constant Fe thickness dpe =7nm . . . . . ... ... .. .. 41
Photo of an Au/Fe/MgO(001) heterostructure with sputter craters created

using the ToF-SIMS technique and profilometry depth profiles . . . . .. .. 43
Ultra-high vacuum chamber system . . . . . . . ... ... ... ... .... 44
Potential gradients between sample and spectrometer . . . . . . . ... ... 47
Schematic of the laser setup and the UHV chamber for the photoelectron

spectroscopy measurements . . . . . ... ... Lo 48
Incoupling of the pump and probe beams into the UHV chamber in case of

front-side pumping and probing (FP) experimental configuration . . . . . . . 50
BP experimental geometry: Pumping on the Fe-side and probing on the Au-side 52
CCD camera images of the intensity distribution of focal spot profiles . . . . 54
Laser spectra of the VIS and UV beams . . . . . ... ... ... ... .... 55
Schematic of applied laser pulse compressing systems . . . . . . . .. ... .. 57

Second harmonic FROG intensity of 2.1 eV or 593 nm VIS beam pulse com-
pressed by a prism compressor . . . . . ... ... 58
Second harmonic FROG intensity of 2.1 eV or 593 nm VIS beam pulse com-
pressed successively by prisms and chirped mirror . . . . . . ... ... ... 60
Second harmonic FROG intensity of 2.1 eV or 593 nm VIS beam pulse com-
pressed by a grating compressor . . . . .. ... ..o 61

Sketch of the excitation schemes for tr-2PPE on Au/Fe/MgO(001) thin films 64
Absorption depth profiles for Au thicknesses da, = 7, 30 and 70 nm at constant
Fe-thickness layer of dpe =7nm . . . . . . . . . ... . oL 67
Time-dependent 2PPE intensity upon back-side pumping at £ — Ep = 1.0 eV
shown for different Fe thicknesses dp. and fixed Au thickness da, = 15nm . . 68
False-color maps of time-resolved 2PPE yields for Au thicknesses dj, as indi-
cated and constant dpe =701 . . . . . ... 69
2PPE spectrum taken at the temporal overlap of visible (VIS) and ultraviolet
(UV) femtosecond laser pulses shown as a function of final state energy with
respect to the Fermi energy . . . . . . . . . . ... 70
Tr-2PPE spectroscopy on 15 nm Au / 7 nm Fe / MgO(001) with FP geometry 71
Normalized time-dependent 2PPE intensity on a logarithmic scale for FP and

BP data . . . . 75



List of Figures xiii

4-8

4-9

4-10

4-11

4-12

4-13

4-14

4-15

4-16

4-17
4-18

4-19

(a) Normalized and (b) non-normalized 2PPE intensity in the dependence of
pump-probe time delay at intermediate state energy £ — Fr = 1.00 eV for
various Au-thicknesses da, . . . . . . . . ..
Sketch of Fe-side pumping and Au-side probing experimental configuration:
Interplay of hot electron transport and scattering processes . . . . . ... ..
Relaxation times 7 and time offset ¢y of hot electrons at energies F — EF for
7 nm thick Au films on 7 nm Fe on a MgO(001) substrate. . ... ... ...
Relaxation times 7 and time offset ¢y of hot electrons at energies £ — Ey for
30 nm thick Au films on 7 nm Fe on a MgO(001) substrate. . . . . . ... ..
Relaxation times 7 and time offset ¢y of hot electrons at energies F — EF for
70 nm thick Au films on 7 nm Fe on a MgO(001) substrate. . . . . . ... ..
Relaxation rates as a function of inverse Au thickness for different electron
energies above the Fermi level obtained by BP experimental configuration . .
BP data analysis: Determined relaxation times as a function of the interme-
diate state energy in comparison with literature data for hot electron lifetimes
inAuand Fe . . . . . . ..
Relaxation rates as a function of inverse Au thickness for different electron
energies above the Fermi level obtained by FP experimental configuration . .
FP data analysis: Determined relaxation times as a function of the Fermi level
in comparison with literature data for hot electron lifetimes for Au and Fe . .
Sketch of the penetration depth of the pump and probe laser pulses . . . . .
Time-dependent 2PPE yields with fits (black solid line) obtained by Fe-side
pumping (BP) configuration for various Au thicknesses at £ — Fr = 1.50 eV

Time-dependent 2PPE yields obtained by Fe-side pumping configuration for
various intermediate state energies at da, =70nm . . . ... ... L.

86

87

38

89
90

92



1. Introduction

1.1. Motivation

The modern, digitized world expects a multifaceted transformation with its rapid progress in
high technology. With ambitious future projects in artificial intelligence (AI), autonomous
driving, e-mobility, 5G/6G communication, and robotics, one will see changes in diverse
aspects of social life. The electronic industry will continue to grow and, thus, demands more
and more electrical power. This compelling demand for energy leads to a dilemma with the
international mitigation strategies against the threat of climate change [1-3]. The mitigation
measures include less usage of fossil fuel resources and reduction of greenhouse gas emissions,
which have been a driving engine for innovation in renewable energy and related materials
technology.

A rising global demand shows up for developing and commercializing technologies that can
convert and harness energy efficiently. The European Union has pledged to become the
first climate-neutral continent by 2050. It started the campaign Important Project of Com-
mon European Interest (IPCEI), where countries like Germany plan to invest several billion
into the chip industry [4]. With innovative smart solutions for greener mobility and more
energy-efficient products, it is aimed to reduce COs emission and ultimately shift toward
a low carbon economy. Here presents microelectronics one of the key technologies. In this
case, a compelling development of powerful and energy-efficient devices is inevitable for a
sustainable future. Thus, understanding the fundamentals of energy dissipation and trans-
port in nanoscale structures is of great importance for designing energy-efficient circuits and
energy-conversion systems.

The invention of the first transistor in 1948 [5] and its use for the first integrated circuit
(IC) in 1958 by Kilby et al. paved the way for the first commercial microprocessor in 1971,
the Intel 4004 [6-8]. Due to the interest in faster processing circuits, the density of transis-
tors in ICs increased and led to the well-known Moore’s Law, which predicted a doubling
of the transistor density every 18 months [9]. Together with the Dennard scaling down to
the nanometer scale, the performance and energy-efficiency in the circuits increased expo-
nentially and, at the same time, reduced the cost per compute [10]. While Intel 4004 was
capable of performing 92000 operations per second, nowadays, MediaTek’s 5G smartphone
system-on-chip (SoC) are now capable of performing 4.5 trillion operations per second. This
vast development led to high-speed switching processors and revolutionized modern technol-
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ogy [11-13].

Important physics for these high-speed switching circuits is the electron and hole dynamics
in the transistors. Non-equilibrated hot charge carriers with an energy of about a few eV
above the Fermi level Er are intrinsically nonlocal and propagate from the source to the
drain. They generate a current in the circuit, and the more efficiently the charge carriers
can move through the lattice, the higher the performance. The transport proceeds faster
and with less power dissipation, which is beneficial for the switching speed of ICs. Never-
theless, ICs usually suffer from carrier scattering processes within the transistors, such as
inelastic electron-electron (e-e) and electron-phonon (e-ph) scattering mechanisms. These
local relaxation dynamics occur for a few eV hot charge carriers above the Fermi energy Ep
on femtosecond (fs) up to picosecond (ps) time scales and compete with the charge carrier
transport! [14-17]. Both the local relaxation and nonlocal transport dynamics are deter-
mined by the electronic band structure of the material and, thus, show an energy-dependent
inelastic mean free path (IMFP) of the hot charge carriers [18]. Therefore, the length scale
of the channel in the transistors plays a crucial role in the propagation behavior of the hot
charge carriers.

The fastest propagation behavior, ballistic propagation, is by definition a transport without
charge carrier scattering. In contrast, many scattering events during spatiotemporal trans-
port lead to diffusive propagation. Consequently, an ultrafast relaxation of hot electrons in
the fs regime by inelastic e-e scattering leads to an ultrafast energy redistribution. After a
few hundreds of fs, the high electron temperature 7T, couples to the lattice and heats the
materials system, leading to energy dissipation and lowering the performance of the tran-
sistor [19,20]. Although the intrinsic speed of hot electrons in the transistors proceeds in
the ballistic regime, scattering events reduce ultrafast electron speed. Due to this fact, it is
of great interest to reduce charge carrier scattering in transistors as much as possible and
sustain the high-speed ICs. Thinning further down the transistor might reduce e-ph coupling
and minimize heat waste. However, lateral dimensions < 20 nm lead to serious leakage cur-
rents and increases in power consumption. Thus, the clock speed of processors has remained
unchanged at a few GHz since 2000 and has not reached the THz range [21-23].

These material shortfalls at lower dimensions (< 20 nm) limit the Dennard scaling and forces
Moore’s Law to find new ways to sustain further. Different transistor geometries, such as
FinFETSs from the 5 nm node or implementing 2D materials with their ultrathin nature and
high-quality interfaces into the ICs are some of the efforts [12,24, 25].

Exploiting nonequilibrium charge carrier local relaxation and nonlocal transport processes in
the constituents or at the interfaces of heterostructures might lead to cutting-edge technolo-
gies. Preventing hot charge carriers from energy loss by reducing scattering processes with

'For a homogeneous electron gas in bulk crystals of sp-metals, the inelastic e-e scattering time is determined
in the framework of Fermi liquid theory (FLT) by 7._. ~ n%/6 (E — Fr)~2 with electron density n.
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certain nanostructural material design could support extracting and harnessing the energy
before it decays. The hot charge carriers energy could be used for 2D /3D hot electron transis-
tors, photovoltaics, novel batteries, and heat management within electrical circuits [20,21,26].
In particular, spintronics is a fascinating field for ultrafast data processing and data storage
in computers. The Fe/Au metallic heterostructure has spin filtering properties at the Fe/Au
interface and can act as a THz emitter. Understanding the energy-dependent microscopic
processes of local and nonlocal relaxation dynamics allows controlling and shaping the ma-
terial properties in the NEQ state.

This thesis addresses the relevant ultrafast NEQ dynamics of photoexcited hot charge carriers
in epitaxially grown Au/Fe/MgO(001) thin films and contributes to the fundamental research
for energy-efficient, advanced materials technology. Especially the interplay among local
relaxation and transport processes in the constituents or at the heterostructure interface is
interesting for scientists and application engineers. By performing Fe-side pumping and Au-
side probing fs time-resolved photoemission spectroscopy on Au/Fe/MgO(001) thin films,
this thesis answers the questions:

e What kind of scattering mechanisms accompany the spatiotemporal transport of hot
carriers? Moreover, what kind of propagation behavior is observable?

e What is the influence of the epitaxially grown Fe/Au interface on the hot electron
relaxation dynamics?

The Fe-side pumping and Au-side probing experimental approach enabled exploring the
questions and investigating the interplay among local and nonlocal relaxation dynamics
energy-dependent in the time domain in Au/Fe/MgO(001) heterostructure. The following
section presents the development of this pump-probe approach in time-resolved optical mea-
surements.

1.2. Experimental approach

In the 1960s, the importance of transistors became more and more apparent. Scientists
and companies sought to understand the physical processes in transistors better in order
to improve computer processors. In this regard, gaining knowledge about local relaxation
and nonlocal transport processes of charge carriers in applied materials was essential. The
development of ultrashort laser pulses opened the way for studying ultrafast charge carrier
dynamics in solid-state material systems. By finding the ultrafast time-resolved pump-probe
technique with fs laser pulses one could deduce the ultrafast charge carrier dynamics in the
femtosecond regime.

In 1987 Brorson et al. [27] presented the first evidence of ultrafast electronic transport on
thin Au films after a laser pulse excitation. They performed an ultrafast optical pump-probe
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reflectivity measurement for different Au thicknesses ranging from 50 nm to 300 nm. In
order to measure the heat transport in thin Au films they employed front-side pumping and
back-side probing. It represented a time-of-flight measurement of heat transport through
the sample. By plotting the transit time as a function of sample thickness, they observed
a transport velocity of the same order as the Fermi velocity vp = 1.4 nm/fs [27]. The con-
clusion was a contribution of ballistic propagating hot electrons for this rapid transport.
With this work, Brorson et al. introduced the measurement of ultrafast electron transport
processes in the fs regime by employing ultrashort laser pulses in a pump-probe technique.
The remarkable efficiency and the relatively low cost of this technique made it favorable for
many researchers to address fs dynamics. Seminal work in this regard was the discovery of
the fs laser-induced ultrashort demagnetization (sub-picosecond) of Ni thin films by Beaure-
paire et al. [28] in 1996. To understand the impact of this discovery, one has to imagine the
switching speed of a magnetic bit in hard-disk drives, which proceeds in several ns [29]. The
employment of laser-induced magnetization suggested an increase of the switching speed by
three orders of magnitudes. This intriguing finding and the purpose of continually increas-
ing the speed and density of data storage with less energy consumption generated a lot of
interest among researchers [30].

In 2008, Malinowski et al. described the fs laser-driven ultrafast demagnetization in a ferro-
magnet (FM)/ normal metal (NM) heterostructural thin films by spin-polarized hot electron
transport effects [31]. Nevertheless, the decisive description was delivered in 2010 by Battiato
et al. [32], which incorporated in addition to the spin-polarized hot electron transport the
energy- and spin-dependent scattering mechanisms. This description led to the superdiffu-
sive transport model, which describes the propagation behavior of photoexcited hot electrons
in an intermediate regime between ballistic and diffusive transport accompanied by a few
scattering events. With this model, Battiato et al. succeeded in explaining the ultrafast
demagnetization process in Ni/Al heterostructure during the first few hundred femtosec-
onds. In FM as Ni, Fe and Co, the transport behavior, lifetime, inelastic mean free path
and velocity of excited hot electrons are highly energy- and spin-dependent. Hot majority
electrons from the sp-band are much more mobile and have a larger inelastic mean free path
with respect to minority electrons from the 3d-band [33].

In order to experimentally verify this theory, Melnikov et al. performed in 2011 magnetiza-
tion sensitive nonlinear optical measurements on epitaxially grown Au/Fe/MgO(001) thin
films out [34]. By photoexciting hot electrons in the Fe layer and probing a transient spin
polarization at the Au surface with the optical second harmonic generation, they proved
the existence of a spin-polarized current of hot carriers propagating from the Fe toward the
Au layer [30]. Together with observing a superdiffusive propagation behavior of hot elec-
trons, Melnikov and his collaborators corroborated the superdiffusive spin transport model
for FM/NM thin films. This pioneering work was followed and further applied on different



1.2 Experimental approach D

material systems. It enriched the insights in the ultrafast magnetization dynamics induced
by photoexcited spin-polarized hot carrier dynamics [29,33,35,36]. The benefit of this funda-
mental research was finding spin filtering properties of Fe/NM interfaces. In the case of the
Fe/Au system, the spin current probed at the Au surface was mainly caused by an injection
of hot majority electrons from the ferromagnetic Fe film into the adjacent Au layer. The
Fe/Au interface exhibits high transmittance for majority electrons, attributed to the well-
matched sp-bands in Fe and Au above the Fermi energy. However, for minority electrons and
majority electrons at lower energies, the average transmittance is low due to the significant
density of d-states in Fe. Accordingly, the Fe/Au interface acts as an efficient spin filter
for non-thermalized electrons optically excited in Fe [37]. Moreover, the resulting ultrashort
spin current pulse at the Fe/Au interface propagates with a velocity of the order of 1 nm/fs
in Au and can generate a terahertz electromagnetic pulse (THz), which opened the door for
THz spintronics devices [33,38,39].

The relevance of spin-dependent charge carrier transport in femtosecond magnetization
dynamics has spurred the use of back-side pumping in optical pump-probe experiments
[34,36,40], which provide energy- (and momentum)-integrated information. However, due to
the energy- and spin-dependence nature of carrier dynamics at the buried media/interfaces,
researchers have been actively pursuing energy-resolved measurements in the ultrafast time
domain to gain deeper insights [41].

A suitable method for this is time- and angle-resolved photoelectron spectroscopy (tr-ARPES)
with sensitivity to hot charge carriers energy and momentum at the surface. This tool is
based on a pump-probe approach and has been used for exploring the relaxation dynamics of
hot charge carriers energy-resolved in the time domain. [42-45]. Two well-established PES
variants are the linear photoemission (LPE) and the nonlinear two-photon photoemission
(2PPE) technique.

In the case of time-resolved LPE, an intense fs pump laser pulse photoexcites the ground-state
of a system and monitors the transient evolution of occupied states by direct photoemission
with a time-delayed probe pulse. The photoexcitation of hot electrons above the Fermi edge
E¥ is accompanied by a depletion of electrons below Er which is referred to as holes. Thus,
time-resolved LPE enables the study of the ultrafast relaxation dynamics of photoexcited
electrons and holes in the NEQ state and their coupling to quasi-particles such as phonons
in the vicinity of Fp.

Further insights have been achieved by employing time-resolved 2PPE spectroscopy, which
directly accesses the electron energy relaxation dynamics in the unoccupied part of the elec-
tronic band structure. Various measurements with this nonlinear photoemission method
combined with theoretical calculations have shown that transport effects have to be taken
into account to describe the observed hot electron relaxation times fully [17,46-48]. All
these LPE and 2PPE measurements are based on the conventional front-pump front-probe
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experimental configuration and have been delivering energy-resolved information about the
transient energy distribution of excited charger carriers at the surface.

Although the PES method provides energy-resolved information, the peculiarity of this
method is that it is surface sensitive, which in turn is a significant limitation for the study of
hot carrier dynamics in buried media/interfaces of heterostructures. So far, local relaxation
dynamics at the surface and nonlocal contributions, e.g., due to transport, were indirectly
distinguished by analyzing relaxation at surfaces [16,46, 47,49, 50]. The ultrafast relax-
ation and transport processes occur on similar time scales, and, thus, the disentanglement
of both processes remains challenging. Separating these local and nonlocal contributions
is essential to obtain a microscopic understanding of the underlying processes. In order to
overcome this limitation of the surface sensitivity, back-side pump front-side probe PES has
been suggested for studying the interplay among local and nonlocal hot charge carrier re-
laxation dynamics energy-resolved in the time domain. Time-resolved 2PPE was performed
on Au/Fe/MgO(001) thin films using Fe-side pumping Au-side probing (BP) and Au-side
pumping and probing (FP) experimental geometries, which are shown in Figure 1-1.
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Figure 1-1: Sketch of time-resolved pump-probe photoelectron spectroscopy with FP and
BP geometries on epitaxially grown Au/Fe/MgO(001) thin films. FP: Hot electrons pho-
toexcited by an ultrashort VIS laser pulse at the Au surface propagate toward the Fe layer.
A time-delayed UV laser pulse probes the remaining population of hot electrons at the Au
surface. BP: Photoexcited hot electrons in the Fe layer up to a few eV above the Fermi
level Er undergo transport processes toward the Au surface where they can be probed by
a time-delayed UV pulse. The photoemitted electrons are detected and analyzed with an
e-TOF spectrometer.

By using a fs time-resolved back-pump front-probe experimental configuration the hot elec-
trons are excited above EF in the Fe layer by a VIS fs laser pulse. The photoexcited electrons
experience a spatiotemporal transport from the Fe layer through Fe/Au(001) interface to-
ward the Au surface. A time-delayed ultrashort UV pulse probes the hot electron at the
surface. The photoemitted electrons will be detected and subsequently analyzed by an
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electron time-of-flight (e-TOF) spectrometer. In the case of front-side pumping front-side
probing, the photoexcitation and probing by a time-delayed UV pulse occur both at the Au
surface. The propagation of hot electrons occurs in this case from the Au surface through
Au/Fe interface toward the Fe layer but is not directly observed.

Insights gained from time-resolved 2PPE on epitaxially grown Au/Fe/MgO(001) thin films
with both Au-side pump (FP) and Fe-side pump (BP) experimental configurations: In con-
trast to the conventional measurements in the front-pump configuration, the back-pump con-
figuration allowed the analysis of the interplay among local and nonlocal relaxation dynamics
in an energy-resolved manner in the time domain. It opened the door for distinguishing local
relaxation dynamics in the constituents of the MgO(001)/Fe/Au heterostructure. Moreover,
by varying the Au thicknesses from 5 to 70 nm, nonlocal electron dynamics were observed
and I concluded a superdiffusive propagation behavior of hot electrons. Another aspect is
the observation of the first image potential state IPS (n =1) at the Au(001) surface with the
FP experimental approach. Furthermore, excitation of unoccupied Fe-minority states has
been observed with the BP geometry.
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2. Theoretical background

The research field of hot electron dynamics in metallic thin films includes various processes
occurring on ultrafast time scales from femtoseconds (fs) to a few picoseconds (ps). In this
chapter, we present the theoretical background of hot electron local relaxation and nonlocal
transport phenomena in metallic thin films, and the effect of the interface in ferromag-
netic/normal metal (FM/NM) heterostructures. To define the terms local and nonlocal re-
laxation dynamics, the following aspects are mentioned for metallic heterostructures: While
the local relaxation dynamics of photoexcited electrons refers to scattering events in a single
constituent, the nonlocal effect is related to the hot electron spatiotemporal transport across
the interface between the constituents of a heterostructure, see Figure 2-1.

Ea
'/’ e ,,'
o Fe 0 Au o
e e o e ] o = o o o o o e 4
7 w g A{W’
K vy
| O Vpro pe
El
h v ,,,/’ ,,,/
pump ’ g
- >
zt

Figure 2-1: Pump-probe photoelectron spectroscopy with BP geometry on Fe/Au het-
erostructures. Hot electrons photoexcited by an ultrashort VIS laser pulse in the Fe layer
up to a few eV above the Fermi level Fr undergo two possible processes: (1) local relaxation
dynamics occurring through inelastic e-e scattering processes in a single constituent (Fe or
Au) of the heterostructure, or (2) nonlocal transport of hot electrons between the two con-
stituents across the Fe/Au interface.

In the first section, the band structures of the studied Au and Fe material system is pre-
sented, which determine the local and nonlocal relaxation dynamics in the Au/Fe/MgO(001)
heterostructure. However, in FM/NM heterostructures, spin-dependent dynamics must be
taken into account due to the splitting of the energy band into majority and minority sub-
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bands in FMs. Therefore, spin-dependent bulk and interface effects in FM/NM heterostruc-
tures are predicted and are described here. Moreover, the observation of the lowest image
potential state (IPS, n = 1) at the Au(001) surface by the 2PPE technique (discussed in
chapter 4) leads to the introductory discussion of this particular state in section 2.1.

The second section describes the process of laser light absorption in metals. We show here
the photon energy dependent absorption of laser pulses in the visible region for Fe and Au.
In addition, the inter- and intraband transitions in combination with the excitation scheme
in sp-metal Au and 3d-metal Fe are discussed. Lambert-Beer’s law is presented to provide
a theoretical basis for the absorption profiles in chapter 4.

The third section deals with the ultrafast phenomena of photoexcited electrons in the
nonequilibrium state (NEQ) in condensed matter. The time scales for the elementary scat-
tering processes of hot electrons such as the inelastic e-e, e-ph, or e-defect interaction range
from femtoseconds to a few picoseconds. Furthermore, these ultrafast local scattering mecha-
nisms are in direct competition with ultrafast nonlocal transport phenomena of hot electrons.
Consequently, the energy-dependent interplay of local and nonlocal relaxation dynamics of
hot electrons is discussed.

Then, in the fourth section, an overview of previous scientific works reporting on the local
and nonlocal relaxation dynamics of hot electrons is given [27,34,46,49,51]. Based on these
studies, the film thickness effect and the influence of the excitation schemes such as front-
side pumping (FP) or back-side pumping (BP) geometry are reported. In addition, previous
optical experiments on Au/Fe/MgO(001) with BP geometry are described, which paved the
way for our time- and energy-resolved PES measurements. In particular, spin-dependent
relaxation and transport properties of hot electrons and interfacial effects in Au/Fe het-
erostructure are discussed.

The last section of this chapter describes the fundamental principles of photoelectron spec-
troscopy (PES). The two variants in PES, linear photoemission (LPE) and two-photon pho-
toelectron emission (2PPE) are compared and described. Since the 2PPE method is applied
within this thesis work, the main focus will be on the 2PPE technique. It represents a state-
of-the-art technology to gain insights into ultrafast electron dynamics in unoccupied states
of the band structure in condensed matter.

2.1. Electronic band structure of Au and Fe

The band structure of solid-state materials determines, among other aspects, the optical
properties and the charge carrier relaxation dynamics of the material system. Therefore,
knowledge of the band structure and the DOS of the material is essential for understanding
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S Figure 2-2: Illustration of epitaxi-

/ x ally grown fee-Au(001) on bee-Fe(001):
/ \ Large yellow and small gray circles in-
dicate Au and Fe atoms, respectively.

\ / Apy The rotation of the in-plane axes of

both layers by 45° to each other leads to

lattice-match with the lattice constants
aan/V2 =288 A and ap. = 2.86 A.

and elucidating the fundamental microscopic processes behind the observed dynamics. The
epitaxially grown Au/Fe heterostructure here consists of an fcc-Au and a bee-Fe lattice with
the crystalline orientation (001). It is particularly well lattice-matched if the in-plane axes of
both layers are rotated by 45° to each other and thus differ only by 0.5% at lattice constants
aan/V2 =288 A and ap. = 2.86 A, as shown in Figure 2-2 [52-54].

(i) Electronic band structure of Au

The noble metal Au represents an sp-metal whose electronic band structure calculated by
Rangel et al. is presented in Figure 2-3. The (001) high-symmetry line in a cubic fcc lattice
extends from the high-symmetry point I' to X; I' — X. The states of the sp-like bands are
shown as black (blue) lines for the occupied (unoccupied) part of the band structure. Thus,
the sp-like band crosses the Fermi edge Er and exhibits a steep curve. In contrast, many
d-like bands below Ef tend to have a flat structure. The upper d-band edge (red line) shows
the 5d band roughly at 2.5 eV below the Fermi level Eg, which is reflected in the ab initio
DOS with a steep d-band edge at 2.4 eV in Figure 2-3(b) [55]. Consequently, for photon en-
ergies hv < 2.4 eV, sp-like bands play a crucial role in the charge carrier relaxation dynamics.

Moreover, spectral features such as image potential states (IPS) in front of the Au surface
were proposed by Echenique et al. in 1978 [57] and identified by Straub et al. in 1984 [58]
using inverse photoemission (IPES) experiments. One year later, in 1985, Giesen et al.
proved the existence of IPS at Cu(111) and Ag(111) crystal surfaces by two-photon photoe-
mission [59]. Compared to intrinsic surface states such as the Tamm and Shockley surface
states, which are localized in the surface atomic layers, the electrons in image potential states
are trapped a few Angstroms in front of the surface [60]. An electron that is excited out of
the crystal in front of the surface leads to the formation of an electric field induced by the
image charge of the electron at the sample surface, see Figure 2-4 top.
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Figure 2-3: (a) Electronic band structure of Au calculated using ab initio many-body
perturbation theory. The Fermi level Er is set to 0 (dashed black line). The red line
shows the 5d-character topmost occupied d-band, while blue (black) lines indicate the 6sp-
like lowest empty bands. Slightly modified and reprinted with permission from Rangel
et al. Band structure of gold from many-body perturbation theory. Phys. Rev. B 86,
125125 (2012). DOI: https://doi.org/10.1103/PhysRevB.86.125125. Copyright (©) 2012 by
the American Physical Society. Ref. [56]. (b) Ab initio calculation of density of states (DOS)
of Au. Slightly modified and reprinted with permission from Hopkins et al. Contribution of
d-band electrons to ballistic transport and scattering during electron-phonon nonequilibrium
in nanoscale Au films using an ab initio density of states. J. Appl. Phys. 106, 053512 (2009).
DOL: https://doi.org/10.1063/1.3211310. Copyright (©) 2009 by AIP Publishing. Ref. [55].

A potential well induced by the attractive Coulomb potential of the image charge and the
repulsive lattice potential generates image potential states localized in the vacuum region of
the metal surface. By analogy with the hydrogen model, these image potential states form
a Rydberg-like series converging to E... with discrete energies

0.85 eV
(n+a)?
numbered by n = 1,2, 3, ... [42]. Parameter a represents a quantum defect that depends on
the crystal surface of interest. Figure 2-4 (bottom) shows the two lowest IPS (n = 1,2)

En = Evac - (2‘1>

and the squares of the wavefunctions in front of the sample surface. Earlier theoretical
calculations in 1999 by Chulkov et al. showed that the first IPS (n = 1) of Au(100) is
0.64 eV below the vacuum energy [62].

Moreover, using high energy-resolved 2PPE spectroscopy, Nakazawa et al. proved in 2016
the existence of the first image potential state IPS (n = 1) at the Au(001) surface with
a binding energy of 0.765 eV to the vacuum energy Ey,. [63]. In section 4.2.1, we show
the distinct spectral feature of the first IPS (n = 1) on the Au(001) surface excited by the
Au-side pump (FP) time-resolved 2PPE experiments.
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Figure 2-4: Top: The electric field of an electron that is localized a few Angstroms A in
front of a metal surface can be described by the concept of an image charge. Bottom: The
corresponding attractive image potential leads to a series of bound states if the electron
cannot penetrate the material due to a band gap caused by the negative electron affinity of
the solid metal surface. The image potential states form a Rydberg-like series of unoccupied
states. For the lowest two image potential states n = 1,2 (orange and blue dashed lines),
the squares of the wavefunctions (orange and blue solid lines) are shown. Reprinted with
slight modifications with permission from T. Fauster, W. Steinmann. Two-photon photoe-
mission spectroscopy of image states. Phot. Prob. Surf. Ch. 8, pp. 347-411 (1995). DOI:
https://doi.org/10.1016/B978-0-444-82198-0.50015-1. Copyright (©) 1995, with permission
from Elsevier. Ref. [61].
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(ii) Electronic band structure of Fe

The ferromagnet Fe represents a d-band transition metal with the electron configuration
3d®4s%. Tt belongs to the 3d ferromagnets formed by Fe, Co, and Ni, all of which contain
sp-like and d-like orbitals in the valence band. The electronic band structure of Fe, depicted
in Figure 2-5(a), exhibits exchange-split bands with majority and minority spin characters®.
The dispersion of the electron bands for both minority and majority electrons has been
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Figure 2-5: (a) The Fe band structure for minority and majority spin electrons with
a red and green solid line, respectively. The exchange splitting is energy- and k-
dependent. Reprinted with permission from Schéfer et al. Fermi surface and electron
correlation effects of ferromagnetic iron. Phys. Rev. B 72, 155115 (2005). DOL:
https://doi.org/10.1103/PhysRevB.72.155115. Copyright (C) 2005 by the American Physical
Society. Ref. [66]. (b) The density of states of Fe for majority and minority electrons in the
dependence of intermediate state energy £ — Ex redrawn based on Ref. [29] with permission
from Dr. A. Alekhin.

!The Stoner model of the ferromagnetic metals is the simplest band-like model, which accounts for the
interplay between itinerant electrons and an atomic-based direct interaction between electrons of opposite
spin [64]. The comprehensive discussion of the energy band split into minority and majority sub-bands
can be taken from [65].
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EA Figure 2-6: Energy-momentum FE(k) dia-
gram showing (1) intra- and (2) interband
transition processes by photon absorption in
metals with sp- and d-bands (e.g. Cu, Au).
Direct (interband) absorption occurs from one
band to a second, provided the photon energy
hw is sufficient to excite an electron from the
occupied d-band to the unoccupied sp-band
above the Fermi level Ex. Indirect (intraband)

transitions are also possible at lower energies

and require an additional scattering process,

e.g., with a phonon, to ensure the conserva-

Kk tion of momentum k.

calculated by Schéfer et al. with DFT [66]. The (001) high symmetry line in a bce lattice
ranges from the high symmetry point I" to H. Note that below Er the states are dominantly
occupied by majority bands while above Fr minority bands prevail. This is also reflected
in the DOS of bce-Fe for majority (green) and minority (red) spins in Figure 2-5(b). The
high DOS of minority electrons at £ — Ex > 0.4 eV provides a large phase space for inelastic
scattering processes and consequently represents more localized d-band minority electrons.
In contrast, majority electrons at £ — Er > 0.4 eV show a more sp-like character and less
phase space for inelastic scattering processes.

2.2. Absorption of light in metals

The application of ultrashort laser pulses is a common approach in solid-state physics to
analyze the dynamics of hot charge carriers. The energy of an ultrashort laser pulse irra-
diated onto the surface of a solid can be absorbed by free charge carriers, e.g. electrons in
the conduction band absorb photons and are excited to energy states above the Fermi edge
Ex. Figure 2-6 illustrates the free-electron intra- and interband transition processes upon
single-photon absorption of metals with sp- and d-bands (e.g. Cu, Au). The intraband tran-
sition process describes the photoexcitation of a free electron from an occupied state below
the Fermi level Er to an unoccupied state at higher energies above Er within a single band,
e.g., the sp-band. In comparison, the interband transition process represents the excitation
from occupied to unoccupied states between two different bands, for example, the d- and
sp-bands. Both processes are common in metallic nanostructures, provided that the photon
energy hw is sufficient for the excitation from occupied d-band to unoccupied sp-band states.

As shown in the previous section 2.1, the electronic band structure of Au exhibits an upper
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d-band edge at about 2.5 eV below the Fermi level Er. Therefore, the optical properties
of Au at photon energies fiw < 2.4 eV are mainly determined by collective excitations of
free carriers in sp-like bands. This causes a high reflectivity and negligible absorption at
hw < 2 eV. In contrast, Fe d-bands are located around the Fermi level Er and promote the
intra- and interband optical transitions, which explains the low reflectivity and large absorp-
tion at 2 eV. Considering the Fe-side pumping approach (BP) with pump photon energies
fuw < 2.4 eV on Au/Fe/MgO(001) thin films, the influence of hot electrons excited by the
pump pulse in Au can be neglected. In contrast, hot electrons are mainly excited in Fe due
to strong absorption. For photon energies above 2.4 eV, the absorption in Au is expected to
increase due to interband transitions.

The propagation of a plane electromagnetic wave in medium to the positive direction z can
be described by the oscillating electric field

E(Z, t) — EO . ei(kz—wt-l—@)? (2_2)

with angular frequency w, amplitude Ey and phase ® of the electric field in the point z = 0
at the time t = 0, and k = &' + ik"” = 2(n’ + in") the wave-vector inside the medium. In
absorbing matter, the amplitude of the electric field decreases with distance by e *"#, and
the intensity of the electromagnetic wave, which is proportional to |Ey - e_’“”z|2, is governed

by the Lambert-Beer’s law

I(z,w) = Iy - @)=, (2-3)

where I is the initial intensity of the electromagnetic wave at z = 0 and a(w) = 2k =
2wn” /¢ the absorption coefficient with the extinction coefficient n”. A femtosecond laser
pulse has a relatively wide spectrum and differs from monochromatic light with a single
frequency w. Different parts of the spectrum of the ultrashort laser pulse may have different
absorption coefficients a(w). However, if a(w) does not vary much within the broad spec-
trum, it can be replaced by an average value. In section 4.1 we show the absorption profiles
for Au/Fe/MgO(001) heterostructures with different Au thickness da,.

2.3. Elementary electron relaxation processes

Absorption of ultrashort laser pulses by metallic nanostructures leads to a NEQ distribu-
tion of hot charge carriers. The initial energy relaxation of hot electrons above the Fermi
level Ep is collectively governed by the photon energy hr and the band structure of the
metal [17,26,67]. In this section, we will discuss the elementary scattering processes be-
tween quasi-particles in photoexcited solids. The central quantity is the lifetime 7 (inversed
scattering rate) of a state, which represents the passed time between two scattering pro-
cesses. Consequently, the energy relaxation or population decay at a specific state proceeds
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exponentially with a time constant 7. In spectroscopy, a finite lifetime of a state is expressed
as the linewidth that corresponds to

T =h/T. (2-4)

Several processes such as inelastic e-e, e-ph scattering, or electron-magnon (e-m) interactions
with the respective energy-dependent decay rates I'e_e, I'e—pn, and I'e_p, play a role in the
fast equilibration of the non-thermal hot electrons on an ultrafast timescale (¢ = fs — ps).
According to the Matthiessen rule, the rate of individual processes such as I'; can be added
to the total decay rate I' = ) . I’ if the scattering mechanisms are independent [17,68].
Figure 2-7 gives an overview of the various processes and their typical covered linewidth
range (top axis), and ultrafast time scales (bottom axis) where the elementary scattering
dynamics take place and contribute to the decay.
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Figure 2-7: Ultrafast phenomena: Typical time scales and energy bandwidth of elementary
excitation and decay processes in solid materials. The figure is redrawn based on Ref. [17]
and printed with permission from U. Bovensiepen et al. Elementary relaxation processes
investigated by femtosecond photoelectron spectroscopy of two-dimensional materials. Las.
& Phot. Rev. 6, 589-606 (2012). DOI: https://doi.org/10.1002/lpor.201000035. Copyright
(©) 2012 by John Wiley and Sons.

Next to the fastest processes of screening and e-correlation effects in the time range of atto-
and femtosecond are dephasing processes at which the photoexcited electrons start to scatter
elastically. In this case the phase relation is lost, but the population of the state does not
decrease. Inelastic e-e or e-m scattering represents a decay channel of excited electrons and
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proceeds in time scales of several fs to a few 100 fs. The scattering of electrons or magnons
with phonons happens in time scales between a few ten fs to ps and leads to transient energy
distribution between different degrees of freedom in solids [17]. For a general overview of the
common scattering processes in PES, electron-electron scattering, electron-phonon scatter-
ing, and electron-defect scattering are briefly discussed below.

Electron-electron scattering: For large excitation energies F — Er > kgT and ultrashort
time scales (< 1 ps) the hot electron energy distribution in metals is dominated by inelastic
e-e scattering dynamics. The interaction between hot and ”cold” electrons below the Fermi
level Ex leads to energy transfer and secondary electrons occupying the energy states near
Eyx due to the equal mass of the collision partners. In the case of elastic e-e scattering
the excited electrons experience momentum change without energy transfer. The phase is
lost (dephasing), which broadens the linewidth I' with an additional dephasing time 7, by
I'=h/T+h/(27) [69].

Electron-phonon scattering: At low hot electron energies, a few 10 meV above Ef, the
electrons scatter with the lattice by absorption or emission of phonons. For hot electrons
(a few eV above Ef), e-ph scattering processes can be seen as a quasi-elastic process, which
leads to a large change of parallel momenta such that the propagation of an excited electron
is efficiently changed.

Electron-defect scattering: Imperfections in the crystal structure, such as defects, impu-
rities or potential corrugations at interfaces may lead to hot electron scattering processes,
which change the electron energy and momentum. This scattering process can be approxi-
mated to be a quasi-elastic redistribution of momenta [70].

Based on our analysis of hot electron relaxation dynamics via 2PPE spectroscopy in chap-
ter 4, we will present next the inelastic e-e scattering processes in more detail, which was
the main contributor in hot electron local scattering processes in Au/Fe/MgO(001) thin film
heterostructure.

2.3.1. Inelastic electron-electron scattering

The inelastic e-e scattering is described within a system of interacting Fermions, the Fermi
liquid. The theoretical approach, known as the Landau theory of Fermi liquids (FLT), deals
with the quasi-particle lifetimes of an excited electron or hole considering e-e scattering
[71-73]. In case of the photoexcitation of bulk sp-metal crystals, for low excitation densities
(< 1073 e7) of an excited single electron at given energy E — Ep (~ 0.1 to a few eV) above
the Fermi level Er, the relaxation time is determined by inelastic scattering processes and is
generally well described by the Fermi liquid theory (FLT). The inelastic e-e relaxation time
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Figure 2-8: Schematic of electron-
electron scattering. At the top is the

Feynman diagram and at the bottom left
is the energy diagram. An electron 1
scatters with an electron 2 of the Fermi
gas and transfers the energy AFE to its

collision partner. Subsequently, two ex-

K cited electrons 3 and 4 and a hole 2’ are

EA 1 A%y generated. Overall, such scattering pro-
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Accordingly, 7._. decreases with increased intermediate state energy ' — Er due to the in-
creased available phase space for inelastic e-e scattering processes [72-74].

For illustration, Figure 2-8 depicts the case of the inelastic e-e scattering process between
two electrons. Upon photoexcitation of a metallic surface, a single electron 1 is excited from
an occupied state below the Fermi level Er to an unoccupied state above Ex; Ey > Ep. The
photoexcited electron 1 with momentum k1 scatters inelastically with a 'cold’ electron 2 of
momentum ks, from an occupied state in the Fermi sea; Fy < Fr. An energy and momentum
transfer of AE and ¢ occurs between both participating electrons, resulting in the creation
of two excited electrons 3 and 4 with momenta k3 and k4, and a remaining hole 2’. Due
to the occupied states below Eg, the Pauli exclusion principle only allows scattering into
final states k3 and k4, which are unoccupied states above Ey; F3, Fy > Ep. The screened
Coulomb interaction W mediates the scattering process, which must conserve energy and
momentum:

Ei+Ey, = Es+ Ey

(Ey — AE) + (BEy + AE) (2-6)
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b+ ky = kstky
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While excited electron 1 loses the energy of AE due to the inelastic scattering process with

(2-7)

electron 2, producing an electron 3 (1 — 3) in the unoccupied state, "cold” electron 2 gains
energy of AE, leading to electron 4 (2 — 4) and a hole 2’. Electron 4 represents secondary
electrons, which populate the intermediate energy states close to Er and contribute to the
population effect of these low unoccupied energy states. In contrast, the high-energy elec-
trons experience a population decay. The energy regime of interest for secondary electron
lies < hv/2. Thus, the measured relaxation times at these energy states are not occurring
purely due to the relaxation of this state but also due to the additional in-scattering effect
of secondary electrons.

2.3.2. Interplay of scattering & transport dynamics

In photoelectron spectroscopy, metallic surfaces are irradiated by ultrashort laser pulses in
order to excite hot charge carriers and investigate the energy-dependent ultrafast relaxation
dynamics [15,45]. Hot electron relaxation and transport in metallic nanostructures involve
many ultrafast processes whose interplay is determined by the band structure and the prop-
erties of the employed fs laser pulses [77]. Hohlfeld et al. present a scheme in [76] showing
the energy-dependent competition between local relaxation and nonlocal transport processes,
see Figure 2-9. It shows the time evolution of hot electron relaxation dynamics after the
photoexcitation of a metal. A non-photoexcited metal, at time ¢ < 0, is initially in thermal
equilibrium in which the electrons follow the Fermi-Dirac statistics with the distribution

functi
unction .

exp [kEB;jf‘] +1

fE, 1, Te) = (2-8)

known as the Fermi-Dirac distribution with the chemical potential pu, electron temperature
T. and the Boltzmann constant kg.

Fig. 2-9(a, left) demonstrates that after photon absorption at time ¢ = 0, nonequilibrium,
hot electrons are excited within the optical penetration depth and a transient non-thermal
electron distribution is created, which is not described by a Fermi-Dirac statistic. The elec-
trons are energetically lifted up and populate the unoccupied part of the band structure
above Er. The density of hot electrons increases in the highest energy states, and hot
electron transport occurs due to the gradient of energy density at the metal surface, see
Fig. 2-9(a, right). Initially, the hot electrons propagate deeper in the sample with ballistic
velocities v ~ 10® m/s (1 nm/fs) until they are scattered by e-e interaction?.

2Hot electron transport can be either ballistic or diffusive, depending on the ratio between inelastic scat-
tering length and sample size [54].
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Figure 2-9: Nonequilibrium dynamics of hot electrons after photoexcitation of metallic
surface by an ultrashort laser pulse: Three different relaxation phases of optically excited
electrons in metals. The figure is modified and reprinted with permission from J. Hohlfeld et
al. Electron and lattice dynamics following optical excitation of metals. Chem. Phys. 251,
237-258 (2000). DOI: https://doi.org/10.1016/S0301-0104(99)00330-4. Copyright () 2000
by Elsevier. Ref. [76].

Fig. 2-9(b, left) shows the case, in which non-equilibrated electrons will again tend toward
thermal equilibrium by scattering processes. The duration from optical excitation to a
thermal distribution is denoted as the thermalization time 7;,. There is no uniform definition
for this, and in fact, there are a number of different criteria [45,49]. However, during
thermalization hot electron density at higher-lying energy states decreases due to down-
scattering events, which increases the population at lower-lying unoccupied and occupied
states. Simultaneously, upwards-scattered secondary electrons are generated and contribute
to the increase in hot electron density near the Fermi edge Ey, as sketched in Fig. 2-8 bottom.
A Fermi distribution is formed with a well-defined electron temperature T, which is initially
very different from the lattice temperature 7} according to the two-temperature model?.

3This concept of separate, transient electron and lattice temperatures, T, and T3, provides the basis of the
well-known two-temperature model (2TM).
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The electron temperature T is defined by the electron heat capacity and the absorbed pulse
energy. As the electron heat capacity is 1-2 orders of magnitude smaller compared to the
lattice, the electron temperature T, can reach several thousand Kelvin within 1 ps while the
lattice remains relatively cold, T, > T} [49,76]. In terms of electron transport, see Fig. 2-
9(b, right), the e-e scattering processes impede the ballistic propagation, and diffusive hot
electron propagation occurs at a lower velocity (v < 10* m/s) than ballistic motion.

Fig. 2-9(c, left) shows the case where the electron temperature cools due to e-ph coupling
and the electrons reach equilibrium with the lattice temperature (T, = T1) at t = Te_pn.
As a result, multiple scattering occurs, and energy transport occurs by very slow thermal
diffusion in the lattice (v < 10% m/s), as illustrated in Fig. 2-9(c, right).

Transport from the sample surface, where electrons are probed in 2PPE, to the interior of the
sample is an important relaxation channel for hot electrons competing with e-e scattering. It
has been reported that at time scales ¢ < 100 fs, hot electron transport in sp-metals proceeds
in the ballistic region with a Fermi velocity vgp &~ 1 nm/fs [27,78,79]. In noble metals such as
gold (Au), ballistic propagation can extend to the mean free path of Ap,(Au) ~ 100 nm [76].
Further calculations have shown that the approximate mean free path of other sp-band
metals corresponds to Apa(Cu) ~ 70 nm and Ap.(Ag) ~ 70 nm [14,76]. In the case of
d-band transition metals, the estimated mean free path Ay, is drastically reduced due to the
large phase space for electron scattering, e.g., Apa(Fe) = 3 — 5 nm, Apa(Ni) &~ 10 nm, and
Aba1(Cr) =~ 14 nm [80]. Moreover, it can be concluded that the electron-phonon coupling is
stronger in transition metals, so the energy transfer from the electronic system to the lattice
is probably faster [76].

However, one of the differences between noble metals and 3d ferromagnets (FM) lies in
the exchange splitting in the band structure of 3d FM such as Fe, Co, and Ni [14, 80].
Electron majority and minority sub-bands are generated so that optical pumping leads to
the excitation of majority e’ and minority e* electrons to the states with different binding
energies, lifetimes, velocities and ballistic electron mean free path A,,. Thus, the values
mentioned above for the electron mean free path has to be treated cautiously and an energy
dependence has to be considered. Calculations by Zhukov et al. [80] and Battiato et al. [32]
show the energy- and spin-dependent lifetime, velocity, and inelastic mean free path Ay
of hot charge carriers for different metals. Furthermore, Battiato et al. have constructed a
theoretical model describing the energy- and spin-dependent interplay among local relaxation
and nonlocal transport dynamics in FM/NM heterostructure thin films, as shown below.

2.3.3. Superdiffusive hot electron transport

Battiato et al. introduced a superdiffusive transport model, which incorporated the energy-
and spin-dependency of hot electron scattering mechanisms, lifetime, inelastic mean free
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path, and transport behavior [32]. It describes the measured ultrafast demagnetization
processes in FM/NM heterostructures [28,81]. The computed spin dynamics show that
upon laser excitation of the ferromagnetic layer, a superdiffusive spin current is injected
into the adjacent metallic layer. The transport exhibits anomalous behavior that can not
be attributed to a ballistic or diffusive regime. To distinguish ballistic, superdiffusive, and
diffusive electron transport behavior, Battiato et al. [82] discussed, as shown in Equation 2-9,
the variance o2 of the displacement of a single-particle distribution with density n in space
along a direction z and t:

o2(t) = / n(t, 2) (= — 20)? dz. (2:9)

It should be noted that the calculation of dispersion in this equation is only in the z-direction,
while the transport of particles is three-dimensional in all directions. The dynamical par-
ticle distribution ¢?(t) is defined, as shown in Equation 2-10, by the generalized diffusion
coefficient K, and the anomalous diffusion exponent d,,:

o2 (t) = Ky, t¥/ % (2-10)

Figure 2-10 shows the calculated transient evolution of the anomalous diffusion coefficient
d,,, which Battiato et al. used to describe the transport behavior of photoexcited hot elec-
trons in FM /NM heterostructures for time scales from 1 fs to about one ps. Thermal diffusion
processes are characterized by a o? that grows linearly with time, i.e., d, = 2. For suffi-
ciently short times, ¢t < 7, with 7 the scattering time (or inverse scattering rate), the particle
distribution spreads ballistically because no scattering has yet occurred. This regime can
be described by d,, = 1. With increasing time, particles experience single scattering events,
leading to a transition from ballistic to diffusive propagation. This transition range is re-
ferred to as the superdiffusive regime and is characterized by 1 < d,, < 2. For times t > T,
the number of scattering events increases, and the propagation becomes diffusive once the
electron distribution has thermalized. Additionally, noteworthy is the research conducted
by Nenno et al. [83], where they employed a spin-dependent particle-in-cell PIC model to in-
vestigate the spin- and energy-dependent relaxation dynamics of hot electrons in the Au/Fe
heterostructure. Their findings also supported the observation of superdiffusive transport
behavior of hot electrons.

Previous experimental works have explored the local and nonlocal relaxation dynamics of
hot electrons in the constituents or at the interfaces of metallic nanostructures [27,46, 47].
Experiments with different metal layer thicknesses on the nanometer scale showed the im-
portant role of transport effects in the relaxation dynamics of hot electrons, which will be
discussed below.
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Figure 2-10: Time evolution of the anoma-

lous diffusion coefficient d,, for the lifetime

7 = 10 fs (solid curve) or 7 = 40 fs (dashed

1 10 100 1000 curve) and the three different transport
ballistic  superdiffusive  diffusive regimes. While the transport of hot electrons
is initially ballistic, it changes to superdiffu-
sive or diffusive transport behavior after a
few or many scattering events, respectively.
The figure is modified with additional text to
highlight the transport regimes and reprinted

with permission from Battiato et al. The-

. . ; : ory of laser-induced ultrafast superdiffusive
1 10 100 1000 spin transport in layered heterostructures.
time (fs) Phys. Rev. B, 86, 024404 (2012). DOL:
https://doi.org/10.1103/PhysRevB.86.024404.
Copyright (©) 2012 by the American Physical

Society. Ref. [82].

2.4. Hot electron relaxation dynamics & film thickness
effect

Time-resolved optical and PES experiments were used to investigate the local and nonlocal
relaxation dynamics of photoexcited hot charge carriers in thin metal films. It has been
revealed that a significant thickness dependence occurs in the energy-dependent relaxation
dynamics [27,34,46,47,69,78,84]. Based on those previous studies, this section showcases
the film thickness dependence and the influence of the excitation schemes such as front-
side pumping (FP) or back-side pumping (BP) on the scattering and transport dynamics of
non-equilibrated electrons in thin metallic films.

Front-side pump approach and relaxation dynamics

Many studies have analyzed the dynamics of hot electron relaxation based on the FP experi-
mental geometry [46,47,78]. The irradiation of a metallic surface by an ultrashort laser pulse
leads, within the optical penetration depth Ao of the laser light?, to the excitation of hot
electrons near the surface region. The gradient in hot electron density at the metallic surface
leads to electron transport into the bulk. For a typical electron velocity of v ~ 1 nm/fs,
the characteristic distance of 10 nm is covered within 10 fs, which resembles a time scale
comparable to the inelastic lifetime at optical excitation energies [69]. The crucial param-

4The optical penetration depth Aopt for visible laser light is of the order of 10 nm in metals.
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eter for the relevance of transport in a tr-2PPE experiment is the electron mean free path
Abal = Te_e ¥, Which is governed by elastic, quasi-elastic and inelastic scattering dynamics.
These transport processes decrease the excited population in the surface region probed in
the tr-2PPE experiment and affects the detected lifetime signal [67].
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Figure 2-11: Thickness-dependent effects on hot electron relaxation dynamics: (a)
Schematic representation of the transport effect in a 2PPE experiment for a thick sam-
ple (d > Aopt). Hot electrons (red circle) are able to propagate out of the sample surface
toward the bulk. (b) Thin metallic film (d < A,p) on an insulator leads to reduced or even
suppressed transport processes.

Figure 2-11 showcases the hot electron relaxation dynamics for (a) thick and (b) thin metallic
films. In thicker films, where the film thickness d exceeds the optical penetration depth Ao
of the laser light (d > Aot ), the photoexcited electrons (red circles) move out of the surface
region toward the bulk. These transport processes out of the probed surface region affect
the lifetime by representing an additional decay channel for hot electrons at the sample
surface. Thus, if refilling processes (cascade and Auger electrons) are excluded, and separate
mechanisms for decay and transport are assumed in a first-order approximation, we can add
the measured decay rate according to the Matthiessen rule:

Lt 1 (2-11)

Trel Ttrans. Tdecay

For thin metal films in the order of the optical penetration depth (d < Aopt), as shown in
Figure 2-11(b), transport out of the surface region is inhibited by an insulating substrate.
Thus, the hot electrons remain in the optical probing depth, and the effective relaxation rate
is given by

1/7_rel = I/Tdecay~ (2—12)
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The film thickness-dependent hot electron relaxation dynamics are reflected in the measured
lifetimes of epitaxial Cu films on Si(111)-7x7 heterostructures obtained by Lisowski et al.
[46]. The measured lifetimes are plotted as a function of the intermediate state energies
E — Fk for different Cu thicknesses, see Figure 2-12.

The increasing Cu film thickness shows a significant decrease in hot electron lifetime. This
relaxation behavior shows an enhanced energy distribution in thicker films due to the trans-
port of excited carriers into the bulk. A similar thickness-dependent relaxation dynamics of
hot electrons in Au layers was observed by Aeschlimann et al. [47]. In this study tr-2PPE
data from Au were compared with simulations that considered, within a Boltzmann equa-
tion approach, secondary electrons and transport. The simulations confirm the increase in
the lifetime as the film thickness decreases. Both works [46] and [47] see the hot electron
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Figure 2-12: Relaxation times of photoexcited electron distributions in Cu/Si(111)-7x7
films and bulk Cu. Reprinted with permission from Lisowski et al. Femtosecond dynamics
and transport of optically excited electrons in epitaxial Cu films on Si(111) — 7 x 7. Appl.
Phys. A 79, 739-741 (2004). DOI: https://doi.org/10.1007/s00339-004-2591-4. Copyright
(©) 2004 by Springer Nature. Ref. [46].

transport as a scattering-out phenomenon, which leads to hot electron population decay at
the sample surface and, thus, showcases an additional decay channel beside the pure relax-
ation time of the specific energy state. Noteworthy to mention, secondary electrons may
play a significant role in the population dynamics as scattering-in processes, particularly at
intermediate state energies F — Fr < hr/2, as discussed in section 2.3.
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Figure 2-13: Front-side pumping back-side probing on Au thin films. (a) Schematic of the
experimental setup for pumping on the front surface, and the front- or back-side probed
surface. (b) The transient change in reflectivity AR/R for various Au film thicknesses.
Both figures are reprinted with permission from Brorson et al. Femtosecond electronic
heat-transport dynamics in thin gold films. Phys. Rev. Let. 59, 1962 (1987). DOL:
https://doi.org/10.1103/PhysRevLett.59.1962. Copyright (©) 1987 by American Physical
Society. Ref. [27].

Until now, the local relaxation dynamics at the surface and the nonlocal transport processes
determined by the experimental FP configuration had to be indirectly distinguished by
additional theoretical calculations [47,49,78]. To disentangle both processes that occur
on the same time scale is challenging. A direct way to measure and observe hot electron
transport processes in metallic thin films was introduced by Brorson et al. with the BP
experimental configuration [27], presented below.

Back-side pump approach and relaxation dynamics

The study by Brorson et al. from 1987 [27] represents the first measurement of ultrafast
electronic transport in Au thin films after laser pulse excitation. Figure 2-13(a) shows
that ultrafast time-resolved optical reflectivity measurement was performed for various Au
thicknesses from 50 to 300 nm using front-side pumping and back-side probing experimental
geometry.

This experimental geometry allowed measurements of the fast ‘heat’ transport from the
front-side to the back-side of the sample. This was a time-of-flight measurement, as depicted
in Figure 2-13(a). The thickness-dependent measurement shows a time shift of the rising
edge in the transient reflectivity changes AR/R curves. From the analysis of the travel
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time as a function of sample thickness, they inferred a ballistic propagation behavior of hot
electrons with a velocity on the order of the Fermi velocity vg &~ 1.4 nm/fs. The technique
of Brorson et al. of front-side pumping and back-side probing introduced a novel tool for
studying electronic transport processes in the fs range with ultrashort laser pulses.
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Figure 2-14: (a) Scheme of back-side pumping tr-2PPE on Fe/Au heterostructure and the
generation of nonlocal spin transport and local scattering processes in the constituents or
at the interface of the Fe/Au heterostructure. Hot majorities e’ (green) and minorities et
(red) are excited above Er by a VIS pump pulse (vertical dashed lines). The photoexcited
charge carriers experience transport effects toward the Au surface, which are represented by
horizontal arrows. The thickness of the arrows shows the dominating relaxation process in the
constituent or at the interface of the Fe/Au heterostructure. The nonlocal transport process
towards the Au surface results in the accumulation or filling of hot electron population in
the vicinity of the probed region.(b) Electronic density of states (DOS) of Fe in the majority
(green) and minority (red) sub-bands redrawn based on Ref. [29] with permission from Dr.
A. Alekhin. Photoexcitation (dashed black arrows) of majority h' and minority h* holes
below the Fermi energy Ep, and majority e’ and minority et electrons above the Fermi
energy Fp.

This preliminary work was followed by studies that built on this experimental approach.
Melnikov et al. performed magnetization-sensitive nonlinear optical measurements on epi-
taxially grown Au/Fe/MgO(001) thin films [34]. Their results indicate the optically induced
spin-dependent transport of Fe-majority e’ and -minority e* electrons, as sketched in Fig-
ure 2-14(a). According to their work, during time-resolved pumping on the Fe-side and
probing on the Au-side, hot e’-majority and e*-minority electrons are excited in the Fe layer
and propagate in different manners across the Fe/Au interface to the Au surface. They at-
tributed, due to the larger e'-transmission compared to the e*-transmission across the Fe/Au
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Figure 2-15: Schematic representa-

tion of time-resolved pump-probe pho-

« toelectron spectroscopy on a metallic
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time-of-flight spectrometer (e-TOF).
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metal a certain direction with respect to the
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interface [35], the detection of an ultrafast spin current at early times to hot majority e’
electrons from the sp-band. The velocity of this ultrafast spin current was of the order of
the Fermi velocity vgp ~ 1.4 nm/fs in Au and thus represented ballistic transport behavior.
Moreover, a second, temporally broader spin current pulse was detected at later times and
interpreted as a diffusive contribution of minority electrons e* from the Fe d-band. How-
ever, optical pump-probe experiments provide energy- and momentum-integrated informa-
tion about the relaxation dynamics of hot electrons. Due to the energy-dependent dynamics
of hot electrons, pump-probe photoemission experiments, such as Fe-side pumping Au-side
probing tr-2PPE, can provide energy-resolved information on local scattering and nonlocal
transport effects. Figure 2-14(b) illustrates the DOS of majority (green) and minority elec-
trons (red) in Fe, which will be important in understanding the studied energy-dependent
electron relaxation dynamics in Fe/Au heterostructure in chapter 4. Note that in the case
of tr-2PPE with Au-side pumping (FP) geometry, the transport process refers to the decay
of the hot electron population at the probed Au surface region. On the other hand, in the
case of Fe-side pumping (BP), the nonlocal transport process acts as a filling mechanism
for hot electrons. In the next section, we will discuss the fundamentals of photoelectron
spectroscopy.

2.5. Photoelectron spectroscopy

The theoretical explanation of the photoelectric effect by Albert Einstein in 1905 [85], build-
ing on the earlier observations by Heinrich Hertz in 1887 [86] and the experimental work of
Philipp Lenard in 1902 [87], paved the way for the development of the time-resolved pump-
probe technique with ultrashort laser pulses and the state-of-the-art technology of ultrafast
pump-probe photoelectron spectroscopy (PES).
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As shown in Figure 2-15, in time-resolved PES, hot electrons are photoexcited at a metallic
surface by a VIS pump pulse, which are subsequently photoemitted by a time-delayed UV
probe pulse. This technique enables the study of ultrafast charge carrier relaxation dynamics
in condensed matter energy-resolved in the time domain [88,89]. Moreover, angle-resolved
photoelectron spectroscopy (ARPES) measurements allow imaging of electronic band struc-
ture in momentum-space [89]. Among the PES variants, there are two well-established
techniques: Linear photoemission (LPE) and nonlinear two-photon photoemission (2PPE).
This section is mainly concerned with the latter, which is used in this work.

2.5.1. Principles of photoelectron spectroscopy

The irradiation of a metallic surface by a photon with the energy hv leads to the excitation
of hot electrons to higher-lying energy states above the Fermi energy level Fr. If the photon
energy hv exceeds the sample work function ® and the binding energy E; of an initial
occupied state with respect to Ep, the electrons are excited above the vacuum level E,. into
final states and no longer bound to the crystal atoms, see Figure 2-16. The photoexcited
electrons propagate in the solid to the surface®, whereby the mean free path length determines
the surface sensitivity to be 5 - 100 A. The photoemitted electrons leave the sample with
kinetic energy

SThree-step model of photoemission: (1) Photoexcitation of electrons, (2) propagation to the sample surface
and (3) photoemission of an electron into the vacuum and propagation to the detector. In comparison,
the 1-step model explains photoemission as the excitation of an electron wave from a Bloch state in the
solid that propagates to the vacuum but decays away from the surface into the solid [89,90].
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Ekin =hy—&— (El - EF) (2—13)

The kinetic energies Fy;, are detected and analyzed by an electron TOF spectrometer, which
provides together with a calculation program an energy-resolved photoemission spectrum.
Hence, in angle-resolved measurements such as ARPES, a band structure of the investigated
sample can be mapped out in the momentum-space k. This is possible since PES conserves
the in-plane (parallel) momentum E||6, given by

V 2'rne-E'kin .
— Sl
h

kH(Ekin,ee) = n9€, (2—14)

with the electron mass m., the reduced Planck constant A and the emission angle 6, of the
photoelectron. The reason is the translation invariance parallel to the surface, which is given
by the periodic lattice structure. By measuring the angle at which the electrons leave the
sample and considering their kinetic energy, the initial momentum component kj parallel
to the surface can be determined. Since the translational symmetry perpendicular to the
surface is broken by the potential difference between the vacuum and the solid, the perpen-
dicular momentum k; component changes as the electrons leave the surface. Therefore, k
can only be accurately determined by knowing the exact change in potential. This is not
the subject of this work and is explained in detail in [89].

The photoemission intensity is described by

I(Ry, Bn) = M f(E,T) A(ky, E), (2-15)

with transition dipole matrix element M, the Fermi-Dirac distribution function f with tem-
perature 7', and single particle spectral function A(k, E') which is directly connected to the
Green’s function

AE B) = Ltm(G(E, B)) = 1 :

™ 7 (E—FE)?+1?2 (2-16)

The last term is the spectral function in the case of a single quasi-particle signature with
binding energy F; and intrinsic linewidth I'. The photoemission process demonstrates an
electron removal spectroscopic technique, which does not directly measure the electron ener-
gies of the unperturbed N particle system but the energy of N-1 particle system, where one
electron has been removed. The description of the photoemission process is rather complex,
yet theoretical approximations make it feasible to describe the ultrafast process. At the
heart of all theories of photoemission is the so-called sudden approximation. This approach
assumes that the photoemission process, which connects the initial N-particle to the final

6The photoemission process conserves the parallel momentum as long as the momentum of the photon is
smaller than the Brillouin zone 27/a (lattice constant a) and there is no scattering in the final state.
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N-1 electron state, occurs much faster than the relaxation of the excited N-1 electronic
state [70,89].
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Figure 2-17: (a) Time-resolved LPE: An intense visible (VIS) pump pulse hiym, generates
hot electrons above Ep. A time-delayed UV pulse with hypone > @ probes the transient
change of the occupied band structure and the unoccupied states in the vicinity of Eg. (b)
Time-resolved 2PPE: In contrast to LPE, the pump and probe photon energies are smaller
than the work function ®. Hence, the hot electrons are excited to higher NEQ states and
probed by a time-delayed UV pulse.

The linear photoemission technique (LPE) in Figure 2-17(a) represents a PES variant based
on the direct photoemission technique and enables the analysis of occupied and unoccupied
states in the vicinity of Er of the electronic band structure. In direct photoemission, only
one photon is needed to excite the electron from below Ex to above F,.. Thus, an essential
condition is a photon energy that exceeds the work function and the binding energy with
respect to Ep of the occupied state; hv > & + F — Fg.

In time-resolved LPE, the ground state of a system is photoexcited by an intense fs pump
laser pulse, and the transient evolution of the occupied states is monitored by direct photoe-
mission with a time-delayed probe pulse. Photoexcitation of hot electrons above the Fermi
edge EFr is accompanied by depletion of electrons below Epg, which are called holes. Thus,
time-resolved LPE allows the study of ultrafast relaxation dynamics of photoexcited elec-
trons and holes in the NEQ state and their coupling with quasi-particles such as phonons near
Er [54,91-93]. However, in this work, the results are obtained only by the time-resolved
nonlinear 2PPE technique, as outlined in Figure 2-17(b). This technique facilitates the
study of hot electron relaxation dynamics in unoccupied states in Au/Fe/MgO(001) thin



32 2 Theoretical background

film heterostructures. Therefore, the 2PPE method is the subject of the following section
and will be described in more detail.

2.5.2. Two-photon photoelectron spectroscopy

Electronic states in solids and at solid surfaces have been studied comprehensively and exten-
sively by photoemission measurements. The equilibrium electronic band structure is broadly
studied by direct photoemission. For analyzing the unoccupied part of the electronic band
structure, a well-known spectroscopic technique is the inverse photoemission (IPES) [94].
However, the limited energy resolution of this technique prompted the search for another
method with better resolution. The two-photon photoemission technique offers high energy
resolution and applicability to the range between Er and E,. [59,61,95]. Subsequently, two-
photon photoelectron spectroscopy has been successfully applied in various measurements
and developed into a powerful tool for investigating hot charge carrier relaxation dynamics
in the nonequilibrium state [15,46,47,61,84,96,97].

Within the 2PPE process, an ultrashort pump pulse (Avpump < ®) excites a cold electron
from the occupied states below the Fermi level Ex to the intermediate state energies above
Eg. A second probe pulse (hvpone < ) photoemitts the hot electrons into states above the
vacuum level E.,., which is subsequently analyzed by an electron time-of-flight spectrometer
(e-TOF). Thus, the stringent conditions for a 2PPE process are that (i) the pump and probe
photon energies have to be smaller than the work function, and on the other hand, the sum
of both photon energies has to overcome the work function:

hVpump,probe < ® and  hvpump + Alprobe > P. (2-17)

Consequently, direct photoemission processes are prohibited and only second (or higher
order) processes can be detected, which involve intermediate unoccupied states. Thereby,
involves the two-step nature of the 2PPE process different excitation mechanisms of the
intermediate states |im) as shown in Figure 2-18 based on [70].

1. Resonant excitation: A real intermediate state |im) is resonantly and directly excited
if the energy of the pump photon is equal to the energy between the occupied initial
state |i) and the unoccupied intermediate state |im): hvpump = Eim — Ei. A second
pulse probes the intermediate state, which generally shows an enhanced peak in the
2PPE spectrum, like the IPS state observed in our tr-2PPE experiment.

2. Non-resonant excitation: Indirect excitation of an intermediate state |im) is enabled
by inelastic carrier scattering leading to occupation effects from another intermediate
state. Such an excitation scheme is typical of a continuum of initial states and disper-
sion states, which allow excitation over a wide range of £k and can lead to subsequent
inter- and intraband scattering processes.
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Figure 2-18: Excitation mechanisms of 2PPE involving discrete initial, intermediate and
final states, noted with i, im and fin, respectively. (1) Resonant excitation, (2) Non-resonant
excitation, (3) photoemission via virtual intermediate states. The figure is redrawn based
on Ref. [70] with permission from Dr. P. Kirchmann.

3. Photoemission via virtual intermediate states occurs when both laser pulses in the
2PPE process overlap in time and a direct, non-resonant excitation process takes place.
A characteristic of such virtual intermediate states is their infinitesimally short lifetime.

To determine whether a peak in a 2PPE spectrum originates from an initial, intermediate,
or final state of the 2PPE process, one can vary the pump and probe photon energies
independently and analyze the energy difference between the final states excited by hvpump
and hvprobe. Here, Ahv = hpone — h/pump Serves as a reference for identifying the origin of
the measured spectral feature in a 2PPE spectrum:

e Initial state |i): If the peak in the 2PPE spectrum arises from an occupied initial state,
photoemitted via virtual intermediate states, the electron kinetic energy scales linearly
with each photon pulse, which would result in a final state energy difference of 2 x Ahv.

e Intermediate state |im): The kinetic energy of the photoemitted electrons from real
intermediate states does not depend on the pump pulse energy and scales only linearly

with the energy of the probe pulse, which would lead to an electron kinetic energy
difference of Ahv.

e Final state |fin): The finale state energy is independent of the pump and probe photon
energies, and thus no energy difference is expected; 0 x Ahv.
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Figure 2-19: Static 2PPE photoemission processes with photon energies hi, s less than
the sample work function ®; hvyy < ®. Bichromatic 2PPE processes with (a) VIS-pump
(hvy) and UV-probe (hvy) sequence in which the excited unoccupied states are closer to Ep
(red shaded area) with respect to (b) in which the pump-probe sequence is inverted and the
excited unoccupied states are closer to the vacuum level Ey. (¢) Monochromatic 2PPE and
3PPE for UV (hry = 4.2 V) and VIS (hry = 2.1 eV) light pulses, respectively, in case of a
sample work function ® > 4.2 eV. Top right: Static 2PPE spectrum with spectral features

at kinetic energies excited from the Fermi edge EJ; , the initial occupied state with EZ and

kin»

low-energy cutoff at the secondary edge. The figure is adapted based on Ref. [98] with the
permission by Dr. M. Sandhofer.

Figure 2-19 shows the 2PPE processes with different photon energies hr4 ». The pump-probe
mechanisms in Fig. 2-19(a) and (b) represent the bichromatic 2PPE. In (a), a VIS pump
pulse hry excites an electron from initial occupied states |F;) to unoccupied intermediate
state energies | Eyy,). Subsequently, a second pulse hvy (UV) probes the photoexcited electron
out of the sample to the final state |Eg,) above the vacuum level. The kinetic energy of the
photoemitted electrons is then detected, and an energy-resolved photoemission intensity
distribution can be displayed, as shown in Fig. 2-19 top right. In (b), the pump-probe
sequence is inverted so that the UV light acts as the pump and the VIS light as the probe
pulse. Depending on the initial energy state |E;) from which the electron is excited, it
can populate various unoccupied states. This process is illustrated by the red shaded area
in the case of a VIS pump-UV probe sequence. In the case of the UV pump-VIS probe
scheme, a photoexcited electron can populate unoccupied states at higher lying intermediate
state energies |Ei,), see the blue shaded area in (b). The available energy window of the
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unoccupied nonequilibrium states (red or blue shaded area) can be calculated as follows
Elljin - li(fr(i = thump + throbe - (2—18)

It is also worth noting that from this Equation 2-18 one can calculate the work function ®
of the sample. Figure 2-19(c) shows the monochromatic 2PPE or three-photon processes
for UV and VIS light pulses, respectively. These processes occur only for the respective VIS
and UV pulses and contribute as a background signal to the time-correlated photoemission
signal, which is briefly described in the following section on time-resolved 2PPE. The 2PPE
spectrum in the top right of Fig. 2-19 shows different spectral features as a function of
the kinetic energy FEyi, of photoemitted electrons. The position of the secondary edge at
Eyss stems from scattered secondary electrons that have just overcome the work function ®.
The electrons photoemitted from virtual intermediate states near the Fermi edge Er exhibit
the photoelectrons with the highest kinetic energy EL in the spectrum. To determine the
correct binding energy of an intermediate state, one must know the pump-probe sequence
in the 2PPE process. The sequence of the pump-probe scheme with VIS and UV light can
be derived by time-resolved 2PPE measurements, which are shown below.

2.5.3. Time-resolved two-photon photoemission

Electrons excited to unoccupied states a
few eV above the Fermi energy Fr ex- E
perience ultrafast scattering processes in
the fs time regime [17,88]. Time-resolved

2PPE spectroscopy provides the tools for o P r K"
studying ultrafast hot electron dynam- At
ics with its fs-resolved pump-probe tech-
nique. It allows the recording of a corre- o

lated signal as a function of the pump- hv, oy &
probe time delay t, which is varied by T
hv,

changing the optical path length between E

the pump and probe pulses with a de- O O

lay step. To determine the intermedi-

ate state energy F — Ep of the pho- ) 0 —

toemitted electron, one needs to know negative At positive At

the pump-probe sequence involved in the Figure 2-20: Time-resolved 2PPE scheme with
2PPE process. Figure 2-20 demonstrates different pump-probe sequences, adapted from
the bichromatic time-resolved 2PPE with Ref. [70] with permission from Dr. P. Kirchmann.
different pump-probe sequences. For neg-

ative delay times the UV pump pulse, his, excites the hot electrons and the subsequent VIS
pulse, hvy probes the transient hot electron population dynamics. In the reversed positive
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delay times, the pump-probe sequence is inverted and the VIS pulse precedes the UV pulse.
A prerequisite for obtaining the correlated signal in time-resolved 2PPE experiments is the
spatiotemporal overlap of the VIS and UV pulses on the sample, as described in chapter 3.
Figure 2-21(a) shows the time-correlated 2PPE yield as a function of the pump-probe time
delay t and the intermediate state energy £ — Ep for Au thickness da, = 10 nm in the case
of the FP experimental geometry. The time zero, ¢ = 0 fs, is defined by considering the
first detected electrons in the e-TOF spectrometer, which represent the photoelectrons with
the highest kinetic energy. Performing a Gaussian fit to the hot electrons with the highest
intermediate state energy E — Er ~ 2.1 eV (red axis) gives time zero and full width at half
maximum (FWHM) of the cross-correlation (XC) of both laser pulses.

Based on the direction in which the population decays, the pump-probe sequence for a spec-
tral feature can be determined in the false-color plot. For example, at F — Er &~ 3.9 eV (blue
axis), an image potential state (IPS, n = 1) appears that decays to negative time delays,
which was also observed in our previous work in Au/Fe/MgO(001) [84]. It should be noted
that time zero in the case of BP was determined in the same way as for the FP 2PPE data to
ensure consistency. We note that there is some ambiguity in this choice of time zero. In the
case of Fe-side pumping (BP), a certain propagation time of the excited electron through the
layer stack occurs before the electron is detected at the Au surface. For Au-side pumping
(FP), the spectrally broad IPS feature at £ — Ep = 3.90 eV could extend up to the top
end of the spectrum. Consequently, the chosen time zero could be shifted to negative time
delays due to the finite decay time of the IPS convoluted with the pulse duration, resulting
in an effective shift of the intensity maximum, as the trailing part of the probe laser pulse
contributes to the signal. To estimate this potential inaccuracy in the determination of time
zero, we indicate in Figure 2-21(a) the intensity maxima as a function of time delay for all
energies by a solid red line. At F — Er = 1.5 to 1.0 eV the maximum is shifted to +10 fs
without a clear decay. We consider in the following that the actual time zero is uncertain
within this interval of 0 to 10 fs.

Figure 2-21(b) shows the transient population dynamics as a function of delay time ¢ for
different intermediate state energies £ — Er = 3.9, 2.1, 1.0 and 0.6 eV”. The transient XC
traces were obtained by integration over the energy intervals of 100 meV. In general, the
time-resolved 2PPE intensity I?"PE(E, At) curves can be described by the

I*PPE(E,At) o /FXC(t — AH)R(E,t) dt, (2-19)

"Describing transient population dynamics of excited continuum metallic states is very complicated and can
hardly be done within analytical models. However, quantization of the band structure and discrete states
allows the description of a 3-level-system consisting of initial, intermediate and final states. Especially
in non-resonant excitation, the Bloch equations simplify to a set of classical, coupled rate equations [70].
For a more detailed description of this approach, we refer to the works of [70,99].
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Figure 2-21: Time-resolved 2PPE on 10 nm Au/7 nm Fe/MgO(001) with FP geometry: (a)
Time-correlated 2PPE yield as a function of pump-probe time delay (horizontal axis) and
intermediate state energy F— Er (vertical axis) in a false-color representation. Normalization
of the false-color map is done by dividing each 2PPE intensity by the maximum intensity.
For negative time delays, ¢ < 0 fs, the intermediate states are excited by the UV pulse
(hvyy = 4.13 eV), see blue vertical axis. For positive time delays, t > 0 fs, the pump-probe
sequence is reversed and thus intermediate state energies are generated by the VIS pulse
(hvyis = 2.1 eV), see the red vertical axis. On the right, the color bar shows the false-color
scheme of the transient photoemission intensity. The red, solid line indicates the 2PPE
intensity maxima for different energies with time delay. (b) Transient 2PPE intensity traces
for different intermediate state energies £ — Fr = 0.6, 1.0, 2.1 and 3.9 eV (B: IPS, n = 1)
extracted from the false-color plot in (a). Traces are fitted by a convolution of a Gaussian (XC
function Fxc) and exponential decay function (dotted lines), which provides with 7(E) and time
offset ¢y the observables for local and nonlocal relaxation dynamics, respectively.
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Figure 2-22: According to Equa-
tion 2-19; simulation of a time-resolved
2PPE yield Irppg(At) as a function of
pump-probe time delay Atf, which is
obtained by a convolution of an expo-
nential response function R(t) (decay

norm. 2PPE intensity

7 = 20 fs) and a Gaussian laser pulse
cross-correlation Fxc with FWHM =

O'O__| I -1 1 1
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time delay (fs)

whereby Fxc is the convolution of the two laser pulses assumed to be Gaussian® in time
and R(E,t) is the response function of the material under study at a specific energy E.
As mentioned above, the XC function Fx¢ is determined by a Gaussian fit at large excess
energies F— Er ~ 2 eV. This is feasible since the excitation proceeds via virtual intermediate
states without a finite lifetime. If the lifetime is infinitely small, the response function of the
system is a o-function. For the analysis of the 2PPE transients at specific intermediate state
energies F/ — Ep the response function is assumed to be an exponential decay function:

R(E,t) = exp(—t/T(F)). (2-20)

Figure 2-22 demonstrates a simulation of the transient 2PPE yield Ir,ppg (blue curve). This
is obtained by a convolution of an exponential decay function R(t) (black curve) with decay
time 7 = 20 fs and a Gaussian XC function Fxc (red curve) with FWHM = 50 fs. The
resulting transient 2PPE curve is temporally broader and its maximum is shifted toward
positive delay times, which increases with an increased decay time 7. The measured 2PPE
transients were fitted by a convolution of the XC function Fx¢ and two exponential decay
functions, see the fits (red dotted lines) in Figure 2-21(b). One of the exponential decays,
toward negative At, accounts for the contribution excited by 4.2 eV photon, and the other
one, decay toward positive At, excited by 2.1 eV photons. The data discussed in this
thesis work will be analyzed by such fits for different Au film thicknesses da, and different
experimental configurations. As shown in chapter 4 the analysis delivers intriguing insights
into the hot electron local and nonlocal relaxation dynamics in Au/Fe/MgO(001) thin films.

8Ultrafast amplifiers provide laser pulses with Gaussian profiles [70].
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3. Sample preparation and experimental
details

In this work, the local and nonlocal relaxation dynamics of hot electrons in epitaxially grown
Au/Fe/MgO(001) thin films are investigated energy-resolved in the time domain. To access
these ultrafast dynamics, time-resolved two-photon photoelectron emission spectroscopy (tr-
2PPE) was employed using fs pump-probe laser pulses with FP and BP experimental ge-
ometries. The measured 2PPE spectra obtained with both geometries are compared and
analyzed as a function of Au layer thickness da,. This chapter provides insight into the
preparation and characterization of the Au/Fe/MgO(001) thin film, the photoelectron spec-
trometer, and the laser setup with FP and BP experimental configurations. After describing
the experimental setup in general, a novel approach (in our group AG Bovensiepen) to com-
press the laser pulses and the analysis by frequency-resolved optical gating (FROG) are
presented.

3.1. Au/Fe/Mg0O(001) thin film preparation and
characterization

Epitaxially grown Au/Fe/MgO(001) heterostructures with layer thicknesses of da, = 7 —
70 nm and dg, = 7 nm represent a suitable material system for the study of hot charge
carrier local and nonlocal relaxation dynamics owing to the similar inelastic mean free path
and layer thicknesses [34,35,80,84]. An optically transparent MgO(001) substrate for an
ultrashort laser pulse with the photon energy of hv; = 2.10 eV facilitates the Fe-side pump-
ing and Au-side probing time-resolved 2PPE measurements. This drives the propagation
of photoexcited electrons from Fe toward the Au layer surface across the Fe/Au interface.
While the Fe layer acts as the optically excited electron emitter, the Au layer serves as the
acceptor hosting electron propagation. A well-defined, sharp Fe/Au interface is expected to
suppress inelastic processes such as hot electron scattering by lattice inhomogeneities.

The Au/Fe/MgO(001) thin films employed for the time-resolved 2PPE measurements with
the FP and BP geometry were epitaxially grown by J.P. Meyburg, F. Kiihne, and Dr.
D. Diesing at the University of Duisburg-Essen in the department of Physical Chemistry.
Two Au/Fe/MgO(001) samples have been prepared simultaneously. Firstly, a commercially
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Figure 3-1: (a) AFM image
provided by ICAN of an Au

22 gurface with day = 40 nm on
— bare MgO substrate (left) and
g a linearly increasing Fe layer
;é with size up to 7 nm (right).

Reprinted from Mattern et al.
28  Electronic energy transport in

nanoscale Au/Fe heterostructures

b) in the perspective of ultrafast
lattice dynamics. Appl.  Phys.

Lett. 120, 092401 (2022). DOI:
m https://doi.org/10.1063/5.0080378.

With the permission of AIP Pub-

lishing. (b) Sketch of the material

system with the wedge structure
used for the AFM.

acquired MgO(001) substrate from MaTecK GmbH with the dimensions 10 mm x 10 mm
x 0.5 mm thickness was cleaned in ultrasonic baths of ethanol, isopropanol, and acetone.
Subsequently, it was put into an ultra-high vacuum and exposed to Oy at a partial pressure
of 21073 mbar at a temperature of 540 K to remove carbon contamination. By using the
molecular beam epitaxy (MBE) under ultra-high vacuum (UHV, < 107 mbar) conditions,
Fe(001) and Au(001) thin films were grown on the MgO(001) substrate according to the
procedures described in [100-102]. A sharp crystalline Au/Fe interface is achieved by well-
matched lattice constants ap, ~ 286 pm and a,, ~ 288 pm since the fcc-Au lattice is rotated
by 45° with respect to the (001) in-plane of the bee-Fe [34,101,103]. The resulting excellent
interface qualities of the Au/Fe/MgO(001) thin films were shown by Melnikov et al. [34]
using scanning transmission electron microscopy.

Furthermore, in Figure 3-1(a) atomic force microscopy (AFM) image of the Au surface
topography shows the growth of a 40 nm Au layer on Fe (right) compared to the growth
on bare MgO substrate (left). F. Kiithne has prepared the Fe layer as a wedge with linearly
increasing dg, up to 7 nm as sketched in Figure 3-1(b). While the Au topography on bare
MgO(001) exhibits a relatively large surface roughness A,,s = £12 nm, the deposition of
Au on Fe(001) shows a smoother Au surface with roughness A3 = 2 nm. The crystalline
(001)-orientation of Au is mainly achieved on the Fe(001) film, whereas on bare MgO the
(111)-orientation prevails, as shown in reciprocal space maps in Mattern et al. [103].
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3.1.1. Thickness determination of Fe and Au thin film layers

Figure 3-2 shows the schematic of the stepwise Au/Fe/MgO(001) sample, which has been
employed for the time-resolved 2PPE measurements in this thesis work. The Au layer
thickness da, varies between 5 to 70 nm, while the Fe layer thickness was kept constant
at dg. = 7 nm. The Fe layer thickness dr. = 7 nm was measured by a commercial AFM
(Bruker Dimension FastScan) with a deviation less than 10%, as was discussed in Florian
Kiihne’s master thesis [104]. The determination of da, is based on time-of-flight secondary

n '\/3.5mm

<—— total Au thickness

= sputtering spots

< 400y

Figure 3-2: The stepwise design of the Au/Fe/MgO(001) sample with Au thicknesses da, =
5 — 70 nm and a constant Fe thickness dg, = 7 nm. The widths of the Au steps are 400 um
except at the 70 nm Au layer with 3.5 mm. Green sputtering spots: Measurement of Au
thickness by ToF-SIMS technique. The image is designed by F. Kiihne.

ion mass spectrometry ToF-SIMS, representing a powerful surface analysis technique with
depth profiling capability [105,106]. It can display the depth distribution of elements with
a sub-nm resolution which is beneficial for layer thickness measurements of heterostructure
material systems. The ToF-SIMS on Au/Fe/MgO(001) was conducted with the TOF.SIMS
5-100 instrument from ION-TOF GmbH (Minster, Germany) [107] in the interdisciplinary
center for analytics on the nanoscale ICAN by Dr. Nils Hartmann. A dual beam depth
profiling technique enabled the measurement of the layer thicknesses da,. Under UHV con-
ditions, the sample surface is targeted by two ion beams. The first pulsed, high-energy ion
beam (10 - 30 keV) is the analysis beam responsible for sputtering a crater and generating
secondary ions. The secondary ions are then accelerated by an electric field and travel over
a drift path toward a detector. Measuring the flight time for each secondary ion determines
its mass-to-charge ratio, and information on the chemical compositions of the sample surface
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is obtained. This reveals the material sensitivity of the ToF-SIMS technique.

For depth profiling in dual-beam mode, a second low-energy ion beam with a few hundred
eV up to a few keV is used, the so-called sputter beam. It is employed to analyze the
sample crater bottom and depth profiling progressively. Alternatingly turned-on analysis
and sputter beams result in a series of mass spectra acquired at different depth points. The
recorded mass peaks and their intensity as a function of sputter time tg, can be converted
into a depth scale. A constant sputter rate S (measured in nm/s) is required to convert the
sputtering time ¢, into a depth z with

2 =5 1gp. (3-1)

In this thesis work, the analysis and sputter ion beam sources were mounted to the sample at
an angle of 45°. The surface analysis gun of the ToF-SIMS 5-100 was a 15 keV liquid metal
ion gun (LMIG) emitting bismuth Bi* pulsed ion beams on a sample surface of 100x 100 ym?.
The sample sputtering was performed by a monoatomic, low-energy oxygen beam (OF) with
0.5 and 1 keV separately on a surface of 300 x 300 ym?. In order to neutralize the charge
build-up at the sample surface, low-energy electron flooding was applied between the pulsed
analysis and the sputter beam. The high-energy, pulsed primary analysis beam sustains a
high mass resolution, while the low-energy sputter beam provides a high depth resolution in
the sub-nm range. Thus, the ToF-SIMS represents an appropriate technique for measuring
the thickness of the Au and Fe layer in the nm range.

Figure 3-3(a) shows the sputtering craters at different Au layer thicknesses on the Au/Fe
sample. Different numbers are assigned to the multiple squared craters generated with the
sputter ion beam (spot size of 300 x 300 gm?), which are smaller than the widths of the
Au layers (400 pm). Different crater numbers indicate the sputtering at different Au layer
thicknesses. Figure 3-3(b) and (c) illustrate the crater depth profiles of craters 1 and 2,
which have been taken by a profilometer (BRUKER DektakXT stylus surface profiler). A
diamond-tipped stylus with a radius of 12.5 ym was in contact with the sample surface, and
the lateral movement of 800 ym through the crater center allowed the recording of the depth
profile. The depth from the top Au layer to the bottom is equivalent to the Au thickness
day. The data analysis at crater 1 exhibits an Au thickness of 73 + 7 nm, while at crater
2 it is 36 & 5 nm. In both depth profiles of the craters, crater walls are observable, arising
out of the crater center due to the sputtering procedure. However, this represents an error
source in determining the Au thickness that can still be handled. Craters 1 and 2 represent
an example for all Au layer thickness measurements and reveal the rough deviation of up
to 10% between the nominally specified and measured da,. The deviation of the nominally
indicated Au thicknesses da, and the determined error bars for da, (Ada, ~ 10 —14%) from
the profilometer data are taken into account in the 2PPE data analysis in chapter 4.
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Figure 3-3: (a) Photo of an Au/Fe/MgO(001) heterostructure with sputter craters cre-
ated using the ToF-SIMS technique at the Interdisciplinary Center for Nanoscale Analytics
(ICAN). Profile measurements on sputter craters 1 and 2 were taken laterally through the
crater center (horizontal lines). (b) and (c¢) profilometry depth profiles of craters 1 and 2,
respectively. The blue dashed lines mark the difference between the gold top and bottom of
the crater.

3.2. UHV chamber and the photoelectron spectrometer

The UHV chamber is an indispensable part of PES measurements. The undisturbed pho-
toelectron signal is detectable at the lower pressure p in the UHV chamber because fewer
residual gas atoms are adsorbed on the sample surface. Consequently, the mean free path of
the photoemitted electrons becomes larger than the drift distance in the TOF spectrometer.
To perform photoelectron spectroscopy, UHV conditions with a pressure p ~ 107!Y mbar
are established in the laboratory at University Duisburg-Essen, Faculty for Physics, in the
working group of Prof. Dr. Bovensiepen.

The whole UHV setup consists of the following parts; the load lock, sample magazine, and
the two upper and lower chambers for sample preparation and for spectrometer level, re-
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spectively. The schematic of the upper and lower chambers are shown in Figure 3-4(a)
and (b). The load lock and magazine are connected to a turbo pumping station with a
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Figure 3-4: (a) Surface preparation and characterization tools in the upper part of the
UHV chamber. (b) Spectrometer level in the lower part of the chamber for performing the
photoelectron spectroscopy measurements. The schematic is taken from Ref. [108] with the
permission by Dr. L. Rettig.

diaphragm roughing pump (Pfeiffer, HiCube 80 ECO) and an additional turbo-molecular
pump (Pfeiffer, TPD 020) merely for the magazine to ensure a pressure of p ~ 10719 mbar!.
The load lock is the first stage for inserting the sample into the UHV system. The sample
boat is attached to a transfer line and then moved to the magazine (sample). The samples
are heated up to 80 °C for degassing.

The next stage is the main chamber, divided into the preparation and spectrometer levels,
as shown in Figure 3-4(a) and (b). The preparation level is evacuated to p ~ 1071 mbar by
baking-out procedures (110 °C) and the employment of a turbo-molecular pump (Pfeiffer,
HiPace 700), which is connected to a pre-vacuum line of p ~ 107% mbar. This pre-vacuum is
obtained by a drag-turbo pump and a four-stage membrane pump. The Au/Fe/MgO(001)
sample is attached to a sample manipulator allowing for 400 mm vertical and +12.5 mm
lateral movements. Furthermore, a differentially pumped rotation feedthrough enables the
free rotation of 360° around the vertical axis of the manipulator. The linear movements are
equipped with PC-controlled stepper motors, which allow for sample positioning with 10 ym
precision.

!Before transferring the Au/Fe/MgO(001) sample into the UHV system, the Au surface and the MgO(001)
surface are blown with He gas to remove contaminants such as dust grains.
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The lower chamber is separated from the upper chamber by a gate valve. An ion get-
ter pump and a titan sublimation pump are employed for evacuating the lower chamber to
p ~ 9-107 mbar, ensuring clean sample surfaces over several hours up to days. In addition,
the lower chamber contains the two time-of-flight (TOF) spectrometers applied for detecting
the photoelectrons. The conventional electron TOF (e-TOF) spectrometer was not used in
this thesis work. In contrast, the position-sensitive e-TOF (p-e TOF) spectrometer has been
used to establish the front-side pumping front-side probing (FP) and back-side pumping
front-side probing (BP) experimental configurations, see section 3.3. The working principles
of the conventional e-TOF spectrometer represent the basis for the p-e TOF spectrometer,
and thus both instruments constitute essential components in time-resolved photoelectron
emission spectroscopy [96, 109, 110]. Compared to the conventional e-TOF spectrometer,
the p-e TOF allows simultaneous analysis of low-energy electrons photoemitted from solid
surfaces in an energy- and angle-resolved manner. However, in this work, the p-e TOF is
used only to detect the kinetic energy of the photoemitted electrons. By combining PES
with the time-resolved pump-probe technique, the correlated signal can be recorded as a
function of the pump-probe delay time. The p-e TOF spectrometer was developed and built
at the Freie Universitdt Berlin and described in detail by Kirchmann et al. in [110].

By placing the sample in front of the spectrometer, electrons will be photoemitted to the
entrance tip with an aperture of 1.9 mm. The electrons propagate within a flight time ¢
through the field-free Al drift tube with a length of L = 200 mm toward a chevron-mounted
microchannel plate (MCP) stack of 80 mm active diameter. Correspondingly, when the p-e
TOF spectrometer axis is oriented parallel to the sample surface normal, the acceptance angle
spans £11°. The p-e TOF spectrometer has a hexanode delay line behind the MCP stack,
which simultaneously determines the photoelectron’s hitting position on the hexanode. A
calculation program makes it possible to map the photoelectron energy distribution in time
and momentum simultaneously; see for a more detailed description [110]. However, in this
thesis work, the momentum information is not considered, and a signal out of the MCP
stack was taken to measure the photoelectrons’ time-of-flight. The outcoupled signal from
the MCP with a few mV amplitudes and a few ns pulse duration is amplified in a broad-band
amplifier (ATR19 by RoentDek). Since the outcoupled signals from the MCPs show a broad
amplitude distribution, a constant-fraction discriminator (CFD) (Ortec, QUAD 935) was
employed to discriminate signals not on a fixed threshold but a constant fraction of the total
peak height. Subsequently, nuclear instrumentation module (NIM) pulses are generated and
fed into a time-to-digital converter (TDC, FAST Comtec GmbH) with a time resolution of
250 ps. The TDC measures the time difference ¢ between the start signal g, from a fast
photodiode in the optical beam path and the stop signal #4,,, of the CFD.

The kinetic energy of the non-relativistic electrons, with mass m., is determined by

1 m.L?
Ein:_ 6226—7
kin = 51V = 90 — 1)
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with the constant field-free drift distance L and the time offset t;, which has to be con-
sidered due to the different propagation times between the optical and electrical signal to
the timing device. The spectrometer and its components, such as the drift tube and the
tip, are coated with Graphite to present a homogeneous work function of ~ 4.3 eV. The
entire spectrometer is housed in a 1.5 mm thick p-metal casing to shield residual magnetic
fields, which might disturb the photoelectron trajectories. The p-metal shield has cut-outs
where the laser beam can enter with a 45° angle on the sample and photoexcites the electrons.

If the sample and the spectrometer are directly connected, the Fermi levels E3*™' and the
EX of both objects are aligned. Due to the difference in the work functions ®g,mpe and
Dgpec. @ potential gradient arises between the sample and the spectrometer, as shown in a
potential diagram in Figure 3-5. The electrons must overcome the potential barrier eqU and
an applied bias voltage Upas

6O(] - (I)sample - q)spec. + 6OUvbias- (3‘3>

The low-energy cutoff of the photoemission spectrum and the kinetic energy FEy;, of the
photoelectrons are determined by the vacuum energy levels ES2Pl and ESPec: | respectively.
Accordingly, offsetting the difference between the vacuum energy levels by applying a bias
voltage of egUpias = —(Psample — Pspec.) 1S essential to ensure a field-free region between the
sample and the spectrometer and thus unperturbed electron trajectories.

For reliable e-TOF spectra, the time offset ¢y, from Equation 3-2 is determined by recording
different TOF spectra with different bias voltages Uyias. The correct timing ty is defined
by adjusting it as a free parameter so that the Fermi edge of the different spectra overlaps.
Considering Equation 3-4, it is apparent that the achievable energy resolution AFEy;, of the
p-e TOF spectrometer depends on the experimental accuracy At in the TOF analysis and
the drift length L according to

8EL At
AFEy, = “m. L (3-4)
For kinetic energies of photoelectrons with Ey;, < 0.5—2.5 eV, a drift length of L = 200 mm
and time resolution At < 1 ns provide an energy resolution of AFEy;, < 20 meV [96,110].
Nevertheless, due to the spectral bandwidth of 10 — 50 meV for femtosecond laser pulses,
time-resolved 2PPE experiments do not necessarily profit from the much higher energy
resolution of the spectrometer. The following section will describe the available laser system

for performing photoemission experiments.

3.3. Laser setup and laser pulse overlap

A commercially available amplified laser system (Coherent) has been used for the time-
resolved photoemission experiments. This system is based on a femtosecond mode-locked
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Figure 3-5: Potential gradients between sample and spectrometer. In order to avoid electric
fields between the sample and the spectrometer entrance, which is essential for the detection
of unperturbed photoelectrons, a bias voltage Up,s with a finite value can be applied (on
the sample) to compensate the difference in the sample and spectrometer vacuum energies
Esample and 5P, The kinetic energy is measured with respect to the spectrometer’s vacuum
level £ while the sample’s vacuum level ES*™Pe determines the low-energy cutoff in the
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photoemission spectrum. The figure is taken from Ref. [70] with the permission from Dr. P.
Kirchmann.

Ti:Sa oscillator (Micra) and a regenerative amplifier (RegA), whereby the chirped pulse am-
plification (CPA) technique provides intense, femtosecond ultrashort laser pulses [111]. Fig-
ure 3-6 shows the generation of the VIS and UV pulses with the photon energies hiy, = 2.1 eV
and hvs = 4.2 eV by noncollinear optical parametric amplification (NOPA), respectively.

A continuous-wave (CW) green diode laser (Coherent Verdi V-18, 532 nm) is used for pump-
ing the laser system by 18 W. The Ti-doped sapphire (Ti:Sa) crystal in the oscillator cavity
(Coherent Micra-5) is pumped by 5 W, which delivers fs laser pulses with a central wave-
length of \y = 800 nm a pulse duration of 40 fs at a pulse energy of ~ 3 nJ. This pulse
energy is insufficient to generate VIS pulses by NOPA. Hence, chirped pulse regenerative
amplification (Coherent RegA 9040) is employed using 13 W of the Verdi-18 pump laser,
see top left in Figure 3-6. After the amplification by RegA, IR pulses with an energy of
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Figure 3-6: Top left: Sketch of the amplified laser system; femtosecond IR laser pulses are
generated in the Ti:Sa oscillator Micra and subsequently amplified by RegA. The ultrashort
RegA output (~ 6 pJ) is sent to the NOPA for generating a VIS laser pulse with a photon
energy of hvy = 2.1 eV. Top right: Optical setup for generating UV laser pulses with a
photon energy of hry = 4.2 eV. Additionally, prisms (P;2), gratings (Gi2), and chirped
mirrors (CM) are used for compressing the laser pulse duration. Bottom right: A FROG
device is employed for performing SHG-FROG measurements characterizing the VIS light
in the spectral and time domain. Bottom left: Optical beam paths for coupling the VIS and
UV laser beams into the UHV chamber over a pump-probe delay stage. A 5 mm FS plate
in the pump beam path and a slit in the probe beam path are used to compensate for the
chirped pulses.

~ 6 pJ per pulse and a repetition rate of 250 kHz are provided. These IR pulses are sent to a
grating compressor and are gain compressed in time to a pulse duration of 40 fs. The ultra-
short RegA pulses reached after compression a maximum output power of Prega = 1.60 W.
Subsequently, the NOPA is fed with 50% of the Prega, and a VIS ultrashort laser pulse with
photon energy hiy, = 2.1 eV, and less than 40 fs pulse duration is generated. In order to un-
derstand the generation of ultrashort VIS laser light by NOPA in more detail, see [112-115].

After NOPA, the fundamental beam huv; is passed to a BK7 prism-pair compressor (P 5) to
compensate for group velocity dispersion (GVD) and then compress the beam in time (see
Figure 3-6, top right). After compression, the fundamental beam hu; is focused by a curved
mirror onto a S-barium-borate (BBO) crystal (birefringent) with thickness dggo = 30 pm to
generate second harmonic generation (SHG) with frequency-doubled light of hvy = 4.2 eV. A
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second curved mirror served as a collimator and sent the fundamental VIS and SHG light to
a dichroic beam splitter, which separates the beam. The SHG process of type I in the BBO
crystal gives rise to a rotation of the polarization axis, which occurs in uni-axial crystals by
90°, as reported in [116]. Subsequently, the second harmonic light is sent to a periscope to
flip the polarization back from s to p.

The next station for the SHG is a parallel aligned grating compressor (G 2) to compensate
the GVD caused in the dispersive optical elements. The grating compressor is designated by
a blaze wavelength A = 300 nm, blaze angle Oy, = 1.2° and a grove density of 300 1/mm
for laser pulses with the central wavelength A = 300 nm. The distance between the grat-
ing pair is adjusted by monitoring the full width at half maximum of the cross-correlation
FWHM(XC) at high energies of the correlated signal in the time-resolved 2PPE measure-
ments. The shortest FWHM(XC) is achieved at a grating pair distance of dgating = 13.2 cm
with ~ 60 fs. Subsequently, the ultrashort second harmonic light his is sent toward the
UHV chamber. The advantage of compensating the high-order dispersion in the UV pulses
by optimizing the grating compressor is shown in section 3.5.

Due to the positive dispersion at the dispersive optical elements of the VIS beam huy, it
is directed to a compressor of rectangular chirped mirrors (Thorlabs GmbH, Germany), see
Figure 3-6 top right. This CM pair is parallel aligned to each other, and the VIS light is
reflected 24 times between these two parallel mirrors. Each reflection causes a negative chirp
on the VIS beam hr; and is thus initiated due to a re-compression of a bandwidth-limited
laser pulse. Eventually, after the compression of the VIS and UV laser pulses by the chirped
mirror and grating compressors, respectively, they are guided toward the UHV chamber for
the time-resolved 2PPE experiments. In section 3.5 a thorough comparison of the pulse
dispersion compensation among the different compressor systems is provided.

Overlap of the VIS and UV pulses on the sample surface

Figure 3-7 and 3-8 show the beam paths for the VIS and UV beams in time-resolved
2PPE with front-side pumping / front-side probing (FP) and back-side pumping / front-side
probing (BP) experimental configurations, which will be now described for both geometries.
After compressing the UV light by a grating compressor — as described above — a neutral
density (ND) filter wheel is inserted in the UV beam path. The ND filters used here are a
combination of 0.04 and 0.10 strengths. One reason for reducing the power of the UV beam
is to control the 2PPE signal count rate (CR) generated by UV only. In order to get a decent
signal-to-noise (S/N) ratio in the two-color 2PPE measurements, it is beneficial if a CR ratio
of CR(hvy)/CR(hvy) = 1/3 exists, which is controlled by the ND filters. Afterward, both
beams are sent through a pair of mechanical laser shutters, which have the task of blocking
the pump and probe beam separately after each delay scan and acquiring spectra of the
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Figure 3-7: Incoupling of the pump and probe beams into the UHV chamber in case of
front-side pumping and probing (FP) experimental configuration: Pumping and probing
proceeds on the Au-side with hiy = 2.1 eV and hiy, = 4.2 eV, respectively. Pulses are
delayed to each other by At with a delay stage for the VIS pump beam. Beam profiles
and spatial overlap of pump and probe beam are obtained by a UV sensitized CCD camera.
A 5 mm FS plate in the pump beam path and a slit in the probe beam path are used to
compensate for the chirped pulses.

2PPE of UV and VIS only. Before sending the beams to a detachable breadboard, where the
optics for guiding the beams to the UHV chamber are located, the beams are sent through
alignment apertures in order to get a well-aligned optical axis.

Time-resolved 2PPE with Au-side pump geometry

Intending to perform the time-resolved pump-probe 2PPE in the FP geometry, both beams
with the photon energies hv; = 2.1 eV and hvy = 4.2 eV are sent toward the UHV chamber
as depicted in Figure 3-7. The UV laser pulse, his, is guided through alignment apertures
and Al mirrors toward a lens with a focal length of f = 500 mm and consequently focused
on the sample in the UHV chamber. The beam coupling window at the UHV chamber
is made of UV-transmitting CaF,. A digitally controlled delay stage with a positioning
accuracy of 0.1 fs in the path of the VIS beam supports time-resolved measurements by
introducing a delay between the VIS and UV laser beams. The VIS pump beam is then
guided through alignment apertures and Ag mirrors toward a separate lens (f = 500 mm)
focused on the sample in the UHV chamber, as described for the UV probe beam. The
focusing lenses are on translation stages to focus the beams on the same spot on the sample
surface with quasi-collinear incidence to avoid interferometric conditions and minimize the
temporal broadening due to a non-collinear geometry. Necessary to mention is the insertion
of a 5 mm thick fused silica (FS) glass plate in the beam path of the VIS light. Using a
flip mirror in front of the UHV chamber window, the beams are sent into a CCD camera
to measure the beam profile. The distance from the flip mirror to the CCD camera chip
is the same as the distance from the flip mirror to the sample. Thus, the measured beam
profiles on the CCD chip correspond to the same on the sample surface. A LabView program
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developed by Dr. Ping Zhou is used to determine the spot sizes of the laser beams, as shown
in Figure 3-9. In a 2PPE measurement, it is desirable to have a similar VIS and UV spot
size to suppress the uncorrelated background signal.?

A prerequisite for obtaining a correlated signal in time-resolved 2PPE measurements is the
spatiotemporal overlap of the VIS and UV pulses. Before setting the spatial overlap of
the two beams, it is ensured that the beams are guided through the coupling mirrors on
the Au/Fe/MgO(001) sample surface with the desired Au thickness da,. Finding a nice
spot with a well-defined and reliable photoemission spectrum produced by each beam is
important. As mentioned in chapter 2, the photoemission signal can also appear due to
monochromatic 2PPE and 3PPE with UV (hvy = 4.2 ¢V) and VIS (hry = 2.1 eV) light
pulses. This signal represents a background signal for the time-correlated signal and must
be controlled by monitoring the photoexcited spectra. Then, the spatial overlap is adjusted
by overlapping the two beams on the CCD camera. Adjusting the temporal overlap of the
VIS and UV pulses requires a preliminary step before monitoring the 2PPE signal. The
temporal overlap of the two beams is first adjusted with a fast photodiode and a broadband
oscilloscope within a time window of 50 ps with an accuracy of 15 ps.

Once the spatial and rough temporal overlap of the two beams is aligned, the correlated
signal is acquired by scanning the delay stage with 3 fs time steps while simultaneously
monitoring the tr-2PPE signal. In a 2PPE experiment, the correlated signal is easily de-
tectable as it increases up to three orders of magnitude for an optimum VIS-UV overlap?.
As already shown in previous works, the employment of tr-2PPE measurements with the
FP experimental configuration enabled measuring local hot electron relaxation dynamics at
the metallic sample surfaces [17,47,67,69,117]. By involving theoretical calculations within
these works, ultrafast nonlocal hot electron transport from the surface into the bulk has
been concluded. Using BP geometry — Fe-side pumping and Au-side probing — has opened
the door to direct measurement of the local and nonlocal hot electron relaxation dynamics.

Time-resolved 2PPE with Fe-side pump geometry

Figure 3-8(a) shows the time-resolved pump-probe alignment with the BP geometry on
the Au/Fe/MgO(001) sample. While the UV probe beam path is kept the same as in FP
geometry, the VIS pump beam path has to be guided by a flip mirror onto a window on the
back-side of the UHV chamber. Right after the laser beam shutter for the VIS light, a flip
mirror reflects the beam toward a delay stage. From there on, the VIS beam reflects to a
4 mm thick FS glass plate for compensating the chirp in the VIS pump pulse. Subsequently,

2Tn contrast to 2PPE measurements in time-resolved ARPES, a smaller UV probe beam is more favorable
than the VIS pump beam to ensure a homogeneously excited sample surface.

3By contrast, in the case of tr-ARPES measurements, the correlated signal is significantly weaker and
requires many scans. Optimizing the spatial overlap is achieved by fine-tuning the coupling mirrors to
achieve a maximum correlated signal.
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the beam propagates toward a lens (f = 500 mm), staying on a translation stage for adjusting
the focus on the back-side of the sample. The angle of incidence of VIS pump and UV probe
beams on the sample was close to 45°, so a nearly 90°-alignment between both beams has
been established. This alignment is crucial to overlap both wavefronts of the VIS and UV
pulses in time and space on each point of the Au/Fe/MgO(001) sample and maintain the
time resolution, see Figure 3-8(b). Accordingly, the smallest FWHM(XC) can be reached,
and a distortion of the spatiotemporal overlap is avoided, which might lead to FWHM(XC)
compression limited at larger values.
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Figure 3-8: (a) BP experimental geometry: Pumping on the Fe-side and probing on the
Au-side with hr; = 2.1 eV and hvy = 4.2 €V, respectively. (b) Spatiotemporal overlap of
pump and probe beams with diameter D: Temporally chirped pulse fronts propagate toward
the Au/Fe/MgO(001) sample. Assuming an angle of incidence of 90° between both pulse
fronts leads to spatiotemporal overlap at every point of the sample; see green dots on the
sample for illustration.

Due to the similar optical path lengths in both experimental configurations — FP and BP
— for the VIS beam, a fast photodiode and broadband oscilloscope in BP geometry are not
used to adjust the temporal overlap. Adjusting the spatial overlap of both beams in the BP
geometry is a bit more challenging compared to the FP geometry. For the BP geometry, the
spatial overlap is adjusted with a CCD camera outside the UHV chamber and the coupling
mirrors of both beams. The CCD camera monitors the beam spots of the UV and VIS lights
on the sample surface. The laboratory room had to be darkened entirely, and the exposure
time of the CCD camera had to be increased in order to see the UV probe beam on the
sample surface. After observing the UV beam’s scattered light on a monitor showing the
sample surface, it is marked on the monitor. Subsequently, the transmitting VIS light from
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the Fe back-side to the Au surface is directed to the marked UV position on the monitor,
and hereafter the spatial overlap is obtained.

The tr-2PPE measurement as described for FP shows a tr-correlated 2PPE yield. The cor-
related signal contrast has been improved by optimizing the spatial overlap by the coupling
mirrors of both beams according to the maximum signal contrast. In the case of BP exper-
imental configuration, the finding procedure of the correlated signal is usually done at the
thinnest Au film thickness where the transmitting VIS beam is observable, and the signal
contrast is relatively high compared to the signal contrast at thicker Au layers.

3.4. Pulse characterization

Figure 3-9(a) and (b) show the intensity distributions of the focal spot profiles for the VIS
and UV light. The profiles are measured by the CCD camera, which has been used to adjust
the spatial overlap. The camera window is taken out to measure the UV beam spot so that
the camera chip is sensitive to UV radiation. ND filters diminished the intense VIS pump
and UV probe beam to avoid damage to the CCD camera chip. The focal spot sizes are
evaluated by a 2D Gaussian fit of the horizontal (H) and vertical (V) intensity profiles, as
shown in Figure 3-9(c) and (d) for VIS pump and UV probe beams, respectively. This fitting
procedure yields the full width at half maximum (FWHM) of the spot profiles. Denoted as
H x V for the horizontal and vertical parts of the focal spot profiles, the beam spot sizes
are 125 x 165 pm for the VIS and 75 x 95 pum for the UV light, calculated with a pixel size
of ~ 5.5 um. The laser fluence — deposited pulse energy per unit area on the sample — is
measured by

TP 4cos()
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whereby T = 0.95 is the transmission of the incoupling window, P the average power,
R = 250 kHz the repetition rate, a and b the FWHM of the laser focal spot profile, and
a = 45° the angle of incidence on the sample. The average power of P ~ 3.3 mW is mea-

(3-5)

sured right before the UHV chamber window and correspondingly led to typical fluences
in the range of 50 — 70 uJ/cm? for the VIS and 1 — 2 pJ/cm? for the UV pulses in the
2PPE experiments. However, the precise determination of the absolute fluence is limited by
the sensitivity of the power meter (0.1 mW) and the error in determining the beam diameter.

The usage of a mobile spectrometer (Ocean Optics, HR 4000CG-UV-NIR) with a broad
spectral measurement range of 200 — 1100 nm enabled the detection of the fundamental
(VIS) and its frequency-doubled SHG (UV) beam simultaneously. The respective spectra of
both beams are depicted in Figure 3-10(a) and (b). The VIS pump beam with a central
wavelength of Ayis = 593 nm corresponds to a photon energy of hiy = 2.09 eV. The spectral
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Figure 3-9: CCD camera images of the intensity distribution of focal spot profiles for (a) VIS
pump and (b) UV probe beams. The focal spots’ horizontal and vertical intensity profiles are
shown in panels (c¢) and (d) for pump and probe beams, respectively. The intensity profiles
(markers) are fitted by a Gaussian (solid line) to determine the focal spot sizes.
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Figure 3-10: (a) Laser spectrum of the NOPA output VIS pulse with Ayis = 593 nm and
a spectral width of Alyis = 46 nm. (b) Laser spectrum of the frequency doubled UV beam
with Ayy = 304 nm and a spectral width of AAyy = 5 nm.

width is AAyis = 46 nm corresponding to an energy bandwidth of 170 meV. In comparison,
the UV pulse has a central wavelength of A\yy = 304 nm, which is equivalent to a photon
energy of hvy = 4.08 eV. The spectral width amounts AAyy = 5 nm corresponding to
energy bandwidth of 70 meV. The broadband and the wing toward the red part in the VIS
light spectrum might have caused undesired dispersion effects in tr-2PPE measurements. A
spatiotemporally chirped pulse could lead to distortion and broadening of the FWHM (XC).
The solution of closing the apertures for the VIS beam and cutting a part of the UV beam
with a slit will be shown in section 3.5.

3.5. Compression of VIS and UV laser pulses

In this thesis work, the investigation is mainly focused on ultrafast hot electron local and
nonlocal relaxation dynamics in Au/Fe/MgO(001) thin films. The elementary scattering
rates 7! of hot electrons a few eV above the Fermi level Fr are mainly determined by e-e
scattering processes, which typically range from several fs to a few 100 fs [14,15,17]. Thus,
ultrashort laser pulses with fs pulse durations are essential to perform appropriate time-
resolved 2PPE measurements. In this regard, the compression of ultrashort laser pulses is
inevitable due to group velocity dispersion (GVD) effects in dispersive optical elements.

As shown in the laser setup in Figure 3-6, the VIS pump and UV probe beam have to
pass optical components such as prisms, lenses, mirrors, and glass, representing dispersive
media for the ultrashort laser pulses, which is problematic in ultrafast laser applications.
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Short pulse durations characterize ultrashort laser pulses in the order of pico-, femto- and
attoseconds. Bandwidth-limited (BWL) ultrafast laser pulses reaching the lower limit of their
pulse duration have a broad wavelength bandwidth. The propagation of these ultrashort laser
pulses through optical media generates a chromatic dispersion (CD) and lengthens the pulse
duration, which is disadvantageous for the ultrafast tr-2PPE measurements. The dispersion
can be quantified based on a Taylor expansion of the spectral phase ¥(w) as a function of
the angular frequency w around the carrier frequency wy of the pulse?

P(w) = Y —tm(w = wp)” (3-6)

dw™ dw™
effects on the temporal profile of the pulse. The zero-order term 1), describes a typical phase

with ¢, = m‘wo [118,119]. Different m-order of dispersion “-2%) induce different

shift, while the first-order term v refers to the group delay (GD). Both terms express the
time delay without affecting the pulse shape in the time domain. In contrast, second- and
higher-order dispersion are more interesting since they cause frequency-dependent shifts. For
our analysis of the pulse dispersion, the second-order dispersion )5, known as group delay
dispersion (GDD), and the third-order dispersion ¢35 (TOD) are relevant. A more detailed
description of the dispersion in ultrashort laser pulses is given in Appendix A.

3.5.1. Characterization of pulses in time and frequency domain

The dispersion of an ultrashort laser pulse can be controlled by changing the relative optical
path of the different spectral components. Suitable setups in this regard consist of prisms,
gratings, chirped mirrors, spatial light modulators, etc. [119,120]. The fundamental VIS
beam hvy generated by the NOPA is in our setup positively chirped. The most common
way to compensate for positively chirped pulses is by introducing a negative chirp with
prism-, grating- or chirped mirror compressors. This will be presented and analyzed using a
time-frequency laser pulse analyzer for different compressors.

The measurement of ultrashort laser pulses in the time-frequency domain using the frequency-
resolved optical gating technique (FROG) is an established method [118,119]. The single-
shot SHG-FROG traces of the VIS pump beam are taken by a laser pulse analyzer which is
called FEMTOS (Polytec GmbH, Germany) and developed by Dr. Ping Zhou. In order to
find out the best compression system for shortening the VIS pulse duration, three different
compressors are employed; compression by (i) only prism compressor, (ii) prism compressor
in combination with chirped mirror compressor, and (iii) grating compressor, see Figure 3-
11. The three cases will be discussed in detail with the FROG traces in Figure 3-12, 3-13
and 3-14.

1The electric field of an ultrashort laser pulse in the frequency domain can be described by E(w) =
e(w)e?@) | with e(w) as the envelope in the frequency domain and 1(w) as the spectral phase.
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Figure 3-11: Schematic of the applied compressing systems (i) - (iii) for the analysis of the
VIS laser pulse by single-shot SHG-FROG measurements. Application of (i) merely prism-
pair compressor, (ii) prism-pair compressor in combination with chirped mirrors compressor
after the BBO crystal, and (iii) parallel aligned grating-pair compressor.

(i) Only prism compressor

The prism compressor, used for compensating the positive chirp in the VIS pulse, is depicted
in Figure 3-11(i). The compressor consists of two BK7 prisms, which are suitable for com-
pensating the chirp of VIS light compared to SF11 prisms, see [121]. By entering the prism
pair compressor, the VIS pulse undergoes an angular dispersion for its spectral components
and thus experiences a temporal negative chirp. Subsequently, the spectral phase velocities
are coming closer and the pulse duration shortens. After the prism compressor, the VIS
beam propagates through a BBO crystal (d = 30 pm) and generates by second harmonic
generation (SHG) a UV beam. A beam splitter separates the VIS beam from the UV beam
so that only the VIS beam is sent toward the SHG-FROG setup. Before entering the FROG
setup, the beam is sent through a piece of fused silica (FS) to simulate a similar situation as
in the tr-2PPE experiments. Placing a 5 mm FS directly in front of the lens of the VIS light
enabled the compensation of the chirp in the pulses and resulted in a very short FWHM(XC)
at about 60 fs.

The respective single-shot SHG-FROG trace is shown in Figure 3-12(a). The measured time-
wavelength trace is fed into a sophisticated phase retrieval algorithm [122] that delivers the
reconstructed FROG trace, see Figure 3-12(b). The extracted retrieved pulse in Figure 3-
12(c) shows a pulse duration of 25+ 1 fs and some low-intensity contribution after the main
optical pulse at later times. Compared with the BWL pulse duration of 13+1 fs, the measured
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Figure 3-12: Second harmonic FROG intensity of 2.1 eV or 593 nm VIS beam pulse com-
pressed by a prism compressor: (a) measured and (b) reconstructed FROG traces on log-
arithmic scale. (c) Retrieved time-dependent pulse (solid black line) and calculated BWL
pulse (dashed blue line) with FWHM = 25 and 13 fs, respectively. (d) Retrieved spec-
trum (solid black line) and spectral phase (dashed orange line) with GDD = 75 fs* and
TOD = 5600 fs.
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longer pulse duration arises due to high-order dispersion. The appearance of low-intensity
pulses at later times and the retrieved cubic spectral phase in Figure 3-12(d) indicate the
dominating third-order dispersion TOD. Applying a fit procedure, developed by Dr. A.
Tarasevitch and O. A. Naranjo-Montoya enabled the extraction of GDD and TOD with
75 fs® and 5600 fs®, respectively. Using only prism compressor and the resulting considerable
TOD in the VIS pulse poses a critical limitation for proper tr-2PPE measurements with
ultrashort laser pulses. The 30 pum thick BBO crystal after the prism compressor introduces
an additional positive chirp in the VIS laser pulse. An additional compressing system, such
as a chirped mirror compressor, was constructed to overcome this issue and compensate for

the GDD and TOD.

(ii) Prism and chirped mirror compressor

The fundamental VIS beam must be negatively chirped after the SHG process in the BBO
crystal where the beam was positively chirped. An additional chirped mirror compressor
was inserted in order to compensate the chirp in the pulse, see Figure 3-11(ii). A dispersive
chirped mirror results in a negative GDD at long wavelengths than at short wavelengths,
compressing the positively chirped pulse to a short pulse [123,124]. Thus, the fundamen-
tal NOPA pulse is sent to the negatively chirped mirror compressor (suitable for 500 nm,
Thorlabs GmbH) and is 24 times reflected to get the shortest laser pulse. The obtained and
retrieved FROG traces by a combination of prism and chirped mirror compressor are shown
in Figure 3-13(a) and (b). The retrieved pulse in Figure 3-13(c) shows a different pulse
shape than the one obtained by only the prism compressor in Figure 3-12(c). The additional
chirped mirror compressor leads with 161 fs to a shorter pulse duration and a shorter BWL
pulse of 12+ 1 fs. Moreover, fewer low-intensity pulses appear beside the main optical pulse
in the time domain. The analysis of the retrieved spectral phase in Figure 3-13(d) delivers
the values for GDD ~ —32 fs? and TOD ~ 4500 fs*>. Thus, the use of the 24-reflection chirp
mirror compressor helped to significantly compensate for the TOD obtained by using the
prism compressor alone.

(iii) Parallel aligned reflection grating compressor

Another possibility to compress laser pulses is the reflection grating compressor in the double-
pass configuration, as shown in Figure 3-11(iii). The grating compressor consists of two
parallel aligned ruled gratings (Edmund Optics GmbH, Germany) with blaze wavelength
Ablaze = D00 nm, blaze angle Oy, = 2.13° and a groove density g = 300 1/mm. The first
grating decomposes the VIS laser pulse into its spectral components so that the long wave-
lengths travel a longer optical path than the shorter wavelengths, which leads to a negative
chirp or negative GDD [125,126]. The parallel aligned second grating recollimates the beam
and compensates the angular dispersion, so the pulse is temporally compressed but spatially
chirped. The original beam is recovered by using a mirror that reflects the beam. Applying
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Figure 3-13: Second harmonic FROG intensity of 2.1 eV or 593 nm VIS beam pulse com-
pressed successively by prisms and chirped mirrors: (a) measured and (b) reconstructed
FROG traces on logarithmic scale. (c) Retrieved time-dependent pulse (solid black line)
and calculated BWL pulse (dashed blue line) with FWHM = 16 and 12 fs, respectively.
(d) Retrieved spectrum (solid black line) and spectral phase (dashed orange line) with
GDD = —32 fs?* and TOD = 4500 fs.
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Figure 3-14: Second harmonic FROG intensity of 2.1 ¢V or 593 nm VIS beam pulse com-
pressed by a grating compressor: (a) measured and (b) reconstructed FROG traces on a
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pulse (dashed blue line) with FWHM = 15 and 13 fs, respectively. (d) Retrieved spec-
trum (solid black line) and spectral phase (dashed orange line) with GDD = 65 fs* and

TOD = —2000 fs.
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only the grating compressor to the VIS beam and performing a FROG measurement provided
the measured and reconstructed FROG traces in Figure 3-14(a) and (b). The retrieved pulse
in Figure 3-14(c) reveals a pulse width of 1541 fs, whereas the calculated BWL pulse shows
a reachable pulse width of 13 £ 1 fs. The low-intensity pulse before the main optical pulse
in the retrieved pulse indicates a certain amount of third-order dispersion. Figure 3-14(d)
displays the spectral phase and the values for the GDD = 65 fs* and TOD = —2000 fs*. The
opposite sign in TOD indicates the over-compression with the grating compressor compared
to the other compressing systems (i) and (ii).

A non-negligible observation is the tilt of the measured FROG trace in Figure 3-14(a). This
tilt appears due to a lateral dispersion of the spectral components of the VIS beam. The
spatial chirp leads to an appearance of the spectral components at different time delays at
the FROG spectrometer. Nevertheless, the phase retrieval algorithm can not only deliver
the pulse shape; it also performs a consistency check and corrects the lateral dispersion.
The lateral dispersion constitutes a severe problem for the time-resolved pump-probe 2PPE
experiments. The spatiotemporal chirped pulse causes at different spots on the sample
at different times arriving spectral components, which broadens the FWHM(XC) or even
distorts the actual hot electron dynamics in the sample. Closing the apertures for the VIS
beam and a slit for the UV beam so that the highest intensity center (main optical pulse)
could pass through the apertures resulted in a spatiotemporal overlap leading to the shortest

FWHM(XC) ~ 60 fs.

Application of the compressing systems in the time-resolved 2PPE experiments

Different setups have been used to analyze the dispersion in the VIS beam by the FROG
measurement technique. By gaining knowledge about the retrieved pulse durations and the
spectral phases, it is possible to compare the optical pulse compression systems in Figure 3-
11(i)-(iii). The data clearly indicates that relying solely on a prism compressor does not
yield sufficiently short pulses with reduced high-order dispersion. The shortest pulse is ob-
tained when a chirped mirror compressor is added to the prism compressor after the BBO
crystal. This double optical compression system takes much place on the optical table and
restricts the flexibility in the arrangement of the setup.

In contrast, the grating compressor requires less space on the optical table, but the disad-
vantage here is the low output power (< 5 mW) after compression of the VIS pulse. The
low output power would have provided an insufficient pump fluence F' < 50 pJ/cm? for the
time-resolved 2PPE measurements. This led to the use of a prism compressor and a chirped
mirror compressor for the VIS pump beam. The grating compressor was used for the UV
probe beam where the output power was sufficient. All these efforts allowed to improve the
FWHM of the XC by ~ 20 fs, compared to the FWHM(XC) ~ 80 fs in the previous tr-
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2PPE measurements published in [84]. The shorter pulse durations allowed a more detailed
analysis with smaller error bars, facilitating a comprehensive understanding of the local and
nonlocal relaxation dynamics of hot electrons in Au/Fe/MgO(001) thin films, as discussed
in chapter 4.
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4. Relaxation dynamics of hot electrons
analyzed via tr-2PPE

The ultrafast hot electron local and nonlocal relaxation dynamics in the unoccupied states of
the band structure have been studied by performing femtosecond time-resolved two-photon
photoemission (2PPE) with two different experimental configurations. In Figure 4-1(a) are
both experimental configurations depicted. In case of the front pump-front probe (FP)

@ 1g0(001) 2PPE Eyin

“Q a of
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Figure 4-1: (a) Sketch of the excitation schemes for tr-2PPE on Au/Fe/MgO(001) thin
films: In the case of the front-pump-front-probe geometry, excitation is performed by a VIS
pump pulse (dashed red) and investigation by a UV pulse (blue) on the Au surface. In
the case of the back pump-front probe configuration, excitation occurs in the Fe layer and
probing occurs at the Au layer surface. The photoexcited electron (black circle) is injected
from the Fe layer into the Au layer across the Fe/Au interface. The electron arriving at
the Au surface is photoemitted by the UV pulse and detected by an electron time-of-flight
(e-TOF) spectrometer. (b) Illustration of the two-color 2PPE process as a function of energy
for the absorption of a 2 eV and 4 eV photon. The electron is excited into the energy region
of the intermediate state by a 2 eV pump pulse and probed by a time-delayed 4 eV pulse
above the E.,. level [84].

scheme on Au/Fe/MgO(001) thin films, the photoexcitation of hot electrons by a VIS pump
pulse and the probe by a time-delayed UV pulse proceeds on the Au surface of the sample.
A VIS pump pulse with the photon energy hr; = 2 eV photoexcites hot electrons around
2 eV above the Fermi level Er in the Au layer. The photoexcited hot electrons experience
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transport to the Fe layer across the Au/Fe interface. Ultrafast propagating hot electrons
with the Fermi velocity v of approximately 1.4 nm/fs [27] leads to a depletion of high energy
electrons at the Au surface. The remaining non-equilibrated electrons on the Au surface are
probed by a time-delayed UV pulse with a photon energy of hvs = 4 eV. Photoemitted
electrons out of the sample are then detected by a (p-e TOF) spectrometer.

The same photon energies hry and hvy are also used in the back-side pumping front-side
probing (BP) experimental configuration. The 0.5 mm MgO(001) crystal is transparent for
the VIS pump pulse due to its band gap of 7.8 eV [127], thus the photoexcitation of hot
electrons takes place in the Fe layer. The excited electrons undergo spatiotemporal trans-
port from the Fe layer toward the Au surface across the Fe/Au interface. At the Au surface,
arriving electrons are photoemitted by a time-delayed UV pulse. As in the front pump-front
probe geometry, the analysis of photoemitted electrons is conducted by the p-e TOF spec-
trometer.

In Figure 4-1(b), a schematic of the time-resolved two-color 2PPE process is shown. In
this process, the work function ® of the sample is larger than the applied photon energies
hvy and his, so at least two photons are required to photoemit electrons from the sample.
A visible 2 eV pump pulse photoexcites electrons from occupied states into unoccupied
states above the Fermi level Ep. Subsequently, a time-delayed UV pulse with 4 eV probes
the hot electrons above the vacuum energy level E,... The front-side pumping front-side
probing time-resolved 2PPE has so far allowed the analysis of transport processes in noble
metals indirectly by analyzing the measured hot electron relaxation times. This analysis
involves studying the measured relaxation times of hot electrons and employing theoretical
calculations based on the Boltzmann equation [47,128,129]. Because of the strong interaction
between local relaxation and transport processes, it is desirable to separate the contributions
experimentally to circumvent the limitations of the theory.

It has been proven in time-resolved optical measurements that the back-side pumping front-
side probing scheme is a well-suited approach to study transport processes of non-equilibrated
electrons [27,34,35]. Applying this unconventional pump-probe scheme in combination with
ultrafast time-resolved photoelectron spectroscopy (PES) opens the chances for exploring
the interplay among local relaxation and transport processes of non-equilibrated electrons
energy-resolved in the time domain. It might support an understanding of the elementary
processes of non-equilibrated electrons and bring novel insights into the propagation be-
havior of hot electrons in Au/Fe/MgO(001) thin films and electron dynamics inside such
heterostructures.

4.1. Absorption profiles in Au/Fe/Mg0(001)

In previous works, experimental approaches such as tr-optical measurements and tr-PES
have been established to investigate the transient hot charge carriers dynamics in metallic
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thin films [15,27,28,48,109]. This research field has evolved and initiated the analysis of
transient electron dynamics in metallic heterostructure thin films [35,46,54,81,84]. Due to
the excitation of hot charge carriers by ultrashort laser pulses in the different layers, it is
essential to calculate the absorption depth in the respective constituents of the heterostruc-
ture to infer the electron dynamics.

For a comprehensive understanding of the hot electron dynamics in Au/Fe/MgO(001) thin
films, pump-laser absorption depth profiles in the Au and Fe layers have been calculated for
the Fe-side (BP) and Au-side (FP) pumping geometries. The amount of laser light reaching
the Au and Fe layers is determined by the Lambert-Beer law (in differential form) and the
IMD software developed by Windt et al. [130]. It is developed for modeling the optical
properties (reflectance, transmittance, electric-field intensity, etc.) of multilayer thin films
and is based on applying Fresnel equations. The intensity distribution in the sample system
is estimated by I(z) = |E(2)]* = Ipe®* with the depth z, initial intensity I, and electric
field E. The absorption coefficient is given by a = 4wk/A with the extinction coefficient k
and optical wavelength X\. The transmitted power P(z) in the individual layers is given by
the real part of the Poynting vector [131], resulting in

P(z) = n(2)I(z) = n(2)| E(2)[* = n(2) loe™*, (4-1)

with the refraction index n(z) of the material at the respective photon energy.

In Figure 4-2, the depth profiles of differential absorption dPx(z) and relative absorbed
power Pa(z) are shown for the two excitation schemes (a) Fe-side and (b) Au-side pumping
with da, = 7, 30, and 70 nm at constant dr, = 7 nm. The differential absorption power
dPy — absorbed power per length unit — is calculated by dPx(z) = n(z)a|FE(z)|?>. The rela-
tive absorbed power is obtained by subtracting the transmitted power and normalizing the
incoming intensity to 1 due to the interest in the attenuation of the field by absorption.
The absorption depth profiles are determined by using the IMD software with the following
optical parameters; pump photon energy hipum, = 2.1 €V, angle of incidence © = 45°, p-
polarization of the light, refractive indices na,(2.1 eV) = 0.25, ng(2.1 eV) = 2.91 and the
extinction coefficients ka, (2.1 eV) = 3.07, kre(2.1 €V) = 3.02 [132].

For Fe-side pumping, the depth profiles for the absorption density show clearly that the
absorption proceeds mainly in the Fe layer; 96% for da, = 7 nm, 94% for da, = 70 nm. A
sharp attenuation of dPy at the Fe/Au interface appears due to the high reflectance (88%)
of Au for a photon energy of 2.1 eV. Due to the efficient light absorption in Fe compared to
Au, hot electrons generated in the Au layer by the pump laser pulse will be neglected in the
analysis of transport effects.

In case of Au-side pumping in Figure 4-2(b), different absorption profiles appear; for the
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Figure 4-2: Absorption depth profiles for Au thicknesses da, = 7, 30 and 70 nm (yellow
shaded area) at constant Fe-thickness layer of dp, = 7 nm (gray shaded area) with (a) Fe-
side pumping and (b) Au-side pumping experimental geometries. Calculation of differential
power absorption dPx(z) (left axis) and relative absorbed power Py (right axis). In case of
Fe-side pumping in (a): Quantities normalized to 1 at z = 0 for dPy and at z = oo for Phy.
For Au-side pumping in (b): dP(z) normalized to 6 at z = 0, while Py normalized to 1 at
z = 00.

thinnest Au film with ds, = 7 nm, the excitation occurs mainly in the Fe layer in which 84%
of the laser power is absorbed. In the thicker Au films da, = 30 and 70 nm the influence
of the excitation scheme is apparent. Due to the 85% absorbed power in the Au layer at
30 nm and 95% at 70 nm the excitation in the Fe layer falls short. As a result, in the case
of Au-side pumping geometry, the excitation in the Fe layer becomes less pronounced as the
thickness of the Au layer increases.

The calculation and presentation of the absorption depth profiles in the Au/Fe/MgO(001)
thin films as a function of Au thickness will support the discussion and understanding of the
dynamics of photoexcited hot electrons in the following sections. The results from Figure 4-2
indicate that the absorption of the laser light in the respective constituents depends on the
excitation geometry and the Au thickness da,, which will be useful in the data analysis.

4.2. Time-resolved 2PPE data analysis

Performing femtosecond time-resolved 2PPE spectroscopy on Au/Fe/MgO(001) thin films
for various Au thicknesses da, and fixed Fe film thicknesses dp, using the FP and BP pump-
probe schemes resulted in the 2PPE data shown in Figure 4-4. Note that the data shown
are only a selection of many more with different Au thicknesses. Here, one can investigate
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the dynamics of transiently populated intermediate states energies for the Au thicknesses
daw = 7, 30, and 70 nm.
The Fe layer thickness is kept constant at
dre = 7 nm for each measured Au layer

thickness. The reason is the signal-to-noise
(S/N) ratio. Our results in Figure 4-3 ob-
tained by our back pump-front probe mea-
surements on Au/Fe/MgO(001) thin films
show that a thicker Fe layer encompasses a
decrease in the S/N ratio. This drop in the
103 -4t . , AL It l, S/N ratio is mainly due to the short inelas-
-100 0 100 200 300 400 tic mean free path of the hot electrons in Fe
pump-probe delay (fs) with Ape &~ 2 nm [36,80]. The hot electrons

scatter to lower intermediate state energies
E — Er < 0.5 eV and are not observable in
our measured energy range. Thus, to main-
tain the S/N ratio in the presented experi-
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Figure 4-3: Time-dependent 2PPE intensity
upon back-side pumping at £ — Fr = 1.0 eV
shown for different Fe thicknesses dp. and fixed

Au thickness da, = 15 nm [84]. ments as high as possible, the Fe layer thick-

ness is kept at dp. = 7 nm. Further insights
about the Fe film thickness effect on hot charge carrier dynamics in Au/Fe/MgO(001) thin
films can be taken from [29].

4.2.1. Analysis of Au-side pump time-resolved 2PPE data

In Figure 4-4(a)-(c) one can see the 2PPE intensities in the dependence of time delay ¢
(horizontal axis) and intermediate state energy £ — Fg (vertical axis) acquired by the Au-
side pumping (FP) scheme on Au/Fe/MgO(001). The measurements are carried out on
seven different Au thicknesses, which range from 7 to 70 nm. The results with da, = 7,
30 and 70 nm are shown to describe the transient non-equilibrated hot electron dynamics
as a function of Au thickness da,. The white color in these false-color maps represents the
peak intensity, while dark blue is the lowest intensity in the 2PPE yield, as the color scale
shows. The colors are not quantitatively comparable due to the individual normalization®
of each plot. Nevertheless, the relative intensities can be compared qualitatively, which will
be shown in the further sections of the analysis. The time zero, where the time delay is
t = 0 fs, is determined by performing a Gaussian fit at the highest intermediate state energy
electrons, which stands for the first detected signal with negligible small decay times. Thus,
the fit at £ — Er = 2.10 eV with an energy window of 100 meV delivered an ultrashort
cross-correlation width of FWHM(XC) = 60 fs, as presented in detail in section 3.5.

'Normalization of the false-color maps is done by dividing each 2PPE intensity by the maximum intensity
in the respective false-color map.
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Figure 4-4: False-color maps of time-resolved 2PPE yields for Au thicknesses da, as indi-
cated and constant dr, = 7 nm; (a)-(c) front pump-front probe geometry and (d)-(f) back
pump-front probe experimental configuration. The red lines correspond to the maximum
2PPE intensity at each energy window as a function of time delay.
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Image potential state at the Au(001) surface

In Figure 4-4(a)-(c) appears a high-intensity peak around the intermediate state energy
E — Er = 1.75 eV. The transient population of this state decays toward negative time
delays and indicates a UV-VIS pump-probe sequence. Accordingly, this UV-excited feature
is actually around the intermediate state energy F — Ep = 3.75 eV and represents the first
image potential state (IPS, n =1) with a binding energy of 0.8 eV to the vacuum level
FEyac [63,133]. This assignment of the lowest IPS (n =1) at Au(001) surface is going to be
explained as follows: Figure 4-5 shows a two-photon photoemission (2PPE) spectrum, which
allows distinguishing between one-color (UV+4+UV) and two-color (UV+VIS) absorption of
two photons and photoelectron generation. The low energy cutoff is determined by the
vacuum energy Fy,.. The high energy cutoffs in UV and UV+VIS are set by the Fermi
energy of the Au surface plus the respective photon energy of the two photons. See also the
2PPE energy diagram in Figure 4-1(b). An acceleration voltage of Ug = 0.1 V was applied
to detect the full spectrum including the low energy cutoff.

We identify a peak at 5.6 eV, which matches the energy of the first image potential state
(IPS, n =1) with a binding energy of 0.8(1) eV with respect to Ey,. [63,133]. Photon energy
dependent measurements with determined peak energies given in the inset of Figure 4-5
support this assignment. The rather broad linewidth of the IPS indicates electron scattering
at the Au surface assigned to residual gas adsorption occurring during sample exposition to
ambient conditions while mounting the sample or defects at the surface. The lifetime of the
image potential state IPS (n =1) at the Au(001) surface is estimated by a fit of the XC
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transient, as depicted in Figure 4-6. The extracted lifetime amounts 7 = 36 £ 3 fs, which is
in good agreement with the lifetime of IPS state (n =1) at Cu(001) surface [43].

Transient hot electron relaxation dynamics

The focus of this thesis work is mainly on the transient hot electron population dynamics
at positive pump-probe time delays, with excitation by the VIS light pulse hv; = 2.10 eV
and the probing of these photoexcited electrons by a time-delayed UV pulse hvy = 4.13 eV,
as outlined in Figure 4-1(b). The transient 2PPE intensity distribution for da, = 7 nm in
Figure 4-4(a) shows a relatively fast relaxation for the intermediate state energy window
between 2.1 eV and 0.4 eV. This relative fast relaxation is evident compared to the thicker
Au layers da, = 30 nm and da, = 70 nm in Figure 4-4(b) and (c), respectively. The decay
slows down for all three thicknesses from high intermediate state energies E — Er toward
the Fermi level Fg.

Another observation in Figure 4-4(a)-(c) is that a temporal shift of the peak intensity occurs
toward lower intermediate state energies. To analyze this temporal shift in peak intensity
as a function of Au thickness, a red line has been drawn over the maximum intensity of
each energy window. For Au thicknesses dp, = 7, 30 and 70 nm, the temporal shifts of
the peak traces were similar with a shift of about 25 fs, thus showing no da, dependence.
These temporal shifts arise mainly from the local relaxation of hot electrons and secondary
electrons and, thus, are not due to the delayed arrival of electrons.

However, this is different for Fe-side pumping and Au-side probing on Au/Fe/MgO(001).
With this experimental geometry, it is possible to analyze the transport effects of hot elec-
trons by photoelectron spectroscopy. This observation opens up new opportunities to study
directly the interplay of relaxation and transport processes in an energy-resolved manner in
the time domain.
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4.2.2. Analysis of Fe-side pump time-resolved 2PPE data

Time-resolved 2PPE measurements with BP experimental configuration are performed on
Au/Fe/MgO(001) thin films with 13 different Au thicknesses da, ranging from 5 to 70 nm
with a constant Fe thickness dg, of 7 nm. In Figure 4-4(d)-(f), we show the energy-resolved
population dynamics of hot electrons for da, = 7, 30 and 70 nm. We find a difference in the
width of the 2PPE spectra for 7 nm Au, 30 and 70 nm Au. The 2PPE spectrum width for
7 nm Au amounts to 0.2 eV smaller than for 30 and 70 nm Au thickness. This observation
indicates a difference in the work functions ® originating due to the different surface poten-
tials for different surface structures.

As observed in the false-color plots for FP data, in case of tr-2PPE with BP geometry a
spectral signature arises around £ — Er =~ 1.8 eV, see Figure 4-4(d)-(f). However, a decay
to negative time delays is not observable and thus does not seem to represent a UV-excited
IPS state of Au(001). Recent spin- and layer-resolved time-dependent DOS calculations for
Au/Fe heterostructures by Elaheh Shomali (AG Prof. Dr. Rossitza Pentcheva) indicate
a spectral feature in the DOS of Fe-minority electrons et at E — Ep = 1.8 eV. The hot
electrons are excited mainly in Fe to these unoccupied minority states (d-band) and undergo
ultrafast local and nonlocal relaxation dynamics. For thicker Au layers, e.g., da, = 70 nm,
the intensity (population) at these Fe minority states decreases, which is due to enhanced
inelastic e-e scattering processes during propagation over a longer distance. The ultrafast
scattering leads to an increased population of lower intermediate energy states at later time
delays, as shown in the plots in Figure 2-21(e) and (f) for da, = 30 and 70 nm, respectively.
The observation of these excited Fe-minority d-band states with the BP geometry demon-
strates the sensitivity of this experimental approach to bulk and buried media in metallic
heterostructures. This is a novelty in photoelectron spectroscopy which is primarily known
for its surface sensitivity with the FP experimental approach.

The similar ultrafast relaxation behavior among the BP and FP data for 7 nm Au arise most
likely due to the small dimension of the heterostructure 7 nm Au /7 nm Fe/MgO(001). The
optical excitation happens mainly in the Fe layer, as shown in Figure 4-2(a,b). Therefore,
the photoexcited electrons in the Fe layer play a significant role in the hot electron dynamics.
This explains as well the faster decay behavior in thin Au layers compared to the thicker
Au layers such as 30 and 70 nm Au in both experimental approaches FP and BP. Moreover,
from the false-color plots for 7, 30, and 70 nm Au thickness in Figure 4-4(d)-(f) it can be
seen that the transient 2PPE intensity decays slower by increasing the Au thickness da,.
Additionally, slower decay behavior appears in the transient 2PPE intensity toward lower
intermediate state energies £ — Ep for all Au thicknesses in the BP data as it is observed
for FP data.

A decisive difference arises in the red peak traces in the tr-2PPE data for back-side and
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front-side pumping. The temporal shift of the peak traces starts between intermediate state
energies of 1.5 and 1.6 eV for all Au thicknesses and increases toward lower intermediate
state energies £ — Fr. An intriguing effect is that the maximal temporal peak shift increases
with the Au thickness ds,. While the shift of the peak trace at £ — Er = 0.6 ¢V for 7 nm
Au is about 23 fs, it is 58 and 98 fs for 30 and 70 nm, respectively. This dependence of the
time shift of peak intensity on Au thickness is attributed to the transport effects of photoex-
cited, non-equilibrated electrons. For comparison, the difference between the time shift of
peak intensity in 70 nm Au-side and Fe-side pump data is about 75 fs. This originates due
to the interaction/ competition among ultrafast transport and scattering processes of hot
electrons. While photoexcited, non-equilibrated hot electrons propagate quasi-ballistic from
the Fe layer toward the Au layer surface, the electrons experience inelastic e-e scattering pro-
cesses. These inelastic e-e scattering processes lead to the generation of secondary electrons

which populate the low intermediate state energies and thus increase the time-dependent
2PPE yield at lower £ — Er with the Au thickness da,.

In summary, the temporal shift of the peak intensity traces increases with Au thickness da,.
Moreover, a spectral feature was observed in the energetic region of the unoccupied d-band
states. The Fe-minority electrons of the d-band e* populate lower intermediate energy states
with a later time delay due to ultrafast inelastic e-e scattering processes. The observations
suggest evidence for energy-resolved local and nonlocal relaxation dynamics in space and
time. Thus, tr-2PPE spectroscopy with the Fe-side pump geometry represents a technique
sensitive to bulk and buried media that is new to PES measurements. In the next section,
analysis of the time-dependent 2PPE intensities will highlight the strength of this back-side
pumping experimental approach on Au/Fe/MgO(001) thin films.

4.3. Electron dynamics in Fe/Au heterostructure

A variety of energy-dependent ultrafast scattering processes play an important role in the
relaxation and transport dynamics of hot electrons in nanostructures. The interplay among
local and nonlocal hot electron relaxation dynamics has been investigated for decades [27,46—
48,84]. To unravel these energy-dependent spatiotemporal processes, time-dependent 2PPE
intensities are analyzed for various parameters, such as the Au thickness du, and the energy
E—FEg. The tr-2PPE measurements have been carried out with the back-side (BP) and front-
side (FP) pumping experimental geometries. We begin with the presentation of the time-
dependent 2PPE intensities and describe them with emphasis on the intensity relaxation
behavior and the temporal shift of the peak intensity as observed in the previous section
for 2PPE data with BP geometry. Fitting processes were used to analyze the relaxation
dynamics quantitatively. These fits provide the relaxation time 7 and time offset ty, which
are the observables for local relaxation and transport processes. The propagation behavior
of hot electrons from the Fe layer across the Fe/Au interface to the Au surface is found to
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be superdiffusive. Furthermore, it is presented that the local relaxation of hot electrons in
the constituents of Fe and Au can be distinguished from each other in the heterostructure.

4.3.1. Time-dependent 2PPE intensity relaxation behavior

With the purpose of quantitatively analyzing the local and nonlocal relaxation dynamics of
hot electrons energy-resolved in the time domain, the cross-correlation (XC) traces are taken
from the data in Figure 4-4 and are presented in Figure 4-7.

In Figure 4-7(a)-(c) are time-dependent 2PPE intensities for the FP and in Figure 4-7(d)-(f)
for the BP geometries depicted, whereby the intermediate state energies ' — Er range from
2.10 to 0.60 eV. The following relaxation behavior of the transient 2PPE yields are observed:

1. The decay of the transient intensities becomes slower toward Er for all Au thicknesses
da. and for both experimental configurations FP and BP.

2. Au thickness dependent relaxation behavior; the thicker the Au layer, the slower the
relaxation of the transient 2PPE yield.

3. If one compares the XC traces for FP and BP data, the temporal shift of the XC
intensity built up is more pronounced in BP data and at lower intermediate state
energies £ — Ep. Moreover, the shift increases with Au thickness dj,. Therefore,
this effect is attributed to the delayed arrival of excited electrons at the Au-vacuum
interface.

In Figure 4-8(a), the time-dependent normalized 2PPE intensities for different Au thick-
nesses at £ — Fp = 1.00 eV depicts the nonlocal hot electron transport dynamics. The
shift in time delay of the intensity built up increases with increasing da,. Looking at the
normalized 2PPE peak intensity, we see between the time delay of the intensity built up for
5 and 70 nm Au a difference of 58 fs.

Another insight is the influence of the Au layer thickness on the 2PPE intensity dynamics
range. We published in [84] that an increasing Fe thickness layer dg. results essentially in
a loss of 2PPE intensity within the measured intermediate state energy range, as shown in
Figure 4-3. Such a loss of intensity is also observed with increasing da,, see Figure 4-8(b).
It presents the transient 2PPE intensity obtained with the BP experimental configuration
for different Au thicknesses da, and a constant Fe thickness dp. = 7 nm in Au/Fe/MgO(001)
heterostructures. A reduction in the 2PPE intensity with an increasing dp, is explained as
follows. Photoexcited hot electrons injected from the Fe into the Au constituent propagate
toward the Au surface 2. These electrons relax by inelastic scattering processes with a larger
probability in thicker Au layers than in thinner ones. Only those electrons can be detected at

2Transport phenomena arise from driving forces such as gradients in occupation number. A gradient in the
hot electron density, which can be excited by optical absorption of femtosecond laser pulses within the
optical absorption depth, drives electron currents [54].
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Figure 4-7: Normalized time-dependent 2PPE intensity on a logarithmic scale for (a)-(c)
front and (d)-(f) back-side pumping with the fits (red dashed lines) at indicated energies
above the Fermi level Er.
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Figure 4-8: 2PPE intensity in the dependence of pump-probe time delay at intermediate
state energy £ — Er = 1.00 eV for various Au-thicknesses da, and a fixed Fe-thickness
dr. = 7 nm obtained by the back-side pumping experimental configuration; (a) normalized
and (b) non-normalized 2PPE intensity.

the Au surface, which arrive at the analyzed energy and at the surface. Since we detect the
2PPE intensity as a function of energy ' — Er the 2PPE intensity can indeed be expected
to decrease with da,. A detailed analysis is not attempted because small variations of the
pump-probe overlap might influence the 2PPE intensity.

Moreover, a temporal broadening of the time-dependent 2PPE intensities occurs for thicker
Au layers, see Figure 4-8(a). The thicker the Au layer, the longer becomes the transient
2PPE signal. Figure 4-7 demonstrates the energy-dependence in the temporal broadening.
The effect is more pronounced at lower intermediate state energies than at higher interme-
diate states, which has already been predicted by Nenno et al. [83].

Figure 4-9 displays in a simplified picture the spatiotemporal evolution of the hot electron
density profile in case of Fe-side pumping and Au-side probing experiment on Au/Fe/MgO(001)
heterostructure. The photoexcited hot electrons in the Fe layer are elevated by a VIS pump
pulse into energy states above the Fermi level Ex. These primary excited electrons experi-
ence a spatiotemporal transport from the Fe layer across the Fe/Au interface toward the Au
layer surface, where they are probed by a time-delayed UV pulse. The ballistic propagation
behavior of high energy electrons at short time scales (¢ < 7) alternates at later time scales
due to scattering events (¢ > 7) the propagation behavior to superdiffusive or even at longer
time scales (¢t > 7) to diffusive transport behavior. Thus, owing to the inelastic e-e scat-
tering processes, the velocity of the hot electrons becomes effectively reduced and a velocity
distribution arises. The down-scattering of high-energy electrons to lower intermediate state
energies ¥ — Fr and the upward-scattering of secondary electrons leads together with slower
electrons to a longer/broader hot carrier density profile in space and time. Thus, i.e., a pure
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ballistic propagation behavior without a scattering of hot electrons is not apparent for the
intermediate state energy £ — Fp = 1.00 eV.

In order to quantify the local relaxation dynamics and investigate the transport behavior
of the hot electrons, a fit procedure has been performed. Time-dependent 2PPE intensities
for both geometries were fitted by two exponential decays convolved with the XC of the
laser pulses as determined by 2PPE at maximum kinetic energy. Examples of such fits are
plotted in Fig. 4-7 as red dashed lines. This fitting determines energy-dependent, inelastic
relaxation times 7(E) and time offsets to(F), representing observables for local and nonlocal
relaxation dynamics. In the following the analysis of 7(E) and to(F) for the Au thicknesses
day = 7, 30 and 70 nm with a constant dp, = 7 nm will be shown and discussed.

4.3.2. Interplay of local relaxation and transport processes

Hot electron relaxation and transport in nanostructures involve a multitude of energy-
dependent ultrafast processes, such as the inelastic e-e, e-ph or e-m scattering and the hot
electron propagation whose interplay is not fully understood [77]. To unravel these energy-
dependent spatiotemporal processes tr-2PPE data are analyzed for a variety of parameters.
Thus, subsection 4.3.2 is going to present the analysis of the relaxation time 7(F) and the
time offset ¢y as a function energy F — Er and Au film thickness d,, with two experimental
approaches FP and BP. In subsections (a) to (c) are the observables for the Au thicknesses
day = 7 nm, 30 nm and 70 nm presented and described. This is followed by a discussion of
(i) relaxation times 7(FE) and (ii) time offsets to(E). The discussions will show the influence

of various parameters on the relaxation and transport dynamics of photoexcited electrons in
Au/Fe/MgO(001) thin film heterostructures.
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Figure 4-10: Left axis: Relaxation times 7 of hot electrons at energies £'— Er for 7 nm thick
Au films on 7 nm Fe on a MgO(001) substrate. Right axis: Time offset ¢y. Both quantities
are determined by fitting and are given for front- and back-side pumping as indicated. Error
bars for ty are 6 fs at 0.8 eV and decrease to &2 fs at 2.1 eV. Inset: Fits of the transient
2PPE intensities at F — Er = 2.1 and 0.8 eV obtained by BP experimental approach.

Figure 4-10 shows the energy-dependent observables relaxation time 7(FE) (left, black axis)
and time offset ¢y(F) (right, red axis) obtained for da, = 7 nm at dr. = 7 nm. In the inset
are the fits for the intermediate state energies 2.10 eV and 0.80 eV plotted and matched
appropriately with the time-dependent 2PPE intensity data points®. The relaxation times
7(E) for BP and FP deliver the following results; for BP the relaxation times increase from
7 = 10— 25 fs for the intermediate state energy range £ — Fg = 2.1 —0.6 eV. In comparison,
the relaxation times obtained in the FP data analysis increase from 7 = 7 — 32 fs for the

3The fits in the inset at £ — Er = 0.8 and 2.1 eV are an example of fits in the range of 0.6 to 2.0 eV with
0.1 eV intervals.
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same energy regime. In both cases is an increase in the relaxation times 7(E) toward the
Fermi level Er observable. Despite the similar values within the error bars of £2 fs for both
relaxation times, an energy-dependent difference is observable. The relaxation time 7Y for
the energy regime E — Frp = 2.1 — 1.6 eV is shorter with respect to 720 | while the reverse
occurs below F — Ep = 1.4 eV.

The time offsets for front pump ¢§¥(7 nm) remain the same at 0 fs for the intermediate
state energy range. At first, this seems controversial to the observations from Figure 4-7(a)-
(c), in which a temporal shift, albeit small, in the FP transients appears. Here one has
to realize that this temporal shift arises due to the relaxation time 7. As was discussed in
Figure 2-22, the convolution of an exponential decay function with a Gaussian laser pulse
cross-correlation produces a temporal shift in the XC curve of the 2PPE data. Therefore, a

negligible temporal shift can be observed, which does not affect the time offset t5¥ (7 nm).

However, in back-side pumping data an increase in t3F(7 nm) from 0 to 22 fs is revealed.
While the time offset with ¢§¥(7 nm) between £ — Ep = 2.10 — 1.50 eV remains with 0 fs
the same, below 1.5 eV a significant increase appears. This rise in time offset ¢5¥(7 nm)
between 1.5 and 0.6 eV intermediate state energies shows the sensitivity of time-resolved
2PPE back-side pumping experimental configuration in detecting transport effects, even in
thin films like the 7 nm Au/7 nm Fe/MgO(001) heterostructure.

(b) 30 nm Au/7 nm Fe/MgO(001)

Figure 4-11 shows the energy-dependent relaxation times 7(E) and time offsets ¢o(E) for
30 nm Au/ 7 nm Fe/ MgO(001). The inset reveals the exemplary fits for the 2PPE intensities
of the intermediate state energies ' — Er = 2.10 and 0.80 eV. The relaxation time for back-
side pumping at the energy 2.10 eV amounts to 740 = 20 fs and increases up to 85 fs at low
energy 0.55 eV. This energy-dependence of increased relaxation time at lower intermediate
state energies is also observed for front pump relaxation time 733, ., rising from 10 to 103 fs
for the same intermediate state energies. The front-side pumping relaxation times reveal
a nearly inversed quadratic energy scaling with respect to the Fr level, 7 ~ (E — Ep)~2,
as predicted by FLT [14,72,134]. In contrast to this inverse quadratic scaling of relaxation
time 7 and intermediate state energy F — Er, back-side pumping relaxation times 720
exhibit an anomaly around £ — Fr = 1.4 — 1.9 eV and amount between 30 to 40 fs. This
anomaly in relaxation time 7hr  deviates from FLT, which will be analyzed and discussed
in section 4.4. Nevertheless, between £ — Fp = 2.10 and 1.2 eV is 72 > 71 and below
E — Ex = 0.8 eV this reverses again, as it was observed for da, = 7 nm in Figure 4-10. This
observation arises due to an interplay between the propagation direction of the hot electrons
and the detection volume by the probe pulse at the Au surface, which will be discussed in

subsection 4.3.3 with Figure 4-17.
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Figure 4-11: Left axis: Relaxation times 7 of hot electrons at energies £ — Er for 30 nm
thick Au films on 7 nm Fe on a MgO(001) substrate. The blue dashed line shows the FLT
behavior of 7wp. Right axis: Time offset ¢5. Both quantities are determined by fitting and
are given for front- and back-side pumping as indicated. Error bars for ¢y, are £8 fs at 0.8 eV
and decrease to 2 fs at 2.1 eV. Inset: Fits of the transient 2PPE intensities at & — Fp = 2.1
and 0.8 eV obtained by BP experimental approach.

The energy-dependent time offset ¢o(FE) for Au-side pumping 2PPE keeps at 0 fs for the
energy window E — Ep = 2.10 — 0.55 eV. In case of the Fe-side pumping 2PPE data
analysis, the time offset ¢5¥ (30 nm) is 0 fs between 2.10 and 1.70 eV and increases from
1.65 eV to 0.55 eV up to 5 (30 nm) = 48 fs.

(c) 70 nm Au/7 nm Fe/MgO(001)

The energy-dependent relaxation time 7%- —and time offset ¥ (70 nm) for the Au-side

and Fe-side pumping 2PPE on 70 nm Au/ 7 nm Fe/MgO(001) are depicted in Figure 4-
12. As seen in 71 = the relaxation time 710 also scales similar to the inverse quadratic

intermediate state energy, 7 ~ E — E;%. For the energies from 2.1 to 0.6 eV the relaxation
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Figure 4-12: Left axis: Relaxation times 7 of hot electrons at energies £ — Er for 70 nm
thick Au films on 7 nm Fe on a MgO(001) substrate. The blue dashed line shows the FLT
behavior of 7pp. Right axis: Time offset ¢5. Both quantities are determined by fitting and
are given for front- and back-side pumping as indicated. Error bars for ¢, are +11 fs at
0.8 eV and decrease to +3 fs at 2.1 eV. Inset: Fits of the transient 2PPE intensities at
E — Er = 2.1 and 0.8 €V obtained by BP experimental approach.

times 7LF  increase from 10 to 135 fs. The relaxation time for back-side pumping data

corresponds to ThE =20 — 118 fs for the same energles Between Ff — By = 2.10 — 1.2 eV
the relaxation times of back pump exceeds with 78F = 20 — 47 fs the relaxation time of
front pump T, = 9 — 38 fs. Thereby is again, as for 735 recognized, an anomaly in the
relaxation time observable. The maximum relaxation time within this intermediate state
energy regime K — Fp = 2.10 — 1.2 eV, where the anomaly is pronounced, is TEP =62 fs
at 1.45 eV, which is in comparison to the anomaly in 30 nm with 78F = 37 fs at 1.60 eV
larger and shifted in energy. This anomaly in the relaxation times mgp arises due to an issue
in the fitting procedure, which will be discussed in more detail in section 4.4.

The time offset for front-side pumping does not change with ¢5¥(70 nm) = 0 fs for the
energy regime F — Ep = 2.10 — 0.60 eV and highlights the non-observation of nonlocal
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relaxation effects by the front-side pumping experimental configuration. Contrary to this,
the back pump time offset increases by decreased energy with 57 (70 nm) = 0 — 91 fs for
E — Er = 2.10 — 0.60 eV, which is larger with respect to the obtained ¢§¥(7 nm) and
t8F(30 nm) for the same energy range. Consequently, this observation emphasizes the da -
dependency in the local and nonlocal relaxation dynamics. Moreover, for 70 nm Au/ 7 nm
Fe/ MgO(001) between the intermediate state energies 1.35 to 0.90 eV the back-side pumping
time offset t57(70 nm) exceeds the relaxation time 750 which has not been observed for

day = 7 and 30 nm in Figs. 4-10 and 4-11, respectively.

(i) Discussion of the relaxation times 7

The study of the relaxation times 7(F) for different Au thicknesses da, with a constant
dr. = 7 nm in Au/Fe/MgO(001) thin films has yielded the following results. By comparing
the energy-dependent relaxation times 7(FE) for all Au thicknesses da,, as shown in the
Figure 4-10, 4-11 and 4-12, 7(FE) decreases with increasing energy. This is explained by
the fact that, according to the FLT, at higher energies the phase space for inelastic e-e
scattering increases and leads to faster decay since there are more states to scatter into.

Nevertheless, for 7 nm Au thickness the relaxation times 7(E) for back and front-side pump-
ing 2PPE spectroscopy exhibit no inversed quadratic energy scaling with respect to the
energy above Ep, see Figure 4-10. Yet, this scaling law 7 ~ (E — Er)~2 is revealed for the
relaxation times 7pp measured on the Au thicknesses 30 and 70 nm as shown in Figures 4-11
and 4-12, respectively. In the case of BP, 7gp deviates from the scaling 7 ~ (E — Ep)~2,
and instead, an anomaly is observed in the relaxation time that shows sensitivity to both
energy and the thickness of the Au layer d,. This anomaly leads to longer relaxation times
for BP compared to FP, particularly evident in thicker Au layers; 7gp > 7pp for the energy
range F — Fp = 2.1 — 1.3 eV. In contrast, no anomaly in 7gp and 7pp was observed for the
7 nm thin Au film. However, it becomes evident that the excitation geometry (FP or BP)
and the Au layer thickness da, significantly influence the relaxation dynamics. A detailed
discussion of the observed anomaly in relaxation times 7gp will be presented in section 4.4.

An interesting observation is as well the Au thickness dependence of 7(E) in Au/Fe/MgO(001)
film. If compared at identical energies, 7 is larger for thicker Au films than for thinner ones.
For instance, at an intermediate state energy £ — Er = 1.0 €V, the relaxation times are
mvp = 21, 51, and 65 fs for da, = 7, 30, and 70 nm, respectively. This da,-dependency of
energy-dependent hot electron relaxation time is due to the opposite thickness dependence
of 7(E) quite remarkable in comparison to previous studies [46-48].

Cao et al. [48] performed front-side pumping time-resolved 2PPE on an Au(111) single crys-
tal and on films with different thicknesses. They could not find any significant thickness
dependence in the energy-dependent relaxation times of photoexcited electrons. In contrast,
in time-resolved 2PPE on Au films by front-side pumping, Aeschlimann and co-workers ob-
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served a thickness dependence of 7(E) of hot electrons due to ultrafast transport effects [47].
They measured shorter relaxation times 7(E) with increased Au thickness. This opposite
behavior, with respect to our observation, in the thickness dependence of 7(FE) was also
observed by Lisowski et al. with front-side pumping time-resolved 2PPE on Cu/Si(111)-
77 [46]. The reason is the fundamentally different relaxation dynamics of hot electrons in
the Au/Fe/MgO(001) heterostructure compared to Au(111) or Cu/Si(111)-7x7 films. Thus,
considering all three material systems with the FP time-resolved 2PPE technique, the fol-
lowing local and nonlocal relaxation dynamics are obtained in the material system.

For [47] and [46] the employed substrates were insulating materials. Thus, nonlocal trans-
port processes of hot electrons through the metal /insulator interface are hindered and subse-
quently do not escape, in case of thin metallic films, from the probing depth near the surface
region. This leads to longer relaxation times in thin films. In thicker Au(111) and Cu(111)
films, the photoexcited electrons propagate from the sample surface deeper toward the bulk.
Consequently, a population decay in the near-surface region occurs, which leads to shorter
relaxation times.

In case of Au/Fe/MgO(001) heterostructure, the Fe layer plays a decisive role in the ob-
served Au thickness dependent relaxation times. Since Fe exhibits d-bands in the relevant
energy range, the inelastic e-e scattering phase space is large, which leads to short relaxation
times 7g, &~ 2 — 5 fs [69]. In comparison, Au shows mainly sp-bands in the same unoccupied
energy states and due to the large inelastic electron mean free path Ay, &~ 57 — 100 nm
the relaxation time ranges between 74, = 60 — 110 fs [34,80]. Accordingly, in time-resolved
2PPE on thin Au layers, as da, = 7 nm, short relaxation times 7 = 10 — 20 fs refer to the
pronounced contribution of the Fe layer in the detected 2PPE signal. For thicker Au layers
the contribution of the Fe layer becomes considerably weaker. It can be inferred that the
excitation density profile (section 4.1) and optical penetration depth A,p governs the con-
tribution of the heterostructure constituents to the photoemission signal, which determines
the relaxation times 7(E) of the hot electrons.

(ii) Discussion of the time offsets ¢

With Fe-side pumping time-resolved 2PPE variations in t(E) occur up to 22, 48 and 91 fs
for da, = 7, 30 and 70 nm, respectively. In case of Au-side pumping to(F) do not vary. The
observed to(E) > 0 fs for Fe-side pumping is a nonlocal effect and quantifies the time required
for the transport of electrons excited in Fe, injected into Au across the Fe-Au interface, and
propagation through Au toward the Au-vacuum interface, where they are probed in 2PPE.
Following bulk optical constants, above 90% of the absorbed pump pulse intensity excites
the 7 nm Fe layer, and the 2PPE signal detected for X nm Au/ 7 nm/MgO(001) (X =5 to
100 nm) with the respective Au thickness X is dominated by electrons propagating through
Au. This assignment is supported by the increase in t, and 7 for the larger da, compared
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to the thinner one; see Figure 4-10, 4-11 and 4-12. Since relaxation times of hot electrons
in metals at few eV energy above Fp are determined by inelastic e-e scattering [69], the
similar trend of increasing ty and 7 with decreasing energy indicates that ¢y is determined by
inelastic e-e scattering as well. On this basis, the electron transport through Au is concluded
to proceed in a superdiffusive regime, which occurs before hot electrons have thermalized by
subsequent e-e scattering events [82], as discussed in chapter 2.

In this work, a superdiffusive transport behavior is identified by comparing the propagation
time ty and the inverse scattering rate 7, which are found in Figure 4-10, 4-11, and 4-12 to
be of the same order of magnitude. This implies individual scattering events during the hot
electron spatiotemporal transport and differs from ballistic and diffusive regimes. The latter
requires many scattering processes starting from an optically excited electron distribution.
Ballistic propagation, on the other hand, would occur for absent relaxation, which disagrees
with the observed temporal broadening in time-dependent 2PPE intensities while the elec-
trons propagate through Au, see Figure 4-8. Given the weak variation of the electron group
velocity with respect to the Fermi velocity in Au [83] ballistic propagation is also incompat-
ible with the increase in t; observed with decreasing energy. Scattering might increase the
covered distance to the surface and a determination of the electron’s propagation velocity
v = day/to, which results for dy, = 30 nm at E — Ep = 1.0 eV in v = 1.35 nm/fs — a value
close to vp in Au — has to be treated with care. We note that we cannot exclude ballistic
propagation of electrons £ — Er > 1.7 eV where we find ty = 0 fs for da, = 30 nm, which is
set by the time zero determination.

For Fe-side pumping 2PPE analysis, the comparison of the time offsets to(E) for the Au
thicknesses 7, 30, 70 nm show a thickness- and energy-dependency in rising t, > 0 fs, see
Figure 4-10, 4-11 and 4-12. While the time offset in 7 nm Au becomes ¢5F (7 nm) > 0 fs
first at £ — Ep = 1.45 eV, it already happens for 30 and 70 nm at £ — EFr = 1.65 and
1.85 eV, respectively. As a result, the thicker the Au layer, the more likely one sees a change
in time offset to(E) at higher hot electron energies. Accordingly, at higher intermediate state
energies, the propagating hot electrons are more prone to inelastic e-e scattering in thicker
Au layers than in thin layers. Time offset ¢ty > 0 fs in thicker Au layers at higher intermediate
state energies, might indeed show that at energies, where t5 = 0 fs, a ballistic propagation
appears. However, it is crucial to exercise caution while interpreting these observations, and
further investigations are warranted to fully understand the underlying mechanisms govern-
ing the observed behavior.

The investigation of hot electron propagation behavior in MgO(001)/Fe/Au has been done
as well by other researchers such as Melnikov et al. [34], and Alekhin et al. [35,37]. They
performed Fe-side pumping time-resolved optical measurements on a series of Fe/Au layers
with various Au thicknesses (< 130 nm). It is claimed that the transport of hot electrons
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to the Au surface was observed at a velocity of about 1.3 nm/fs, which is close to the
Fermi velocity in Au vp = 1.4 nm/fs [27] and represents the ballistic transport behavior.
However, optical pump-probe experiments provide energy- and momentum-integrated in-
formation about the relaxation dynamics of hot electrons. Due to the energy-dependent
dynamics of hot electrons, pump-probe photoemission experiments, such as Fe-side pump-
ing Au-side probing 2PPE, can provide energy-resolved information on local scattering and
nonlocal transport effects. As shown above in Figure 4-10, 4-11, and 4-12, a few scattering
events during spatiotemporal transport of hot electrons in Au indicate the superdiffusive
transport behavior.

4.3.3. Separation of ¢~ dynamics in the individual Fe/Au constituents

By investigating hot electron dynamics for da, = 5 — 70 nm, thickness dependent relax-
ation time 7 = 7(da,) has been identified, see Figure 4-10, 4-11 and 4-12, which is for
thinner films smaller than in bulk Au [69]. Figure 4-13 shows 7(da,) "' for different ener-
gies. To understand this thickness dependence, a continuum approach to scattering in the
heterostructure is considered, which assumes that the individual thicknesses da,, dr., and
the extension of the interface da,_r. are comparable with the respective scattering lengths
i & T; - vp;, which are ~ 50 nm in Au and ~ 2 nm in Fe [36,80]. The integral scattering
probability of electrons propagating in the interface normal direction z increases linearly
with day, dpe, and da,_re:

dpetdau—Fetdau

d de dufe du
Az dre | dawre | da

T<Z) TFe TAu—Fe TAu ‘

(42)

In the 2PPE back-side pump front-side probe experiment, the variation of du, allows sepa-
ration of two independent processes, see Appendix B, described by

L—i_i_l—A_FB
T(daw) T T dau

(4-3)

Figure 4-13, depicts fits* following Equation 4-3 with A and B being the intercept with the
ordinate and slope as a function of 1/da,, respectively. Note that both A and B/d have the
dimension of a rate. Our analysis determines relaxation times 7, and 7, which are plotted in
Figure 4-14 in comparison with literature values for hot electron lifetimes in bulk Au and
Fe Tau, Tre, respectively, taken from Ref. [69]. Given the agreement of the measured data
with these literature values, it is concluded to have distinguished the electron dynamics in
the two constituents and thereby demonstrate sensitivity to the buried Fe film.

4For small da, of the order of dpe = 7 nm, we observe systematic deviations of the linear fit from the
experimental data. The fit tends to overestimate the measured relaxation rates. In our recently submitted
work, we discussed this problem and corrected it with a nonlinear fitting approach [100].
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Figure 4-13: Relaxation rates 7! as a function of d: for different electron energies above
Er obtained by BP experimental configuration. Lines represent linear fits. Slopes and
intercepts determine the two relaxation rates discussed in the text.

The observation of 74, is straightforward to understand. A hot electron injected into Au
at the Fe-Au interface propagates through the Au film and reaches the surface where it is
photoemitted. During the propagation, it experiences inelastic e-e scattering with rates of
bulk Au and transfers energy to a secondary electron. This scattering is detected by the time-
dependent reduction of 2PPE intensity at the energy of interest at which the electrons were
injected into Au. Secondary electrons were not taken into account because the energy scale
is restricted to rather high values F — Ep, where primary electrons dominate [46]. Secondary
electrons start to contribute at half the primary energy [69], which is E — Fr < 1 eV for
the highest energy electrons at 2.1 eV studied here. For sufficiently thick Au films, the
second term in Equation 4-3 vanishes, and scattering in Au dominates. Understanding the
determination of 7g, in buried Fe requires consideration of all processes that may contribute
to B in Equation 4-3. Following Equation 4-2 scattering in Fe and at the Au-Fe interface
has been taken into account. Since within the experimental uncertainty 7 = 7 is found,
scattering at the interface does not contribute. In the investigated epitaxial heterostructure,
electron injection across the interface can be assumed to proceed by coherent propagation
of a wavepacket in Bloch states which conserves energy and momentum across the interface
[35,50]. Therefore, the injection process across the Au-Fe interface is ballistic and violates
the above assumption da,_pe & Aau_re, Which might be a reason for not detecting it.

In addition, the back-side pumping front-side probing approach provides opportunities to
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Figure 4-14: BP data analysis: Determined relaxation times 7, () and 75 ((J) as a function
of E — Ef in comparison with literature data for hot electron lifetimes 7o, and 7g. from
Ref. [69] shown by dashed lines.

analyze scattering at buried interfaces originating from (i) electronic interface states and (ii)
scattering at non-epitaxial interfaces for heterostructures in general. While (i) might be in
analysis following Equation 4-3 through the appearance of anomalies in the energy-dependent
relaxation times 7(FE) and lead to the deviations from the smooth variation reported in Fig-
ure 4-14, the impact of (ii) can be determined by changing the thickness of both constituents
as introduced in Equation 4-2. As detailed in Appendix B, this would lead to an additional
term in Equation 4-3 representing scattering at the interfaces.

This distinguishing of hot electron local relaxation dynamics in the individual constituents
of Au/Fe/MgO(001) heterostructure by back-side pumping front-side probing approach was
also achieved in the previous work by Beyazit et al. [84]. However, the measured relaxation
times obtained within this thesis work show a better accuracy with respect to [84]. The
reason might lie in the fact that in the new experiments, the employed FWHM(XC) of
the laser pulses was roughly 60 fs, while in [84] it was broader with FWHM(XC) = 75 fs.
Consequently, the shorter laser pulses improved the error bars for 71 = 74, and 7 = 7 by
factors 3 and 2, respectively. The bulk or buried media/interface sensitivity of the Fe-side
pumping experimental configuration allowed the separation of local electron dynamics in
the Au/Fe/MgO(001) heterostructure constituents. This raises the question of whether the
same sensitivity can be achieved with the same analysis (Matthiesen’s rule) for the relaxation
times obtained by Au-side pumping geometry.
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Separation of e~ dynamics fails for Au-side pumping geometry

Figure 4-15 shows the relaxation rates 7op as a function of the inverse Au thickness 1/da,
obtained from the inverse of the relaxation time 7wp, which are attained by the analysis of
front-side pumping 2PPE data.
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Figure 4-15: Relaxation rates 7! as a function of d! for different electron energies above
Ex obtained by FP experimental configuration. Lines represent linear fits. Slopes and
intercepts determine the two relaxation rates discussed in the text.

The relaxation rates for different intermediate state energies in the range of £ — Fp =
0.80—1.60 eV are fitted by the same linear Ansatz (Matthiessen’s approach) as for back-side
pumping analysis, see Equation 4-3. From the intercept with the ordinate A and the slope
B of the linear fitting curves the corresponding 7 and 75 have been determined and depicted
together with literature values for 74, and 7g as a function of £ — FEr in Figure 4-16.
Comparing 7 and 7 with 75, and 7y, respectively, yields a different result here for the Au-
side pump data analysis than for the Fe-side pump. The relaxation times 77 and 75 obtained
by Matthiesen’s rule approach demonstrate no agreement with the literature values 74, and
Tre for the energy range F — Er = 1.0 — 1.6 eV, respectively. Only at £ — Fp = 0.8 eV
appears a consistence with 7 = 74, and 7 = 7r.. To be more accurate, one sees that
toward lower F — Ep the differences between 7 and 75 decrease with respect to literature
values 7a, and 7r.. The error bars of the individual relaxation times also decrease toward the
Fermi level Er. However, despite using the same analytical approach, we fail to separate the
local dynamics of hot electrons in the constituents of Au/Fe/MgO(001) for the experimental
configuration of Au-side pumping.
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Figure 4-16: Analysis of FP data: Plot of the determined relaxation times 7; (e, left axis)
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Effect of photoexcitation geometry and optical penetration depth )\,

Hot electron dynamics follow different relaxation patterns, given the different photoexcitation
conditions among the front- and back-side pumping time-resolved 2PPE on Au/Fe/MgO(001)
heterostructure. The hot electron relaxation dynamics are mainly determined by the elec-
tronic band structure of the involved material in the pump-probe scheme. In the case of
back-side pumping, the photoexcitation of hot electrons occurs in the ferromagnetic Fe layer,
while the excitation in front-side pumping happens at the Au surface. Thus, different local
and nonlocal relaxation dynamics are expected for both cases.

After photoexciting hot electrons in Fe, roughly 2 eV above the Fermi level Er the hot
electrons propagate toward the Au surface, where they are probed by a time-delayed UV
pulse with a photon energy of hv, &~ 4 eV. The Fe layer serves as an injection layer of hot
electrons into the Au layer.

However, in the case of front-side pumping, the hot electrons are excited at the Au surface and
propagate toward the Fe layer across the Au-Fe interface, whereby the roles are exchanged so
that the Fe layer serves as a sink layer. The different transport directions of the hot electrons
influence the entire relaxation dynamics, which is observable in the relaxation times 7(F) in
Figure 4-10, 4-11 and 4-12. The relaxation times 7(F) show clearly a thickness dependence
day and an influence of the time-resolved 2PPE experimental configuration. The relaxation
times at da, = 7 nm for front- and back-side pumping particularly do not change and are
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within the error bars similar. However, the relaxation times for da, = 30 and 70 nm look
different. A significant thickness- and energy-dependence between 7gp and 7gp is visible;
at higher intermediate state energies ' — Ep = 2.10 — 1.2 eV is basically 7/p < 7gp,
while at low energies £ — Fr = 0.75 — 0.50 €V a reverse appears so that 7gp > T7gp.
These differences in the quantitative analysis between back- and front-side pumping can be
explained by the different pump absorption profiles in the Au/Fe/MgO(001) heterostructure,
which varies with Au layer thickness da,, see Figure 4-2(a, b). Since the electronic transport
processes are determined by gradients in excitation density and electronic temperature [76],
the velocity distributions and the corresponding transient electron densities will differ for the
two pumping geometries. To describe this, Figure 4-17 shows a sketch of the hot electron
nonlocal dynamics and the effect of the photoexcitation density and the optical penetration
depth Agpt.
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Figure 4-17: Sketch of the penetration depth of the pump pulse and of the probe pulse.
Photoexcited electrons leave the surface of the excited layer due to transport effects. (a) &
(c) for thin and thick Au layers with FP excitation scheme. (b) & (d) for thin and thick Au

layers with BP excitation scheme.

At the top of Figure 4-17 are the thin Au/Fe heterostructures with (a) the front- and (b)
the back-side pumping experimental pump-probe schemes. When the Au layer is as thin as
the optical penetration depth (day, ~ Aopt), homogeneous excitation of the heterostructure
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occurs, resulting in insensitivity for transport regardless the experimental configuration. In
case of thick Au layers (day > Aopt), the situation changes, and an inhomogeneous exci-
tation of the heterostructure makes it sensitive to transport effects in the Au- and Fe-side
pumping experimental configurations see Figure 4-17 (c¢) and (d), respectively. According
to the universal curve of the electron mean free path length is the penetration depth for the
VIS light with a photon energy of hv; = 2.10 €V roughly 10 nm. In comparison, the probe
depth for the UV light with a photon energy of hvy = 4.13 eV is only around 4 nm [135,136].
This small probing depth plays a significant role in the difference between mwp and gp.

For front-side pumping geometry in Figure 4-17(c), upon exciting the Au surface, a large
number of hot electrons with £ — EFr = 2.10 — 1.20 eV move within a few tens of fem-
tosecond out of the near-surface probe region. The propagation proceeds with a velocity
close to the vp = 1.4 nm/fs into the bulk Au toward the Fe layer, where the hot electrons
undergo many inelastic e-e scattering processes (7r. ~ 3 fs) due to the large phase space
in Fe d-bands [69,83]. Consequently, the Fe layer serves as a sink layer for hot electrons.
The ultrafast hot electron population decay at the near-surface probe region due to quasi-
ballistic transport effects and the ultrafast energy relaxation of hot electrons in the Fe layer
lead to the observation of 7wp < Tgp for £ — Ep =~ 2.10 — 1.20. In contrast, note that in
case of back-side pumping, the hot electrons populate by propagating superdiffusively to
the probe region at the Au surface, see Figure 4-17(d). At low intermediate state energies
E — Er =0.80 — 0.60 eV the relaxation time 7pp becomes larger than 7gp. Presumably, the
low-energy electrons are too slow to escape the probing depth at the Au surface shortly after
excitation. Another scenario is the repopulation of the near-surface region after the spa-
tiotemporal transport of reflected hot electrons at the Au/Fe interface. Both aspects might
lead to the slower relaxation of the transient population at lower intermediate state energies
in the case of front-side pumping. For back-side pumping, the low energy electrons might not
reach the Au surface due to an increased inelastic e-e scattering so that a population reduc-
tion at the near-surface region appears, which leads to 7gp > mT8p at £ — Fr = 0.80—0.60 eV.

These findings are supported by previous front-side pumping time-resolved photoemission
measurements on thin Au, Ag, and Cu thin films with various thicknesses [47,117,137]. They
reported a significant impact of transport effects on the hot electron relaxation dynamics,
which provides an additional decay component to the photoexcited electron population at
the sample surface. The mean escape depth amounts to a few nm in the experiments and
results discussed here. Thus, the front-side pumping front-side probing time-resolved 2PPE
represents a bulk and surface-sensitive technique. Yet, it was not able to distinguish the local
relaxation dynamics at the Au/Fe/MgO(001) heterostructure, as one can see the insights
T1 # Tauw and Ty # Tg for front-side pumping 2PPE in Figure 4-16. By using the back-side
pumping front-side probing time-resolved 2PPE technique, it has been accomplished to dis-
tinguish the local relaxation dynamics in the individual constituents of the Au/Fe/MgO(001)
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heterostructure. Moreover, another feature in 7gp has been observed around £ — Ep ~ 1.5 eV
for various Au thicknesses da,, which deviates from the FLT behavior. This anomaly in
T(F,da,) will be analyzed and discussed as next in section 4.4.

4.4. Anomaly in the relaxation time

The measured relaxation times in 4.3.2 for back- and front-side pumping tr-2PPE measure-
ments are depicted in Figure 4-10, 4-11 and 4-12. For 30 and 70 nm Au thicknesses, the
relaxation times 7gp show a near-FLT behavior and no significant anomaly, as it is visible for
the relaxation time in 7gp. This non-monotonous feature depends on the excitation scheme,
intermediate state energy E — Er and the Au thickness da,, which appears due to the
energy-dependent interplay among local and nonlocal relaxation dynamics of hot electrons.
To understand this thickness- and energy-dependent anomaly in 7gp, the study focuses on
the results accomplished by back-side pumping time-resolved 2PPE, also known as Fe-side
pumping experimental configuration on Au/Fe/MgO(001) heterostructure.
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Figure 4-18: Time-dependent 2PPE yields with fits (black solid line) obtained by Fe-side
pumping (BP) configuration for various Au thicknesses at F — Fr = 1.50 eV.

To investigate the anomaly in the relaxation times in more detail, transient XC traces for
day = 7,40 and 70 nm at F — Er = 1.50 eV are plotted in Figure 4-18. If one compares the
transient population dynamics, one sees the slower relaxation and temporal broadening for
thicker Au thicknesses, which have already been shown. However, the transient population
dynamics for 70 nm Au show a non-common relaxation behavior in the time-resolved XC
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trace at 1.50 eV. The peak seems to be broadened so that the decay probably starts with
a later time delay. Additionally, an issue in the fitting process seems to be present, which
leads to an overestimation of the relaxation times for 70 nm around £ — Er =~ 1.5 eV. Due
to this fact and the desire to further understand this observation, a closer look is taken at
the transient population dynamics for MgO(001)/ 7Tnm Fe/ 70 nm Au at different energies,
see Figure 4-19.
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Figure 4-19: Time-dependent 2PPE yields obtained by Fe-side pumping (BP) configuration
for various intermediate state energies at da, = 70 nm.

Comparing the transient population dynamics for E— FEr = 2.00—1.05 eV shows the temporal
broadening and the slower relaxation toward lower-lying energies. A peculiar behavior is seen
at 1.65 eV, where the decay does not follow the typical convolution of a Gaussian with an
exponential decay curve. It resembles a later starting decay process. This behavior is strongly
pronounced for the time-resolved 2PPE yield distribution at 1.45 eV. In contrast, at 1.05 eV,
a typical exponential decay behavior is observable. The fits overestimate the hot electron
relaxation processes at £ — Er = 1.25 — 1.7 €V, which is the reason for the relaxation times
8P in Figure 4-12. Thus, as an outlook for future analysis, a more appropriate fitting
procedure is needed to reach the proper relaxation times.

The later appearing decay refers to the surface later arrived electrons due to scattering
processes. This is also observed in the time offset y in thicker samples; see Figure 4-11 and
4-12. The thicker the Au layer, the earlier the temporal shift starts (¢o > 0 fs) at higher

intermediate state energies, as discussed in subsection 4.3.2.
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The intriguing behavior observed in the transient population dynamics of hot electrons in
Fe/Au heterostructures can be attributed to the peculiar band structure properties of the
thin Fe and Au films and to the underlying interplay between hot electron transport and
inelastic e-e scattering processes. The pump pulse, with a photon energy of 2.10 eV, excites
the Fe layer first, leading to the occupation of unoccupied states by hot electrons in the Fe
layer. The presence of exchange-split energy bands in the d-bands of Fe further contributes
to the excitation of hot electrons from occupied d-bands to unoccupied sp- and d-band states.
Therefore, the optical pumping of the Fe layer results in the excitation of majority and mi-
nority electrons with different binding energies, lifetimes, and velocities, which in turn affect
the local and nonlocal relaxation dynamics of the hot electrons.

To fully comprehend the spatiotemporal transport dynamics and local relaxation of hot ma-
jority and minority electrons in thin MgO(001)/Fe/Au films, further detailed measurements
that are energy-, spin-, and time-resolved are necessary. These measurements will pave the
way for more advanced theoretical models that can provide a better understanding of the
elementary processes responsible for the relaxation dynamics of non-equilibrated hot elec-
trons in metallic heterostructures. Markus Heckschen, under the guidance of Prof. Bjorn
Sothmann, has developed a theory that accurately describes our results obtained with Au-
side pumped geometry. This marks the initial steps toward unraveling how the interaction
of local and nonlocal relaxation dynamics occurs in the energy-resolved time domain. The
theoretical model is based on the Boltzmann transport equation and will be expanded to
explain the tr-2PPE results that we acquired with the Fe-side pump geometry.
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5. Conclusions and outlook

Conclusion

The ultrafast hot electron local and nonlocal relaxation dynamics in epitaxially grown
Au/Fe/MgO(001) thin films have been investigated by femtosecond time-resolved 2PPE
spectroscopy. Two different experimental configurations are established; (i) the FP geome-
try performed by Au-side pumping and Au-side probing, and (ii) the BP technique by Fe-side
pumping and Au-side probing.

Employing the tr-2PPE with the Au-side pumping (FP) geometry allowed the observation
of the first image potential state IPS (n =1) at the Au(001) surface with a binding energy
of 0.8 eV to vacuum FE,,.. In contrast to the FP experimental approach, a photoexcited
state in Fe at £ — Ep = 1.8 €V was observed by the Fe-side pumping (BP) method, which
appears in the density of states (DOS) of Fe as unoccupied d-band minority states. Thus,
the Fe-side pumping geometry shows a buried media sensitive experimental approach.

The tr-2PPE analysis as a function of Au thickness dj, = 5— 70 nm with both experimental
configurations has shown that with the Fe-side pumping geometry a temporal shift in the
intensity built-up of the XC traces is observed. The increasing temporal shift of the intensity
built-up with the Au thickness dju, is assigned to the transport effects of hot electrons. The
ultrafast hot electrons experience a few inelastic e-e scattering events during the spatiotem-
poral transport from the Fe layer toward the Au surface across the Fe/Au interface, which
is attributed to a superdiffusive propagation behavior. Additionally, the energy-dependent
scattering rates in Fe and Au are distinguished by using the optical pumping of Fe and de-
tection at the Au surface by time-resolved two-photon photoemission. While the separation
of electron dynamics in the constituents was successful with the BP experimental setup, it
failed in the case of the conventional FP geometry. In addition to the opposite direction of
the pump-induced transport of hot electrons, we have shown that the spatially distributed
optical excitation density plays a strong role in distinguishing Fe- and Au-side pumping.

All in all, the time-resolved 2PPE with the BP experimental configuration represents spec-
troscopy which accesses buried interfaces or media and provides energy-dependent informa-
tion on electron dynamics. This novel experimental approach may provide highly desired
insight into heterostructures in general.
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Outlook

Back-side pumping and front-side probing tr-2PPE experiments on Au/Fe/MgO metallic het-
erostructures shed light on energy-dependent hot electron relaxation and transport processes
in FM/NM heterostructures. Previous studies and the work within this thesis demonstrated
the relevance of spin in electron dynamics [34,35,81]. Using the BP geometry with time- and
spin-resolved PES might provide compelling insights into the energy-dependent spatiotem-
poral relaxation dynamics of hot charge carriers in FM/NM heterostructures. Distinguishing
hot majority and minority electrons in the transient energy-dependent population dynam-
ics could provide information about spin-dependent transport. Furthermore, theoretical
transport approaches are proposed to understand the underlying microscopic hot electron
relaxation processes.

An exciting material system for many researchers represents the stacked 2D material sys-
tem, such as molybdenum disulfide (MoS;), black phosphorus (bP), hexagonal boron nitride
(hBN) and tantalum disulfide (17" — TaSy). Due to their ultrathin nature of few monolay-
ers and high interface quality, they are promoted as a possible alternative for silicon (Si)
in electronic devices [12,24,25]. Thus, spin-resolved local and nonlocal relaxation mea-
surements with the BP geometry could be applied to different material systems, such as 2D
materials [25], ferromagnetic metal /2D material heterostructure [138], and organic spin valve
structures [139]. This could provide new ways to understand and manipulate the microscopic
processes of energy- and spin-dependent relaxation dynamics of majority and minority charge
carriers in condensed matter and at heterostructure interfaces. A current ongoing project
within our research group is the application of tr-2PPE experiments with BP geometry on
Fe/Au/MoS, heterostructures. The aim is to elucidate the microscopic transport mecha-
nisms governing the dynamics of hot charge carriers in stacked 2D materials, which can
occur via either Bloch band transport or hopping across energy barriers. Furthermore, we
propose utilizing energy-resolved time-domain spectroscopy, specifically time-resolved linear
photoemission measurements, to investigate the energy-dependent hole relaxation dynamics
in nonequilibrium states.

In summary, by investigating the energy- and spin-dependent dynamics of hot charge carriers
in the constituents or interfaces of heterostructures, it may be possible to control material
properties and develop cutting-edge technologies such as advanced solar batteries and spin-
tronics. These findings have the potential to significantly impact the fields of materials
science and technology.
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A. Basics in ultrashort laser pulse
dispersion

The following description of dispersion effects in ultrashort laser pulses is based on [118,119]:
The electric field of an ultrashort laser pulse in the time domain can be described by

E(t) = g(t)e™W), (A-1)

where ¢(t) is the envelope and ¢(t) = wot + ¢(t) is the temporal phase with the carrier
frequency wy. The instantaneous angular frequency wi,g. of the electrical pulse can be
derived by the time derivative of the temporal phase ¢(t)

Winst, = Wo + ——. (A_Q)

The time-dependent electric field E(t) is equivalent to the pulse electric field in the frequency
domain F(w) which is mathematically connected by the Fourier transformation (F)

B(w) = FIE®)] = / E(t)e " dt = e(w)e), (A-3)
with e(w) as the envelope in the frequency domain and 1 (w) as the spectral phase. Quanti-

fying CD is based on a Taylor expansion of the spectral phase as a function of the angular
frequency w around the carrier frequency wy of the pulse

|
Z _'wm w = Wo)m (A—4)
m!
=0
with ¥, = defnw) |w0. The terms with different m-order have different meanings regarding the

dispersion of the laser pulse. The zero-order term 1)y describes a typical phase shift, while the
first-order term 1)y refers to the group delay (GD). Both terms express the time delay without
affecting the pulse shape in the time domain. In contrast, second- or higher-order dispersion
is more interesting since they cause frequency-dependent shifts. The second-order dispersion
is the change in the GD with respect to frequency known as group delay dispersion (GDD).
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The different spectral components of the pulse propagate through a dispersive medium at
different speeds due to frequency-dependent refractive indices n(w). Resulting in a non-zero
GDD, the pulse is broadened in time and thus linearly chirped. The frequency rises or falls
with time, known as up-chirped or down-chirped pulses. The GDD is calculated by the
second derivative of the spectral phase

d*y

GDD = thy = —-

dw? (A-5)

wo

and given in the unit fs2. Note that the GDD per unit length is the group velocity dispersion
(GVD) described by the second derivative of the wavenumber k(w)

Ak
GVD = —
dw?

1 dvg
-~ A-6
Vg dw’ (A-6)

wo

in which v, represents the group velocity of the envelope of the electrical pulse. Occasionally,
in the literature and in scientific usage, the term GVD is often mistakenly used for 1,. To
avoid confusion, one should therefore pay attention to the units in which the corresponding
quantity for GVD is given by fs?/m for optical pulses.

The third-order phase component corresponds to a cubic phase in the pulse, which is known
as the third-order dispersion (TOD), given in units of fs* and determined by
d3y

wo

The spectral phase dominated by TOD leads to GD with quadratic dependence on frequency,
and consequently high and low frequencies are shifted in the same direction in time. There-
fore, TOD causes after or before the main optical pulse additional low-intensity pulses in
the temporal domain, as observed in Figure 3-12. In this thesis work, the higher-order
phase components beyond the third-order are negligible. One goal in ultrafast pump-probe
measurement is the achievement of ultrashort pulses as close as to the BWL. Thus, minimiz-
ing the higher-order dispersion with the help of suitable designed optical pulse compressor
systems is essential, as shown in section 3.5.
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B. Continuum approach for scattering
along the heterostructure

Separation of interface properties by film thickness dependent analysis is well established
and was used, e.g., in Sokolowski-Tinten et al. [140] and Farle [141], Eq. 27. The underlying
concept is in both cases the different spatial dimensions for bulk and interface contributions,
which is the different energy density for bulk and interface of the magnetic anisotropy energy
in the work by Farle and the interface scattering in the work by Sokolowski-Tinten et al.
In both cases the bulk contributions vanish for thin films of thickness d, which suggests the
scaling A 4+ B/d used in Equation 4-3. For sufficiently small d the interface contribution
B/d dominates over the bulk contribution A. In the case of the magnetic anisotropy energy
density the bulk contribution A has the unit J/m? while the interface contribution B has
the unit J/m?. In case of the interface and bulk scattering rates relevant in the present
study it is assumed a Matthiesen’s rule approach. In this case the bulk contribution A
assumes an integral scattering probability over the film thickness increasing linearly with d,
which reflects the analysis of scattering in bulk representing a homogeneous environment.
In our back-side pumping front-side probing experiment, which analyzes the propagation of
electrons injected from the Fe layer into the Au layer across the Fe-Au interface along the z
direction, the scattering probability integrated over the layer stack becomes

dAu—Fet dAu
-1 -1 -1
T dz = Tai po - Aau—Fe + Tay - dau- (B-1)

0

Here da,_r. is the spatial extent of the Au-Fe interface and da, is the Au film thickness
along z. A potential interface scattering rate can be expected to be revealed by suppressing
the bulk scattering for sufficiently thin films, as shown by Sokolowski-Tinten et al. [140]. In
our work, we assume two scattering rates which add up to the total measured relaxation
rate. The thickness dependent analysis reported in Figure 4-13 and Figure 4-14 reveals
that A and B/d agree with the known e-e scattering rates for bulk Au and Fe, respectively.
Given the construction of Equation 4-3 with B as an interface contribution this indeed
might be surprising and requires further discussion. Formally B has the unit m/s, i.e.
a velocity. This originates from the construction as an interface contribution but can be
misleading because B/d actually represents a scattering rate. The question which remains
to be answered is why the interface scattering rate B/d is given by the bulk scattering rate
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of Fe. Consider Equation B-1 above rephrased for two bulk integral scattering probabilities
which increase linearly with independent film thicknesses of Au and Fe constituents, d, and
dr., respectively. Consider in addition an interface scattering contribution. The scattering
probability integrated along the layer stack in z direction is

dpet+dau—Fetdau
dz dFe

d u—Fe d u
4 Aufe | TAw (B-2)
T (Z) TFe TAu—Fe TAu

0

Since in our experiment dp, is kept constant we determine by variation of da, the sum of
the first two contributions. Since within our experimental uncertainty this sum agrees with
the literature values of the e-escattering rate in bulk Fe it was concluded that the interface
scattering rate is absent within experimental uncertainty and the electrons propagate without
scattering across the epitaxial Fe-Au interface.

In case of non-epitaxial interfaces an additional scattering channel will occur locally at the
interface. The model leading to Equation 4-3 can be, for example, extended to include
such interface scattering by an additional term besides the bulk scattering contributions, as
considered already in Equation B-2. One way to determine the respective interface scattering
rate is the variation of the thicknesses d, and d; of both constituents of the heterostructure.
Equation 4-3 becomes

1 1
——— =A+ — (dy B B;, B-
(do ) + a0 (dy Bouik + Bint) (B-3)

The term B/d from Equation 4-3 has here been split into two components dj, By /d, and
Bint/da, which represent the scattering probabilities in bulk and at the interface, respectively.
Equation B-3 shows that increasing the thickness of one layer leads to a decrease in the
weight of scattering probability in the other layer. In contrast, a systematic decrease in both
thicknesses d, and d, highlights the interface scattering contribution.

Interface scattering of electrons can also be expected to occur by interaction with electronic
interface states. Such interface scattering is expected to lead to resonant scattering and
anomalies in the rather smooth energy dependent relaxation times reported in Figure 4-14.
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Strongly correlated materials exhibit intriguing properties caused by intertwined microscopic inter-
actions that are hard to disentangle in equilibrium. Employing nonequilibrium time-resolved photoemis-
sion spectroscopy on the quasi-two-dimensional transition-metal dichalcogenide 17-TaS,, we identify a
spectroscopic signature of doubly occupied sites (doublons) that reflects fundamental Mott physics.
Doublon-hole recombination is estimated to occur on timescales of electronic hopping #/J = 14 fs.
Despite strong electron-phonon coupling, the dynamics can be explained by purely electronic effects
captured by the single-band Hubbard model under the assumption of weak hole doping, in agreement with
our static sample characterization. This sensitive interplay of static doping and vicinity to the metal-
insulator transition suggests a way to modify doublon relaxation on the few-femtosecond timescale.

DOI: 10.1103/PhysRevLett.120.166401

Complex matter is characterized by strong interactions
between different microscopic degrees of freedom, often
resulting in rich phase diagrams where tiny variations of
controllable parameters can lead to significant changes of
the macroscopic material properties [1]. This competition
or coexistence often occurs on comparable energy scales,
and thus is only partly accessible in the spectral domain.
The dynamics of such systems, driven out of equilibrium
by an external stimulus, can shed new light on the under-
lying short- and long-range interactions because different
coupling mechanisms result in dynamics on experimentally
distinguishable femto- to picosecond timescales [2]. In
contrast to materials with well-defined quasiparticles, the
theoretical description and analysis of nonequilibrium
phenomena in strongly correlated electron systems is
challenging [3]. Model studies have predicted intriguing
effects of electron-phonon coupling [4—6], spin excitations
[7-9], and dynamical screening [10], but connecting these
insights to measurements on real materials has rarely been
attempted. In this Letter, we analyze the photoinduced
electron dynamics in a quasi-two-dimensional system with
strong electron-electron and electron-phonon interaction
and a finite density of defects. Our combined theoretical
and experimental study shows how to disentangle such
competing processes in the time domain, and how the
nature of photoexcited carriers and the dominant relaxation
pathways can be identified.

1T-TaS, is a layered crystal that exhibits a manifold of
electronically and structurally ordered phases [11-13],
recently amended by quantum spin liquid properties [14].
In its high-temperature state (7 > 542 K), the system is
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undistorted and metallic, while cooling results in the
formation of various charge density waves (CDW) with
an increasing degree of commensurability and a transition to
semiconductorlike behavior. Below the critical temperature
of 180 K, a commensurate periodic lattice distortion is
formed, giving rise to the formation of “David star”’-shaped
13-Ta-atom cluster sites. This structural distortion is accom-
panied by a rearrangement of the partially filled Ta 5d band
into submanifolds. The uppermost half-filled band is prone
to a Mott-Hubbard transition, forming an occupied lower
Hubbard band (LHB) representing a single particle pop-
ulation per cluster and an unoccupied upper Hubbard band
(UHB) indicating a double population of cluster sites. On-
site Coulomb interaction acts on these doublons and leads to
an energy gap of 350-420 meV between the LHB and UHB
[15]. This widely accepted picture was recently challenged
[16]. It was proposed that the formation of an energy gap can
be explained by orbital texturing, which implies that Mott
physics is not primarily responsible for the insulating state.
Our combined theoretical and experimental effort shows
how such ambiguity can be addressed under nonequilibrium
conditions. We identify a hierarchy of timescales which
allows for specific studies of electronic correlation effects in
complex materials.

Time- and angle-resolved photoemission spectroscopy is a
powerful tool for exploring the ultrafast electronic response
of 17-TaS, on femto- to picosecond timescales [17-20]. Our
present studies were carried out in a pump-probe scheme in
normal emission geometry (which probes electronic states at
the center of the Brillouin zone) on in situ cleaved single
crystals, which exhibit nonperfect stoichiometric ratios

© 2018 American Physical Society
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(1T-Tag S, with x <0.03) [21] (see Supplemental
Material for sample characterization [22]). The samples
were excited with 50 fs laser pulses from a regenerative
Ti:Sa laser amplifier (Awyym, = 1.55 €V) operating at a
250 kHz repetition rate and probed by direct photoemission
using frequency-quadrupled pulses (2@ = 6.2 €V). The
pump-probe cross-correlation width was determined to be
110 + 5 fs (Gaussian full width at half maximum) through
the fastest observed response, and the corresponding maxi-
mum was set as time zero. The spectral resolution of
80 meV was determined by analyzing the width of the high-
temperature Fermi edge (assumed to be rigid). Incident
excitation fluences F were kept well below the critical
energy density necessary to drive the system thermally into
the nearly commensurate CDW phase [23].

We present data obtained in a weak excitation limit and
at a base temperature of 7 = 30 K, a situation in which we
expect only minor modifications of the CDW-ordered state.
Assuming that every absorbed pump photon excites one
valence electron on one cluster site once, the excited
electron density in the first atomic layers is estimated to
be < 3% for F = 100 uJ/ cm? [24]. Under such conditions,
we observe a photoemission peak at £ — Ep =~ 175 meV
[Fig. 1(a)] that is barely visible for higher F and T, even
when the transient spectra are averaged over the relevant
delay range, as displayed in Figs. 1(b) and 1(c). The
contrast between this photoemission peak and the
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FIG. 1. (a) False-color representation of the time-dependent

photoelectron intensity above Ej at 30 K for F = 60 uJ/cm? in
normal emission. Besides an excitation continuum, the upper
Hubbard band is observed at E — Er ~ 175 meV in the vicinity
of t = 0. (b) and (c) show photoemission spectra after excitation
for selected T and F, respectively. The spectra were averaged
within Ar = —95... — 35 fs. Curves in (b) are offset for better
visibility.

underlying background differs between samples of differ-
ent growth batches, a finding that we assign to minute
variations of stochiometric composition, and thus, hole
doping (see Supplemental Material for details [22]). The
general behavior, however, is the same for all samples
under investigation. Figure 1(a) shows a false-color repre-
sentation of time-dependent photoemission spectra. Upon
pumping, a broad excitation continuum is generated that
reaches up to E — Er = 1.5 eV. The population decay of
this continuum is resolved, and the closer to Ey the
intensity is analyzed, the longer the relaxation times
become—a behavior well known for electronic excitations
at metal surfaces [27]. In contrast, the sharp spectral
signature at 175 meV responds significantly faster. Due
to its femtosecond dynamics, we interpret this feature as the
UHB that directly reflects double occupation of cluster
sites. This assignment is corroborated by the observed
energy of the feature, which is in agreement with recent
scanning tunneling microscopy studies [15]. It is further-
more observed that the UHB intensity decreases with
increasing temperature [Fig. 1(b)], which is consistent with
the emergence of a macroscopic coexistence of insulating
and conducting domains (corresponding to the different
CDW states) up to the critical temperature of 542 K, where
the full transition to the normal metallic phase occurs [12].

The distinct response of the UHB becomes evident when
the transient energy distribution curves are considered
[Fig. 2(a)]. The UHB spectral weight reaches its maximum
around r =0 and is lost after 100 fs. This loss is
accompanied by ultrafast filling of the gapped region
around E — Er ~ —0.2...0.2 eV. At later delays, only the
intensity of the broad continuum remains.

In order to further discuss the temporal evolution of the
UHB and separate its dynamics from the underlying
continuum, we decomposed both spectral contributions
by fitting the energy distribution curves with an exponential
background and a Lorentzian line, as shown exemplarily in
Fig. 2(b). The fit results are shown in Fig. 2(c) and reveal the
ultrafast response of the UHB in contrast to the slower
dynamics of the spectral background that exhibits a pop-
ulation decay time of 277 fs. This background is still present
at positive delays, when the UHB intensity has disappeared.
Correspondingly, the UHB is not populated by secondary
excitations, and we conclude that the photoinduced dynam-
ics cannot be described by incoherent scattering processes
considering rigid bands. The temporal evolution of the UHB
intensity is the fastest response observed in our experiments,
and we set its maximum to time zero. Analyzing the
dynamics [Fig. 2(c)], we estimate the timescale of dou-
blon-hole recombination to be < 20 fs due to the absence of
an exponential decay component within experimental
uncertainties (see Supplemental Material for details [22]).
This timescale matches approximately the electronic hop-
ping 7/J =~ 14 fs estimated by dynamic mean field theory
[18]. The fast response is furthermore confirmed by the fact
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FIG. 2. (a) Transient photoemission spectra obtained for 7 =

30 Kand F = 60 uJ/cm?. The curves are offset for better visibility.
(b) Exemplary fit to the transient energy distribution curve obtained
at At = +32 fs. The superposition of the continuum and the
Lorentzian line was convoluted with the instrumental energy
resolution function. (c) Temporal evolution of the UHB spectral
signature in direct comparison to the underlying continuum and
electronic gap, as well as the LHB intensity loss that can be
described by an error function (solid green line). The temporal
derivative —(dI/dt) of the least mean square fit of the LHB
dynamics is shown as a dashed line for comparison with the UHB
signal. Curves are rescaled for better visibility. (d) Spectral width of
the UHB signature as a function of excitation fluence F.

that the temporal evolution of the UHB coincides with the
decrease of the LHB signature that is instantaneously
depopulated by the pump pulse [19], and thus can be well
described by the temporal integral of the laser pulse cross
correlation as shown in Fig. 2(c). This temporal coincidence
does not imply a direct optical transition between the LHB
and the UHB, whose energy difference of approximately
350 meV in our experiments is largely exceeded by the
pump photon energy (1.55 eV). We consider a simultaneous
depopulation of the LHB by excitation into higher-lying
bands and a population of the UHB due to an excitation
from lower-lying states. A corresponding initial state at
E—-Ep~—-13¢eV was earlier identified using static
ARPES [28,29]. Reducing the pump photon energy to
0.92 eV and 1.04 eV was found to suppress the UHB
signature (see Supplemental Material [22]).

For a given excitation fluence, we find that the UHB line
profile is independent of ¢ (see Supplemental Material
[22]), indicating that the population of the UHB thermal-
izes on a timescale that cannot be resolved in our experi-
ments. We observe that the energetic width of the UHB
signature increases linearly with F [Fig. 2(d)], which
excludes the possibility that the photoemission line arises
from an unoccupied rigid band populated by the 6 eV probe
pulse. We also find that the energy of the UHB line is
independent of ¢ (see Supplemental Material [22]), which

indicates that the signature is not related to polaronic
excitations discussed in the literature [30]. Our finding
rather demonstrates the ultrafast decoupling of electronic
and lattice degrees of freedom, since polaron formation
would result in an energetic stabilization on phononic
timescales. Indeed, the response of the UHB is faster than
a quarter period of the highest-frequency phonons in
17-TaS, of 11.9 THz [31], which also implies a decoupling
of the doublon dynamics from the periodic lattice distortion
associated with CDW formation. We stress that the doublon
recombination measured here is related to the dynamics of
the occupation, while all-optical experiments probe the
dynamics of the joint density of states [32]. In a non-
equilibrium situation, there is no simple relation between
the two, so both experimental approaches provide com-
plementary information.

Our experimental findings are partly incompatible with
the recently proposed energy gap formation based on orbital
texturing [16]. Optical excitation of an orbitally ordered
system could in principle result in the loss of order due to
increased entropy and scattering. The fastest timescale we
can imagine is determined by electron-electron scattering
which leads to the relaxation dynamics of the excitation
continuum; see Figs. 1(a) and 2(a). However, the observed
loss of the UHB occurs earlier than that, a fact explained in
the present study by local electron-electron correlations. We
thus conclude that, while orbital order as well as layer
stacking might play a role in electronic band formation, a
discussion of the experimentally observed ultrafast elec-
tronic response in close vicinity to Ep requires a scenario
where electron-electron correlation is considered.

In the following, we discuss a simple theoretical picture
based on a purely electronic model and demonstrate how
strong interaction is crucial for describing the ultrafast
dynamics. We simulate the dynamics of a single-band
Hubbard model on a two-dimensional triangular lattice:

1 1
H= Z]C;r+5,aci+5,a +pun; + UZ <”fT B 5) <nii - 5)’

ioo i
(1)

where ¢ denotes the creation operators for a Fermion on
lattice site i with spin o, J is the hopping integral between
neighboring sites, u is the chemical potential, n; is the
number of carriers on site i, and U is the on-site Coulomb
repulsion. The electric field of the pump laser E(¢) is
applied along the (1,1) direction and is incorporated via the
Peierls substitution. The parameters were chosen such that,
in the absence of an external perturbation [E(7) = 0], this
Hamiltonian mimics the equilibrium spectral function of
single-layer 17-TaS, [15,17] with a bandwidth of
W =0.36 eV. Since U ~ W, the material is close to the
metal-insulator transition, which leads to short recombi-
nation times.
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The dynamics after optical excitation is modeled by
perturbing the system with a Gaussian pulse of the form
E(t) = Eyexp|—4.6(t — ty)?/13] sin[w(t — ty)], where the
duration of the pulse 7, is chosen such that it accommodates
a single optical cycle. The frequency w was chosen to be
w/J = 8.0, and the pulse amplitude was Ey/(Je) = 2.0.
While this pulse frequency generates direct transitions
between the LHB and UHB, we have also checked the
scenario of photo-doping from lower-lying bands by
temporarily coupling an occupied (empty) electron bath
to the UHB (LHB). The relaxation dynamics for both
protocols is consistent, since it is mainly governed by the
excess kinetic energy of the excited doublons. The ampli-
tude of the excitation does not alter the qualitative dynam-
ics as long as one restricts the scenario to the weak
excitation regime. To solve the electron dynamics, we
use the nonequilibrium dynamical mean field theory [3],
which maps a correlated lattice problem onto a self-
consistently determined impurity problem [33]. To treat
the impurity problem, we use the lowest-order strong
coupling expansion, the noncrossing approximation
(NCA). To confirm that the resulting dynamics is qualita-
tively correct, and not sensitive to the details of the band
structure, we also employ the one-crossing approximation
(OCA) on the Bethe lattice. Realistic gap sizes are obtained
for U = 0.36 eV in NCA, and U = 0.43 eV in OCA.

The transient occupation dynamics is analyzed in terms of
the partial Fourier transform of the lesser component of the
Green’s function A<(f, ) = Im[ [/ "™ df " =)G=(¢,1)]
(occupied density of states). We will first discuss the
response of the ideal Mott insulator at half band filling
(n = 1); see Fig. 3(a). The optical excitation leads to a partial
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FIG. 3. (a) Time evolution of the occupation function G<(w, 1)

for a half-filled band (n = 1, left panel) and in the hole-doped
case (n = 0.95, right panel). The dashed lines show the equilib-
rium situation before excitation. (b) Equilibrium occupation
function G=(w) for n = 0.98 (solid lines) and n = 0.95 (dashed
lines) at different temperatures = (kgzT)~!, given in units of W
(# =1 corresponds to a temperature of 32 300 K). (c) Spectral
width of the UHB signature at £ — Er = 175 meV as a function
of excitation density E%. The dashed line indicates a linear
dependence.

occupation of the UHB that relaxes within the band and
results in a slow population buildup at the lower edge. This
prediction of a monotonically increasing UHB population is
inconsistent with the experimental observation. It is, how-
ever, in agreement with previous studies [34], which show
that the thermalization in an isolated small-gap insulator can
lead to an increase in double occupation on the timescale of a
few inverse hoppings. We note that in contrast to the
previous theoretical interpretations [17,18], but in agree-
ment with the experimental data (and recent arguments
based on high-temperature expansions [35]), our simula-
tions do not predict a substantial gap filling after
photoexcitation.

A more realistic description is obtained if one considers
an effectively hole-doped system 17-Ta(;_)S,. Taking into
account the indications reported in the Supplemental
Material [22], we estimate that the effective filling of the
subband straddling Er can range from half filled (x = 0,
n = 1) to almost empty (x = 0.03, n = 0.17). To discuss
the general influence on the UHB dynamics, we assume a
small doping level of n = 0.95 [Fig. 3(b)]. In contrast to the
half-filled case, the occupation function in the doped case
shows a transient increase of the doublon spectral weight,
which quickly vanishes. This evolution is in qualitative
agreement with the experimental finding.

In agreement with previous works [34,36], the Hubbard
band in the small-gap regime thermalizes on the timescale
of several inverse hoppings, which we confirmed by
checking that the fluctuation-dissipation theorem is ful-
filled. Therefore, we can compare the results in the long-
time limit with the thermal states at elevated temperatures;
see Fig. 3(b). In the half-filled case, the UHB of this small-
gap system is always substantially occupied due to the
finite overlap of the high-temperature Fermi-Dirac distri-
bution function with the UHB. In the doped case, the
Fermi-Dirac distribution is shifted to lower energies, and
the overlap with the UHB is exponentially suppressed. In
such a situation, a significant population in the UHB can
only be achieved at extremely high electron temperatures.
This also explains the experimental requirement of low
excitation densities to observe the ultrafast reduction of the
UHB population and is reflected in the experimental
finding that the spectral width of the UHB increases
linearly with excitation fluence [Fig. 2(d)], which is also
reproduced in the calculation [Fig. 3(c)]. We note that even
though electron-phonon coupling is important in 17-TaS,,
we can neglect the phonon dynamics on electronic time-
scales. In any event, the effect of electron-phonon inter-
actions, as well as short-ranged spin excitations, would be
to speed up the relaxation and thermalization [37,38]. This
likely explains the faster dynamics in the experiment,
compared to the simulations which neglect this physics.

In summary, we identified in a combined experimental
and theoretical study the double electron population of
cluster sites in 17-TaS, and estimated their relaxation time
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to be on the order of the electronic hopping 7/J. Essential
was the time domain approach, which facilitated the
detection of doublons before further excitations like sec-
ondary electrons or phonons set in. We emphasize the
importance of static and photoexcited holes, which enable
the ultrafast relaxation on hopping timescales. Our results
suggest a tunability of femtosecond dynamics in the
vicinity of the Fermi level, which has potential impact
for high-frequency applications. More generally, the iden-
tification of nonequilibrium signatures of strong electron
correlations has led to an improved microscopic under-
standing of complex materials with competing interactions.
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Local and Nonlocal Electron Dynamics of Au/Fe/MgO(001) Heterostructures Analyzed
by Time-Resolved Two-Photon Photoemission Spectroscopy
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Employing femtosecond laser pulses in front and back side pumping of Au/Fe/MgO(001) combined with
detection in two-photon photoelectron emission spectroscopy, we analyze local relaxation dynamics of excited
electrons in buried Fe, injection into Au across the Fe-Au interface, and electron transport across the Au layer at
0.6 to 2.0 eV above the Fermi energy. By analysis as a function of Au film thickness we obtain the electron
lifetimes of bulk Au and Fe and distinguish the relaxation in the heterostructure’s constituents. We also show
that the excited electrons propagate through Au in a superdiffusive regime and conclude further that electron
injection across the epitaxial interface proceeds ballistically by electron wave packet propagation.

DOI: 10.1103/PhysRevLett.125.076803

Excited charge carriers relax in metals and semi-
conductors on femtosecond to picosecond timescales due
to the large phase space for electron-electron (e-e) and
electron-phonon scattering [1,2]. Microscopic insight into
these processes was developed by combined efforts of static
spectroscopy, spectroscopy in the time domain, and ab
initio theory [3]. Early optical experiments used schemes in
which the back side of the sample is pumped and the front
side is probed and analyzed the propagation dynamics
through the bulk of thin films [4]. Time- and angle-resolved
two-photon photoelectron spectroscopy exploited the
sensitivity to electron energy and momentum and was
key to develop a comprehensive understanding of the
microscopic nature of the engaged elementary processes
which hot electrons experience [5-9]. In heterostrutures
such an analysis is challenging but highly desired given the
widespread application of these material systems. The
surface sensitivity of photoelectron spectroscopy is a severe
limitation for heterostructures and buried media which can
be overcome by using hard x-ray photons in photoemission
[10,11]. Also, photoelectrons with low kinetic energy are
reported to probe the bulk [12] or buried interface
electronic structure [13,14] in selected cases.

Hot electrons are characterized by their energy
above the Fermi energy E — Ep > kT, where T is the
equilibrium temperature, and their momentum k. For a
component k; directed from the surface into bulk, trans-
port effects occur. So far, local dynamics at the surface
and nonlocal contributions due to, e.g., transport were
distinguished indirectly by analyzing relaxation at
surfaces [15-19]. Particular systems allowed a micro-
scopic description of electron propagation through a
molecular layer [20] and resonant tunneling across a
dielectric film [13].

0031-9007/20,/125(7)/076803(6)
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Electronic transport properties are essential in condensed
matter. Besides transport in Bloch bands at Er, problems
like incoherent hopping in molecular wires [21] and
two-dimensional materials [22,23], superdiffusive spin
currents [24], and attosecond phenomena at surfaces [25]
are important. The relevance of spin-dependent charge
carrier transport in femtosecond magnetization dynamics
has spurred the use of back side pumping in optical pump-
probe experiments [26-28], which provide energy and
momentum integrated information. Also, detection in
microscopes provides insight into carrier propagation
[29] and plasmon dynamics [30]. Back side pump—front
side probe photoelectron spectroscopy might have con-
siderable impact, since it promises energy- and momentum-
dependent information [29].

In this Letter we report such a back side pump—front side
probe photoemission experiment for the model system
Au/Fe/MgO(001). While for thin films the electronic
relaxation agrees for front and back side pumping, we
identify electron transport for thicker Au films upon back
side pumping. We are aware that the dynamics has a spin-
dependent contribution [26]. The experiment performed
here is spin integrating and we focus on the charge
dynamics. By analyzing the relaxation time dependence
on the Au film thickness d,, we distinguish the electron
dynamics in the Au and Fe constituents.

Figure 1, top, depicts the experimental configuration.
Femtosecond laser pulses are generated by a commercial
regenerative Ti:sapphire amplifier (Coherent RegA 9040)
combined with a noncollinear optical parametric amplifier
(NOPA, Clark-MXR) operating at 250 kHz repetition rate.
We use pairs of 2 and 4 eV pulses each of 50 fs pulse
duration as pump and probe pulses, respectively. Pump
pulses are sent to the Au/Fe/MgO(001) sample kept at

© 2020 American Physical Society
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FIG. 1. Top: Schematic experimental configuration for front or
back side pumping depicting the photoelectron analysis and the
two-color 2PPE process for absorption of one 2 and 4 eV photon
each. Bottom: Time-dependent 2PPE intensity on a logarithmic
scale for front (top) and back side pumping (bottom) at indicated
energies above the Fermi level.

room temperature with +45° angle of incidence, see Fig. 1,
and reach at first the Au surface in the case of front side
pumping or are transmitted through MgO(001) and excite
electrons of Fe in back side pumping. The incident pump
fluence was 50 uJ/cm?. Probe pulses are in both configu-
rations sent to the Au surface close to 45° and probe
electrons in intermediate, excited states (i) at the surface in
case of front side pumping or (ii) propagating through Au
for back side pumping. The time-delayed probe pulse
photoemits electrons from the excited state by absorption
of one 4 eV photon, see Fig. 1, top right, and generates the
two-color two-photon photoemission (2PPE) signal dis-
cussed here. Photoelectrons are analyzed by a time-of-
flight (e-TOF) analyzer [31] and collected within £11° off
the surface normal; see Fig. 1. For a discussion of one- and
two-color 2PPE, see Supplemental Material [32]. The
Au/Fe/MgO(001) system was chosen due to its epitaxial
structure [33] and inert surface. Samples are grown by
molecular beam epitaxy, stored under Ar atmosphere,
transferred in ambient conditions to the photoemission
chamber, and cleaned by heating to 80°C. Crystalline
order and layer thickness were analyzed on a twin
sample by cross-sectional transmission electron micros-
copy, magnetometry, profilometry, and atomic force
microscopy; see Refs. [28,32,34].

Figure 1 shows the time-dependent 2PPE intensity for
back and front side pumping at selected energies E — Ef
for 28 nm Au/7 nm Fe/MgO(001). Time zero is defined
by the fastest signal given by the intensity maximum of
electrons at the maximum kinetic energy; see £ — Ep =
2.0 eV in Fig. 1 [35]. The upper panel depicts front side
pump 2PPE data. The lower panel shows results for back
side pumping which exhibit a shift in time delay of the
intensity built up and maximum increasing with decreasing
E — Er. This effect is assigned to delayed arrival of excited
electrons at the Au-vacuum interface. Both datasets exhibit
slower intensity relaxation for lower E — Er due to the
respective increase in hot electron lifetime [2].

Figure 2 compares back side pump 2PPE for different Fe
thickness dp, [Fig. 2(a)] and for different d,, [Fig. 2(b)].
While in the case of larger d,, transport effects are
identified through a time shift in arrival at the Au surface,
increasing of dg. results essentially in a loss of intensity.
Note that such loss of intensity is also observed with
increasing dyu,, see Supplemental Material [32], because
only electrons which reach the Au-vacuum interface are
detected. These observations support the following con-
cept. The Fe layer acts as the optically excited electron
emitter and the Au layer serves as the acceptor hosting
electron propagation as depicted by the scheme in Fig. 1.

Time-dependent 2PPE intensities are fitted by a single
exponential decay exp% convolved with the cross-
correlation (XC) of the laser pulses as determined by 2PPE
at maximum kinetic energy. Examples of such fits are
plotted as insets in Figs. 3(a) and 3(b). This fitting
determines energy-dependent, inelastic relaxation times
7(E) and time offsets 7y(E), at which the relaxation starts.
Figure 3 shows 7(E) and 7y(E) obtained for d,, = 28 nm
[Fig. 3(a)] and 5 nm [Fig. 3(b)] at dg, = 7 nm. We find a
decrease in 7 with increasing energy and—if compared at
identical energies—r is larger for the thicker than for the
thinner Au layer. Front and back side pumping lead to small
differences in 7(E) near 1.2 eV for dy, = 28 nm. Such
differences were not obtained for d,, = 5 nm, neither in
7 nor in #y. For sufficiently thin films transport effects
become negligible [17] and ds, =5 nm provides a
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4 | - 0.1
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FIG. 2. Time-dependent 2PPE intensity upon back side pump-
ing at £E— Ep=1.0eV shown in (a) for different dp. and
constant d,, and vice versa in (b). In the latter case the 2PPE
intensity is normalized to the intensity maximum.
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FIG. 3. Left axis: Relaxation times 7 of hot electrons at energies

E — E for 28 nm (a) and 5 nm (b) thick Au films on 7 nm Fe on a
MgO(001) substrate. Right axis: Time offset #,; see text. Both
quantities are determined by fitting and are given for front and
back side pumping as indicated. Error bars for #, are 46 fs at
0.7 eV and decrease to £3 fs at 2.0 eV.

reasonable reference value in this regard. For d, = 28 nm
we identify for back side pumping variations in 7y(E) up to
60 fs while #y(E) does not vary for front side pumping. The
observed ¢, > 0 for back side pumping is a nonlocal effect
and quantifies the time required for transport of electrons
excited in Fe, injected into Au across the Fe-Au interface,
and propagation through Au toward the Au-vacuum inter-
face, where they are probed in 2PPE. Following bulk
optical constants [36], 95% of the absorbed pump pulse
intensity excites the 7 nm Fe layer and the 2PPE signal
detected for 28 nm Au/7 nm Fe/MgO(001) is dominated
by electrons propagating through Au. This assignment is
supported by the increase in #, and 7 for the larger d,,
compared to the thinner one; see Fig. 3. Since relaxation
times of hot electrons in metals at few eV energy above Ep
are determined by inelastic e-e scattering [2], the similar

trend of increasing #, and 7 with decreasing energy
indicates that 7, is determined by inelastic e-e scattering
as well. On this basis the electron transport through Au is
concluded to proceed in a superdiffusive regime, which
occurs before hot electrons have thermalized by subsequent
e-e scattering events [37]. As discussed in Supplemental
Material [32], reaching the limit of diffusion would require
many scattering processes, which we exclude due to the
observation 1y(Ey) < 7(Ey), which implies individual
events. Ballistic propagation, on the other hand, would
occur for absent relaxation, which disagrees with the
observed temporal broadening in time-dependent 2PPE
intensities while the electrons propagate through Au; see
Fig. 2(b). Given the weak variation of the electron group
velocity with respect to the Fermi velocity in Au [38],
ballistic propagation is also incompatible with the increase
in #, observed with decreasing energy. Scattering might
increase the covered distance to the surface and a deter-
mination of the electron’s propagation velocity v = du, /1
which results for dy, =28 nm at E—Er =1.0¢eV in
v = 1.3 nm/fs—a value close to vy in Au—has to be
treated with care. We note that we cannot exclude ballistic
propagation of electrons £ — Er > 1.3 eV where we find
to = 0 fs, which is set by the time zero determination.

We investigate d,, = 5-95 nm and identify a thickness-
dependent 7 = 7(d,, ), see Figs. 2 and 3. The obtained 7 are
for thinner films smaller than in bulk Au [2]. Figure 4, top,
shows 7(da,)~! for different energy. To understand this
thickness dependence we consider a continuum approach to
scattering in the heterostructure, which assumes that the
individual thicknesses d,,, dp. and the extension of the
interface d,_g, are comparable with the respective scatter-
ing lengths A; ~ 7; vp;, which are 50 nm in Au and
~2 nm in Fe [28,39]. The integral scattering probability of
electrons propagating in the interface normal direction z
increases linearly with du,, dp., and dp,_g.:

dFe+dAu—Fe+dAu d d
< Fe
- = = +

dAu—Fe % ( 1 )
©(2) TR '

+
TAu-Fe TAu
0
In our 2PPE back side pump—front side probe ex-
periment, the variation of d,, allows separation of two
independent processes, see Supplemental Material [32],

described by
1 I 1 B

=—+—=A+—.
T(dAu) T T2 day

(2)

Figure 4, top, depicts fits following Eq. (2) with A and B
being the intercept with the ordinate and slope as a function
of 1/d,,, respectively. Note that both A and B/d have the
dimension of a rate. Our analysis determines relaxation
times 7; and 7, which are plotted in Fig. 4, bottom, in
comparison with literature values for hot electron lifetimes
in bulk Au and Fe 7,,, 7g., respectively, taken from
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FIG. 4. Top: Relaxation rates 7~! as a function of dy. for
different electron energies above E. Lines represent linear fits.
Slopes and intercepts determine the two relaxation rates dis-
cussed in the text. Bottom panel: The determined relaxation times
71 (°) and 7, ([J) as a function of E — Er in comparison with
literature data for hot electron lifetimes 7,, and 7, from Ref. [2]
shown by dashed lines.

Ref. [2]. Given the agreement of our data with these values,
we conclude to have distinguished the electron dynamics in
the two constituents and thereby demonstrate sensitivity to
the buried Fe film.

The observation of 7, is straightforward to understand. A
hot electron injected into Au at the Fe-Au interface pro-
pagates through the Au film and reaches the surface where it
is photoemitted. During the propagation it experiences
inelastic e-e scattering with rates of bulk Au and transfers
energy to a secondary electron. We detect this scattering by
the time-dependent reduction of 2PPE intensity at the energy
of interest at which the electrons were injected into Au. We
did not take secondary electrons into account because we
restricted the energy scale to rather high values E — Ep,
where primary electrons dominate [17]. Secondary electrons
start to contribute at half the primary energy [2], which is
E — Er <1 eV for the highest energy electrons at 2 eV
studied here. For sufficiently thick Au films, the second term
in Eq. (2) vanishes and scattering in Au dominates.

Understanding the determination of g, in buried Fe
requires consideration of all processes that may contribute
to B in Eq. (2). Following Eq. (1) we take scattering in Fe
and at the Au-Fe interface into account. Since we find
within the experimental uncertainty 7, = g, we conclude

that the scattering at the interface does not contribute. In the
investigated epitaxial heterostructure electron injection
across the interface can be assumed to proceed by coherent
propagation of a wave packet in Bloch states which
conserves energy and momentum across the interface
[18,34]. Therefore, the injection process across the Au-Fe
interface is ballistic and violates our above assumption
d au—Fe ® Aau—Fe, Which might be reason for not detecting it.

In addition, the reported approach provides opportunities
to analyze scattering at buried interfaces originating from
(i) electronic interface states and (ii) scattering at non-
epitaxial interfaces for heterostructures in general. While
(i) might be investigated in an analysis following Eq. (2)
through the appearance of anomalies in the energy-
dependent relaxation times and lead to deviations from
the smooth variation reported in Fig. 4, the impact of
(i1) can be determined by changing the thickness of both
constituents as introduced in Eq. (1). As detailed in
Ref. [32], this would lead to an additional term in
Eq. (2) representing scattering at the interface.

In conclusion, we demonstrate a time-domain analysis of
electron dynamics in epitaxial Au/Fe/MgO(001) hetero-
structures with a total thickness of 12-102 nm. We
distinguish the energy-dependent scattering rates in Fe
and Au using optical pumping of Fe and detection at the Au
surface by two-photon photoemission. We also identify the
electron propagation to proceed in a superdiffusive regime.
This separation of electron dynamics in the individual
heterostructure constituents showcases the impact our
approach might have on future work. A spectroscopy
which accesses buried interfaces or media and provides
energy-dependent information on electron dynamics is
rarely available and may provide highly desired insight
into heterostructures in general. We expect that this
approach will bridge conventional transport measurements
and time-domain spectroscopy. Implementing angle- and
spin-resolved detection of photoelectrons will provide
momentum- and spin-dependent information and a more
comprehensive understanding of electron dynamics in
complex materials. We expect further that this approach
to electron transport dynamics will be applied to semi-
conducting or insulating material systems due to its
sensitivity to excited electronic states.
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funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) Project No. 278162697—
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Note added in proof.—We mention a recent report of spin-
and time-resolved photoemission of spin currents, see [40].
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In condensed matter, scattering processes determine the transport of charge carriers. In case of heterostruc-
tures, interfaces determine many dynamic properties such as charge transfer and transport, and spin current
dynamics. Here, we discuss optically excited electron dynamics and their propagation across a lattice-matched,
metal-metal interface of single crystal quality. Using femtosecond time-resolved linear photoelectron spec-
troscopy upon optically pumping different constituents of the heterostructure, we establish a technique that
probes the electron propagation and its energy relaxation simultaneously. In our approach, a near-infrared
pump pulse excites electrons directly either in the Au layer or in the Fe layer of epitaxial Au/Fe/MgO(001)
heterostructures while the transient photoemission spectrum is measured by an ultraviolet probe pulse on the Au
surface. Upon femtosecond laser excitation, we analyze the relative changes in the electron distribution close
to the Fermi energy and assign characteristic features of the time-dependent electron distribution to transport
of hot and nonthermalized electrons from the Fe layer to the Au surface and vice versa. From the measured
transient electron distribution, we determine the excess energy, which we compare with a calculation based
on the two-temperature model that takes diffusive electron transport into account. On this basis, we identify a
transition with increasing Au layer thickness from a superdiffusive to a diffusive transport regime at 20-30 nm.

DOI: 10.1103/PhysRevResearch.4.033239

I. INTRODUCTION

The propagation of electric currents in metals and semi-
conductors is on a microscopic level determined by scattering
of charge carriers with themselves, with crystal defects, and
with phonons. At interfaces the electronic structure changes
abruptly and the necessary energy and/or momentum transfer
of charge carriers is mediated by interaction with secondary
charge carriers and/or phonons. In case of pseudomorphic
interfaces without defects, hybrid electronic wave functions
develop, which conserve energy and momentum at selected
points in the electronic band structure E (k) across the in-
terface. In the more general case with defects, electron and
momentum changes across the interface are compensated by
inelastic and elastic scattering processes, respectively. There-
fore, charge injection and charge carrier multiplication across
interfaces is an interesting problem, which is relevant in
various energy conversion applications [1]. In case of spin-
polarized currents across such interfaces, generated by, e.g.,
charge carriers excited in ferro- or ferrimagnetic emitters,
spin-dependent dynamic properties occur and spin filter ef-
fects are a typical example [2].
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Analysis of the femto- to picosecond dynamics of opti-
cally excited, hot charge carriers in condensed matter provides
microscopic information on the interaction processes, which
these charge carriers experience in the relaxation process
[3-5]. To achieve such a quantitative understanding, it is
essential to distinguish transport effects, which spatially re-
distribute the excited electron density leading to transient
inhomogeneous situations, and spatially homogeneous relax-
ation.

Transport phenomena arise from driving forces such as
gradients in occupation number. A gradient in the hot elec-
tron density, which can be excited by optical absorption of
femtosecond laser pulses within the optical absorption depth,
drives electron currents. The latter can be either ballistic or
diffusive depending on the ratio between scattering length and
sample size. A gradient in temperature results in heat flow
[6,7]. Such transport effects have been observed in early stud-
ies [8], and were empirically [6] as well as microscopically
[9] taken into account in theoretical modeling. While these ef-
fects are particularly relevant in surface sensitive experiments,
e.g.. time-resolved photoemission [10—-13] and surface second
harmonic generation [6], they also facilitated separation of
transport from relaxation effects in linear optical experiments
due to differences in depth sensitivity of the real and imagi-
nary part of the optical response [14].

Brorson et al. [8] have established a direct experimen-
tal approach to distinguish transport (nonlocal effects) from
relaxation (local effects) in pump-probe experiments by
pumping and probing at opposite or identical sides of the sam-
ple of interest, respectively. The resulting transient electronic
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population can modify chemical bonding of molecules on
surfaces in catalytic surface reactions [11,15]. The back-side
excitation geometry allows to pump the system exclusively
by hot electrons contrary to optical excitations, which in-
volve initial states in, e.g., HOMO-LUMO transitions of
adsorbed molecules. More recently, this backside pump ap-
proach was used by Melnikov et al. to investigate spin currents
in Fe/Au heterostructures [16-19] by linear and nonlinear
optical pump-probe experiments and by Bergeard et al. [20]
to analyze hot electron induced demagnetization of Co/Pt
heterostructures by linear optical means. In a more recent
work, ballistic charge carrier propagation has been investi-
gated in such a configuration in perovskite thin films [5],
however, without energy-dependent information on the scat-
tering processes. Such spectroscopy was demonstrated in
time-resolved two-photon photoemission experiments on epi-
taxial heterostructures Au/Fe/MgO(001) in which the pump
pulse excited the Fe and the photoelectrons were emitted
from the Au surface [21]. In this work, we demonstrated
that achieving ballistic currents in these samples is challeng-
ing because the time scale for ballistic propagation through
the sample at the Fermi velocity is close to the average
electron-electron scattering time, which were reported earlier
[4,22]. In such a case, the electronic transport is considered
to be super-diffusive rather than ballistic [9]. Moreover, the
spin-dependent dynamics in such heterostructures consisting
out of ferromagnetic metals and heavy metals are exploited
as THz emitters due to the spin-dependent currents across
these interfaces [23]. Understanding the spatiotemporal elec-
tron distribution might facilitate a microscopic understanding
in these emission processes and help to distinguish spin-
polarized charge vs. magnon currents.

In this paper, we report our results on time-resolved linear
photoemission spectroscopy (tr-PES) performed on epitaxial
Au/Fe/MgO(001) heterostructures of different Au thick-
nesses. In these measurements, the photoemission spectrum
of the Au layer in the vicinity of the Fermi energy (Er) was
probed while carriers were excited either directly in the same
Au layer or in the nearby Fe layer. We analyze the dependence
of the hot-electron dynamics as a function of the Au layer
thickness and identify signatures of electronic transport in
the nonequilibrium electron distribution function, which we
discuss on the basis of the time-dependent excess energy.

II. EXPERIMENTAL DETAILS

The samples under study are epitaxial Au-Fe heterostruc-
tures grown on a transparent MgO(001) substrate using
molecular beam epitaxy. A schematic of the sample is shown
in Fig. 1(a). In a preparation chamber, Fe(001) was grown on
the MgO(001) substrate, which was followed by growth of
Au(001). Note that the in-plane axes of both layers are rotated
by m /4 with respect to each other to minimize the lattice
mismatch between Fe and Au and facilitate pseudomorphic
growth [24,25]. The MgO allows for an almost transpar-
ent path for direct optical excitation of the Fe layer in the
pump-probe measurements. The thickness of the layers was
determined by AFM and depth analysis of grooves through
the whole film stack, which was prepared by a needle. In
this work, three different Au layers of thickness da, = 5 nm,

(@) (b)
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FIG. 1. (a) Schematic of the sample configuration along with
the two pump and probe configurations used in the measurement of
the #7-PES with an electron time of flight spectrometer (e-TOF). A
1.53 eV infrared pump beam excites carriers directly either in the
Au layer (Au side) or in the Fe layer (Fe side) while a 6.13 eV
UV pulse always probes the Au surface. (b) Energy diagram of the
tr-PES measurement with a time delay Ar between the pump and
probe pulses, E,,. is the vacuum energy, Er is the Fermi energy
of the metallic heterostructure and Ey;, the kinetic energy of the
photoelectrons.

15 nm, and 28 nm were investigated. The Fe layer was kept
at a fixed thickness dp. = 7 nm. The time-resolved photoelec-
tron spectroscopy measurements were carried out after sample
transfer through ambient conditions into the vacuum chamber
equipped with the photoelectron spectrometer under ultrahigh
vacuum conditions in two different pump configurations, see
Ref. [26] for a detailed description of the photoemission setup.
The schematic of the pump and probe configurations are
shown Fig. 1(a). In the Au-side configuration, both the pump
and probe pulses arrive directly on the Au surface. In the
Fe-side configuration, the pump pulse reaches the Fe layer by
entering through the MgO substrate while the probing is still
done on the Au surface, spatially separating the electron exci-
tation from the probe at the surface. The infrared pump pulses
at 1.53 eV used in the -PES measurements were obtained
directly from the output of a Ti:Sapphire amplifier (Coherent
RegA 9040) operating at a repetition rate of 250 kHz. The
spectral width of the pump pulse was 70 meV full width
at half-maximum (FWHM). The 6.13 eV probe pulses were
obtained by generating the fourth harmonic of the fundamen-
tal 1.53 eV beam using two consecutive second-harmonic
generations in a Beta barium borate crystal (8-BBO). Both
the pump and probe beams were p polarized. The angle of
incidence of both the pump and probe beams on the sam-
ple were close to 45°. In the Fe-side pump configuration,
the pump beam has an incidence angle of 45° towards the
sample and 90° with respect to the probe beam. The pump
fluence used in all the measurements was about 100 pJem ™2
It was limited by photoelectron emission due to multiphoton
absorption of the pump pulse. The typical FWHM of the pump
beam was usually between 100—150 wm with the probe beam
focus being roughly 30% smaller to ensure homogeneous
excitation. The kinetic energy of the photoelectrons emitted
by the sample within an angle +11° to the surface normal
was collected and measured using a time-of-flight electron
spectrometer (e-TOF). The photoemission process in the Au
layer is illustrated by Fig. 1(b). All the measurements were
carried out at room temperature. The time resolution of the
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FIG. 2. The calculated relative pump light intensity with respect
to the incident light field (dashed lines, left axis) and the relative
absorbed pump light intensity (solid lines, right axis) as a function
of Au layer thickness for (a) Fe-side and (b) Au-side pumping. The
Fe layer thickness is fixed at 7 nm. The maximum in absorption
intensity in (b) is higher at the interface because of the change in
optical constants for a change in layer sequence.

setup was determined by measuring the temporal width of
the highest electrons in the correlated photoemission signal,
which was found to be below 100 fs.

To understand to what degree absorption of the pump pulse
occurs in the Au and Fe layers, we calculate the electric field
inside the material in both pump configurations using the
IMD software [27] and derive the absorbed power P(z) in the
different constituents

P(2) = n(@)I(2) = n@IEQ@ =n@hLe ™™, (1)

with z being the distance from the Fe-Au interface along the
normal direction, « the absorption coefficient, /(z) the inten-
sity, E(z) the electric field and n(z) the refractive index of the
material. The power in the layer stack is given by the real part
of the Poynting vector. Figure 2 depicts the relative intensities
for Fig. 2(a) Au-side and Fig. 2(b) Fe-side pumping, as well as
the relative absorbed power, which we obtained by subtracting
the transmitted field and normalizing the incoming intensity
to 1 because we are only interested in the attenuation of
the field by absorption. To determine the spatial distribution
of the optical absorption in the heterostructure, we used the

10° 1 Au-side pump
— At= -
o) -1 -
8 10 — At=0fs
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£ 10 — At= -
2 ey — At=0fs
8 4
< 10T
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-1 0 1 2
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FIG. 3. Photoemission intensity Ilpgs(E) measured on the Au
surface of the Au/Fe/MgO(001) heterostructure with da, = 5Snm
at two different time delays for Fe-side (black) and Au-side (red)
excitations. The photoemission spectra measured much before the
arrival of the pump pulse are shown in light colors while the spectra
obtained at time zero are shown in full colors. The spectra are
normalized at E — Er = —0.1eV. The incident pump fluence used

in the experiment was about 100 Jem 2.

pump photon energy E = 1.53eV, the angle of incidence
0 = 45°, the p polarization of the light, the refractive indices
nau(1.53 eV) = 0.08, ng.(1.53 eV) = 3.02 and the extinction
coefficients ka,(1.53 V) = 4.69 kg.(1.53 eV) = 3.72 [28]. We
find that in case of Fe-side pumping the absorption is almost
exclusively occurring inside the Fe layer: 99% for da, = 5 nm
and 94% for da, = 28nm. The case for Au-side pump is
more involved. In the bottom panel of Fig. 2 we recognize a
strong variation in the relative intensity at the Fe-Au interface
because of the change in refractive index. The thicker the Au
layer is, the stronger the light field is attenuated in Au when it
reaches Fe. The intensity that reaches Fe decreases with da,.
At day = 5nm, 11% of the pump is absorbed in Au, while
the majority is absorbed in the Fe layer. For da, = 28 nm, the
absorption of the pump mostly occurs in the Au layer and for
dpay, = 15nm around 40% is absorbed in Au and 60% in Fe.
We note that a systematic comparison of the pump-induced
dynamics as a function of da, should be done for compara-
ble pump conditions, i.e., Fe-side pumping. Au-side pumping
distributes the pump energy in a nontrivial manner across the
layer stack.

III. EXPERIMENTAL RESULTS

Figure 3 shows the recorded photoelectron spectra Ipgs(E)
for dyy = 5 nm well before the pump pulse arrival At = —o0,
which we term Ipz¢(E ), and at temporal pump-probe overlap
At = 0. Results for the cases of Fe- and Au-side excitation
are depicted. The measured photoemission spectra contain
signatures of photoexcited holes at E — Er < 0eV for both
configurations. However, in the present paper we discuss the
changes above Ep due to the better statistics of the data, which
allows for a detailed analysis. For energies above Ef, the spec-
trum at At = —oo follows a Fermi-Dirac distribution taking
into account spectral broadening due to the ultraviolet fem-
tosecond probe laser pulse with a bandwidth AE = 60 meV
and room temperature, where the data were recorded. The
difference in the low-energy cutoff near E — Er < —1¢eV,
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FIG. 4. Pump-induced changes in the time-resolved photoemis-
sion intensity Alpgs(At) at energies above the Fermi level for Fe-side
(a), (¢), (e) and Au-side (b), (d), (f) pumping for the three different Au
layer thicknesses da, = 5, 15, and 28 nm. The incident pump fluence
was 100 uJem™2. Spectra recorded at delay times in between the
depicted ones were averaged symmetrically to improve the statistics
and the variation in the time delays between the depicted spectra
represent the statistics of the original data sets.

which is determined by the work function, is explained by
the different positions on the Au surface at which the spectra
were recorded and local variation in the work function. With
the absorption of the infrared pump pulse, electrons in the
states up to 1.53 eV below Ep are excited to states up to
1.53 eV above Eg. One can clearly recognize this absorp-
tion by the increase in photoemission intensity relative to
before the pump-pulse arrival by an order of magnitude to
10~* at At = 0 in that energy range. Note that the spectra at
At = 0 for Fe- and Au-side pumping are found to be almost
identical for the 5 nm thick Au layer. For the further discus-
sion the pump-induced changes in the photoelectron spectra
Alpgs(E, At) = Ipgs(E, At) — ISES (E) are calculated.

In Figs. 4(a), 4(b) we show Alpgs(E, At) at selected delay
times for Fe- and Au-side excitation of the heterostructure
with day, = 5nm. Such measurements were also performed
for da, = 15,28 nm and are also shown in Fig. 4. In all the

" " | "
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FIG. 5. Time-dependent change in photoemission intensity
Alpgs(AFE) upon laser excitation at energies above the Fermi level
for a Au layer thickness dj, of 28 nm in both (a) Fe-side as well as
(b) Au-side pumping. The intensities were integrated over an energy
AE of 200 meV. Only selected energies in the 1.55 eV high pump
induced change are shown for visibility.

samples and independent of the side of excitation, the absorp-
tion of the pump pulse causes significant changes in Alpgs in
the energy range of 0-1.5 eV at Ar = 0. The time-dependent
evolution Alpgs(At) strongly depends on the electron energy
and proceeds differently above and below E-Er = 0.5eV. We
distinguish two contributions. At higher energies, the transient
electron distribution depends exponentially on energy and re-
laxes with increasing At. The second contribution occurs for
E — Er < 0.5eV and contains about one order of magnitude
more electrons per energy. Further, up to nearly 100 fs the
overall distribution is clearly nonthermal, i.e., it deviates from
a Fermi-Dirac distribution.

In order to compare the difference in the temporal re-
sponse at various energies, we plot the time-dependent change
in photoemission intensity, Alpgs(E, At), for selected en-
ergies in Fig. 5 for Fe- and Au-side excitations of the
heterostructure with da, = 28nm and dg. = 7nm. We ob-
serve that the magnitude of Alpgg of the low-energy electrons
of the Fe-side pump case is much higher, it increases slowly
reaching a maximum at a delay time of 100 fs, relaxes
within 800 fs, and has a weak pedestal at longer delays.
In the Au-side pump case, Fig. 5(b), the change in photoe-
mission intensity is much weaker compared to the Fe-side
case, even though we are directly probing the pumped
region. Further, the maximum Alpgs at all energies are
reached almost at zero time delay and they all decay faster.
Thus, the behavior of the low-energy electrons of the Fe-
pumped case is very different from all others. To investigate
this effect in more detail, we calculate the time-dependent
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FIG. 6. The time dependence of the energy densities € calculated
at different energy ranges using Eq. (2) for the Fe-side (a)-(c) and
Au-side (d)—(f) excitation. The determined € can be compared quan-
titatively for the different experimental datasets. The green traces
are energy densities calculated by an adapted two-temperature model
(TTM) and convolved with a 80 fs FWHM Gaussian pulse. They are

scaled to the experimental data by a factor, see text for details.

energy content at low- and high-energy regimes from these
data.

The energy and time-dependent relative change in the elec-
tron population An(E, At) is assumed to be proportional to
the measured Alpgs. The time-dependent energy content in a
given energy range E; to E; is then calculated by [11],

Ep
er (A =C An(E, At)(E — Eg)dE, )
E,
where C is a proportionality constant, which depends on
photoelectron detection efficiency. It is determined by the
photoemission matrix element and geometric factors of the
setup. Since the probing geometry and photon energy are kept
constant for all measurements reported here, the integrals in
Eq. (2) resulting for the different data sets can be compared
among each other. Therefore, egf represents a normalized
quantity, which provides access to the relative excess energy
content.

In Fig. 6, we show these time-dependent energy densities,
the total measured energy density €7 in the full energy range
(0.1-1.5eV), 68:15 for the lower-energy excited electrons, and
€3 for the higher-energy excited electrons of all samples and
both pump configurations. In all the cases, the e(l)_'f plotted in
Fig. 6 shows a rise of the excited carriers at time zero with the
arrival of the pump pulse followed by a decay at later times.
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FIG. 7. (a) Combined false color and contour plot of the cal-
culated electron temperature by using the two-temperature model
(TTM) as detailed in the text for dr. = 7 nm and d,, = 100 nm. Two
contour lines are separated by 10 K. The horizontal axis describes the
position z along the interface normal; z < O represents Fe and z > 0
the Au layer. The change with At is plotted along the vertical axis.
The electronic heat is generated by an instantaneous increase of 7, in
Fe from 300-500 K. (b) Temperature transients at indicated values
of z as a function of At. z = 0 refers to the Fe/Au interface. (c) Time
evolution of the electron temperature at selected z. (d) Low-energy
density € for Fe-side pumping of da, = 5, 15, 28 nm and Au-side
pumping of ds, = Snm. The data sets are scaled to each other to
match at Ar = 0.5 ps.

A comparison of the measured total energy density shows
that for one selected pumping geometry the maximum e&_'f
reduces with the increase in the Au layer thickness. Further,
the maximum €/ is always higher for the Fe-side pumping
if compared to that of corresponding data for Au-side excita-
tion. These observations are well explained by the absorption
calculations discussed earlier in Fig. 2. The pump absorption
is much larger if electrons are excited in Fe compared with
Au-side pumping. Apart from the case of da, = Snm, the
decay is slower for the Fe-side excitation when compared to
that of Au-side excitation. In case of da, = 5nm the decay
occurs on identical time scales for both pumping configu-
rations, see Fig. 7(d) for a direct comparison. These slower
decaying cases always show a delayed maximum in 68:15 with
respect to time zero. Further, we find that for all da, in the
Fe-side pump configuration e&g decays faster and is lower in
magnitude when compared to that of the corresponding €7
(Fig. 6). Thus, after a buildup of low-energy electrons due to
scattering of high-energy electrons, the low-energy electrons
(< 0.5 eV) comprise the majority of the measured energy
density.
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IV. TWO-TEMPERATURE MODEL

We compare the observed electron-propagation dynamics
in case of Fe-side pumping with model predictions in the limit
of thermalized electron distributions as a function of At and
position z along the interface normal direction. To this end,
we adopted the two-temperature model (TTM) by Anisimov
et al. [29] by (i) considering Au and Fe films of thicknesses
day and dg., respectively, and (ii) assuming that the optical
excitation occurs exclusively in Fe following the dominant
pump absorption in the Fe layer for Fe-side pumping, see
Fig. 2. We, furthermore, assume that the electrons in Fe in-
stantaneously reach an electron temperature 7, = 500 K. We
obtained this value by fitting a Fermi-Dirac distribution func-
tion to the time-dependent photoemission spectra in Fig. 4 at
At = 100 fs. We take material parameters for Au and Fe into
account as detailed below. The TTM takes e-ph interaction
and diffusive heat transfer into account as described by the
coupled differential equations [15,29,30],

oT, 0 aT,
CT)— =S(At,2) —g(T, —T)) + — |« , 3
ot 9z a9z

oT;
C—— =8I =T), “)
ot

where C, = yT, and C; are the electron and lattice spe-
cific heat capacities, respectively, « is the electronic part of
the thermal conductivity which is responsible for diffusive
electronic transport in the Au layer. The e-ph interac-
tion is modeled by e-ph coupling constants g taken from
literature: ga, = 2.3 x 10" Wm™>K~! [8] and gp. =9 x
10" Wm—3K~! [31]. The difference in the e-ph coupling con-
stants is linked to the larger electronic density of states at the
Fermi energy in iron compared to gold [32]. Diffusive heat
transport driven by the gradient 07;/9z is discarded because
it proceeds on time scales >100 ps, which are not discussed
here. The reason is that 7; and 97;/0z are considerably smaller
than the respective values for 7,. S(z,t) is the source term
determined by the energy C, 7, deposited in Fe. The electronic
thermal conductivity « is taken as temperature dependent
[15]: «(T;) = koT,/T;. Since the Debye temperature of Au
is 165 K, we used the high-temperature value of CIA“(T —
00) = 33 Jmol~'K~! [33]. For Fe, whose Debye tempera-
ture is 460 K, we take the room temperature value C,Fe(T =
300K) = 26 Jmol'K~! [34]. Using further literature values
for Au and Fe «f" =317Wm'K~!, A" =71 Jm K2,
Kkt =80 Wm™'K™!, yF¢ = 764 JIm K2 [35], the transient
electron temperature was calculated. Figures 7(a)-7(c) de-
pict the results of this calculation for a gold thickness of
day = 100 nm, which enables us to simultaneously discuss the
experimental results of different gold thickness.

With increasing time delay, we observe the cooling of
the electron system in Fe driven by e-ph coupling which is
very efficient and occurs already around 100 fs, see z < 0
in Fig. 7(a). Simultaneously, electron diffusion is driven by
dT,/dz across the Fe-Au interface and increases 7, in Au, see
z > 0 in Figs. 7(a), 7(b). The cooling of 7, in Au is slower
than in Fe because the e-ph coupling in Au is almost 40 times
weaker than in Fe. The combination of diffusive electron
transport and e-ph coupling determines effective finite time
and length scales of diffusive electron transport, which in-

crease T, within 200 fs and 100 nm by approximately 50 K as
discussed in the following. Since in Au the electron transport
is faster than e-ph coupling, 7, increases on a second, longer
time scale for larger distance to the Fe-Au interface and for
later delays, see the data for 0.5 and 1.0 ps in Fig. 7(b).
In agreement with this interplay between e-ph coupling end
electron diffusion, Fig. 7(c) indicates that the maximum 7,
shifts to later At with increasing z. At a distance of 43 nm to
the Fe-Au interface the maximum 7, is found at Ar = 190 fs,
while it occurs at 28 nm distance at 110 fs.

A more detailed look suggests to distinguish two regimes
of the relaxation dynamics, i.e., the cooling of T, in Au as a
function of z. First, for z < 20 nm, i.e., within Au close to the
Fe-Au interface, the relaxation in Au is almost as fast as in
Fe, which is explained by electron transport from Au back to
Fe. This is driven by the faster e-ph coupling in Fe compared
to Au, which reduces 7, in Fe and results in 07,/dz of the
opposite sign compared to initial diffusive electron transport
into the Au. Within these spatial and temporal regimes diffu-
sive electron transport from Au to Fe occurs and the excess
energy in Fe decays too fast for the electrons to couple to
phonons in Au and electrons in Au transfer back to Fe and
couple to phonons in Fe. This explains why 7, in Au very
close to the interface relaxes much faster than in bulk Au [6]
and emphasizes that for z < 20nm the relaxation of 7,, and
€, is determined by electronic transport effects. Second, for
z > 70nm, the electron temperature reaches a maximum in
Au at 300 fs and e-ph coupling in Au is a relevant channel
for energy dissipation because at these larger z the distance to
Fe is too large to compete by diffusive electron transport to
Fe with the local e-ph coupling in Au. Third, in between, for
20 nm < z < 70 nm, there is a transition from the low-z to the
high-z regime.

V. DISCUSSION

Since the probing occurs at the Au surface for both pump
geometries, the experimental results reported above for Au-
side and Fe-side pumping allow for a direct comparison of
hot electron dynamics that is driven by electrons injected
at a defined distance into the Au layer with dynamics that
is optically excited at the Au surface. The measured energy
distribution of the photoexcited electrons above Ep, see Fig. 4,
exhibits two interesting features for da, = 15, 28 nm. (i) The
results for Au-side pumping is characterized by an electron
population loss at E — Eg > 0.5 eV. For Fe-side pumping the
population relaxes above 0.5 eV as well, but below 0.3 eV
the population increases during the first few 10 fs, in contrast
to data for Au-side pumping. (ii) The distribution change with
increasing At indicates a stronger trend towards a thermalized
electron distribution for Fe-side than for Au-side pumping.
Both observations are in good agreement with the assignment
of an excess energy loss of hot electron distributions to trans-
port effects in previous time-resolved photoemission studies
on Ru(001) [11]. The hot electrons excited at the Au surface
propagate into the depth of the Au film and into Fe, which
leads to a loss in the time-resolved photoelectron intensity
since photoemission is a surface sensitive probe. In case of the
Fe-side pumping, the hot electrons scatter with other electrons
while they propagate through the whole Au layer and are
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monitored in the spectrum at a lower electron energy, closer to
a thermalized distribution. Nevertheless, the observed electron
distributions still feature nonthermal contributions up to At =
300 fs. The case of da, = 5 nm differs characteristically from
this behavior because the optical transmission of the pump
pulse through the very thin Au layer for Au-side pumping
and its absorption in Fe still induces the dominant hot electron
fraction, see Sec. II.

This scenario is in good agreement with our analysis of the
time-dependent energy density shown in Fig. 6. For Au-side
pumping and da, = 15, 28 nm, the excited energy density is
completely dissipated within 250 fs while for Fe-side pump-
ing a remnant pedestal at 1 ps is found, that we assign to
phonons excited by e-ph coupling. Moreover, in case of Au-
side pumping the high-energy fraction of the energy density,
i.e., )3, accounts for about half of the total €7, while for
Fe-side pumping this fraction is with about 20% much weaker.
This behavior confirms the dominant contribution of scattered
electrons in case of Fe-side pumping and motivates the com-
parison of the experimental results for Fe-side pumping with
the TTM calculations introduced in Fig. 7. In Figs. 6(a)-
6(c), we compare the measured energy densities with those
determined by the two-temperature model, which were cal-
culated by using a thermalized pump-induced change in the
population change An in Eq. (2) for the da, investigated in
the experiment. The temperature of that population change
was taken from the two-temperature model calculations and
are depicted by the green lines. The relaxation of measured
time-dependent energy densities 66:15 follows the modeled
transient behavior. We find that the smaller da, is, the larger
the deviations between experiment and the model become.
For dp, = 28 nm, experiment and model match quantitatively.
We conclude that for da, = 5, 15 nm the scattering pathway
through the Au layer is not sufficient to reach a diffusive limit
and we consider that electronic transport processes from Au
to Fe, see above, which are faster than the purely diffusive
contribution in Eq. (3), are responsible for this behavior. In
this limit, our observations agree with reports in the litera-
ture by Battiato er al. that conclude on the importance of
superdiffusive transport under similar conditions as discussed
here [9] and our own previous work [21]. For da, = 28 nm,
the agreement between experiment and the model suggests
that the transport proceeds diffusively and scattering in these
thicker films is found to be sufficient to reach this limit.

In Fig. 7(d) we replot the measured €7 for all da, af-
ter multiplication with factors such that the data match at
At = 0.5 ps, which works well within the experimental un-
certainty. Due to the rather small changes in T,, we discard
here the resulting variation in the temperature-dependent elec-
tronic specific heat and compare the scaled energy density in
Fig. 7(d) with the calculated electron temperature in Fig. 7(c).

We find that the experimental and theoretical results agree
well qualitatively regarding the coinciding transient behav-
ior for different da, at Ar > 0.5 ps. Also, the maxima in
eg.'f(At, da,) recede to almost half for a change in dp, from
5-28 nm in good agreement with the prediction of the cal-
culation. However, the time delay at which the maxima in
egjf(At, day) occur for different da, show a monotonous in-
crease in At in case of the calculations. In the experimental
results the time delay of the maxima for € with increasing
day appears as nonmonotonous. Such deviations from the
model behavior could indicate transport effects beyond the
diffusive limit for the two thinner layers in agreement with the
conclusions above from the energy relaxation. We expect that
future experiments will allow more gradual variation in day,
an improved time resolution to monitor the primary energy
injection from Fe to Au, and usage of higher pump fluences to
provide improved data quality in order to distinguish diffusive
and superdiffusive regimes more rigorously.

VI. CONCLUSION

In this work we reported experimental results obtained in
linear femtosecond time-resolved photoelectron spectroscopy
of epitaxial heterostructures Au/Fe/MgO(001) for different
pump excitation geometries. The pump pulse either reaches
the Au or the Fe-side of the heterostructure while probing
always occurs at the Au surface. We draw conclusions from
the measured time-dependent photoelectron emission spectra
regarding the transient electron distribution and scattering. In
addition, we determined the transient excess energy density
from these distributions, which is dissipated to the largest
extent within 1 ps for Fe-side pumping and within 300 fs for
Au-side pumping. The Fe-side pumping results are compared
to a calculation by the TTM, which predicts spatiotemporal
dynamics under the consideration of e-ph coupling and dif-
fusive electron transport. We conclude that electron transport
dynamics proceeds close to a diffusive limit, but at a Au layer
thickness of 20-30 nm a transition from a superdiffusive to a
diffusive regime was identified based on the comparison of the
modeled and the measured energy relaxation. Our experimen-
tal approach gives clear insight that hot electrons propagate
through the sample.
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The transport of optically excited, hot electrons in heterostructures is analyzed by femtosecond, time-resolved
two-photon photoelectron emission spectroscopy (2PPE) for epitaxial Au/Fe/MgO(001). We compare the
temporal evolution of the 2PPE intensity upon optically pumping Fe or Au, while the probing occurs on the Au
surface. In the case of Fe-side pumping, assuming independent relaxation in the Fe and Au layers, we determine
the hot electron relaxation times in these individual layers by an analysis of the Au layer thickness dependence
of the observed, effective electron lifetimes in the heterostructure. We show in addition that such a systematic
analysis fails for the case of Au-side pumping due to the spatially distributed optical excitation density, which
varies with the Au layer thickness. This paper extends a previous study [Beyazit et al., Phys. Rev. Lett. 125,
076803 (2020)] with data leading to reduced error bars in the determined lifetimes and by a nonlinear term in
the Au thickness-dependent data analysis which contributes to similar Fe and Au film thicknesses.
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I. INTRODUCTION

Excited electrons in Bloch bands of condensed matter scat-
ter on femtosecond to picosecond timescales due to the strong
interaction with bosons and other electrons by e-boson and e-e
scattering, respectively [1-4]. Due to the filled valence band
in semiconductors, e-phonon coupling dominates the relax-
ation dynamics in the conduction bands of these materials. In
metals, the half-filled bands provide a large phase space for
e-e scattering. In addition to the scattering rates as a function
of electron energy £ and momentum k, the propagation of
such excitations in real space is important to consider from a
fundamental point of view as well as in device applications.
Finally, gradients in real space induce currents of free charges
[1,5] which will heat up the crystal lattice and the device
structure by e-ph coupling.

While the decay rates of electronic excitations in metals are
by now rather well understood [3,4], the nature of currents on
femtosecond and picosecond timescales are a topic of current
research, and fundamental questions are of interest. In a sem-
inal study using femtosecond laser pulses in a pump-probe
experiment on freestanding Au films, Brorson et al. [1] con-
cluded on the ballistic nature of electron currents. On the other
hand, it was shown more recently that the analysis of propaga-
tion velocities calculated by dividing the film thickness by the
propagation time is not accounting for the actual electronic
propagation pathway [6—8], and individual e-e scattering pro-
cesses occur although the determined velocities along the
normal direction of the film are close to the Fermi velocity [7].
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Such transport phenomena can have considerable influence on
the quantitative analysis of hot electron lifetimes [9,10] and
transient electron distribution functions [11] centered at the
Fermi energy if discarded in surface sensitive methods like
photoelectron emission spectroscopy.

Ultrafast electron currents in metals can carry a spin
polarization [12], and the resulting spin currents and their
interaction with ferromagnetic layers in heterostructures have
provided opportunities to control magnetic excitations medi-
ated by spin-pumping, spin-accumulation, and spin-transfer
torque [13-20]. These experimental studies rely on magneto-
optical or terahertz probes which do not directly access the
transient electron distributions. To complement those studies,
it is therefore desired to provide energy- and time-resolved
information on the propagating electrons.

In the context of spatiotemporal transport effects, it is
useful to distinguish the decay dynamics of (i) individual elec-
tronic quasiparticles and (ii) hot electron distributions. In the
first regime, the decay times measured in time-resolved exper-
iments like two-photon photoelectron emission spectroscopy
(2PPE) represent the interaction with further microscopic ex-
citations in response to e-e, e-magnon, and e-ph scattering
which is represented by the imaginary part of the self-energy
[3,21]. Since no temperature is defined for a single particle,
this regime describes by definition a nonthermal limit. In the
second regime, the distribution of many electrons is analyzed,
and single-particle properties are lost within the distribution.
This regime provides insight into the time-dependent energy
content of the excited electronic system as a whole and how
it interacts with the magnetization or spin polarization [12].
Within simplifying assumptions, it is described, in principle,
by the two-temperature model and its derivatives [5,22,23].
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The effect of electron transport in time-resolved photoelectron
spectroscopy in the first regime has been analyzed in Beyazit
et al. [7]. A more recent publication by Kiihne et al. [24]
addresses the second regime and discusses transport effects
within the two-temperature model, which allowed them to
distinguish diffusive and superdiffusive electron transport.
The specific time- and energy-dependent electron dynamics
that extends Ref. [7] will provide input to works that so far
assumed thermalized distributions [25] or lack sensitivity to
nonthermal electrons [26].

In this paper, we report on time-resolved 2PPE results
on epitaxial Au/Fe/MgO(001) heterostructures. We directly
compare the 2PPE spectra detected on the Au surface in the
cases of Fe- and Au-side pumping and analyze the energy-
dependent relaxation and propagation times as a function of
the Au layer thickness da,. In the case of Fe-side pump-
ing, the determined relaxation times depend on the energy
above the Fermi level E — Er and on du,, which is qualita-
tively explained by a sum of the decay rates in Fe and Au
following Matthiesen’s rule. In the case of Au-side pumping,
this separation fails which is explained by the difference in the
optical excitation profiles for Fe- and Au-side pumping. We
complement our previous work, Ref. [7], by recently obtained
results that are reported here in combination with an extension
of the fitting model.

II. EXPERIMENTAL DETAILS

A. Sample Preparation and Characterization

Epitaxial Au-Fe heterostructures were grown on
MgO(001) by molecular beam epitaxy. Fe(001) was prepared
on the MgO(001) substrate followed by Au(001). As
described in Refs. [14,27,28], the in-plane axes of both
layers are rotated by m/4 with respect to each other to
minimize the lattice mismatch between Fe and Au which
facilitates pseudomorphic growth with an atomically sharp
interface. Our earlier work directly analyzes the structure of
the buried Fe-Au interface by scanning transmission electron
microscopy. It shows that the interface is atomically sharp
[14] and that, in the case of more complex heterostructures,
the interdiffusion is limited to a few lattice constants [29].
The MgO(001) substrates of 10 x 10 mm? were cleaned
in ultrasonic baths of ethanol, isopropanol, and acetone.
Subsequently, they were put into ultrahigh vacuum and
exposed to O, at a partial pressure of 2 x 10~ mbar at a
temperature of 540 K to remove carbon contamination. The
Fe layer and the first nanometer of Au were evaporated at
460 K. Then the sample was cooled to room temperature, and
the remaining Au was evaporated in the following step-wedge
structure. We varied da, systematically from 5 to 70 nm
by growing a wedge-shaped Au layer with 17 steps on a
7-nm-thick Fe layer. Each step is 0.4 mm wide and can
be accessed specifically by the laser pulses focused to a
spot of 140 £ 30 wm diameter full width at half maximum
(FWHM) for the visible pump and 90 + 30 ym FWHM for
the ultraviolet probe. The thicknesses of the Au and Fe
layers were determined by secondary ion mass spectroscopy
(SIMS), and the depths of the craters induced in SIMS were
confirmed subsequently by an independent analysis using a

profilometer. The position of the Fe/Au interface could be
determined by a decrease of the SIMS signal to 50% of the
Au, while the Fe signal increased to 50%. The thickness of
the Fe layer was determined in the same way with the signal
increase of the Mg and the signal decrease of the Fe. The
error in the film thickness determination is +=10% for all films
except for dyy = 7 nm, where it is +20%.

B. Time-Resolved 2PPE

Femtosecond laser pulses are generated by a commer-
cial regenerative Ti : sapphire amplifier (Coherent RegA
9040) combined with a noncollinear optical parametric am-
plifier (NOPA, Clark-MXR) operating at a 250-kHz repetition
rate tuned to a signal photon energy of hv = 2.1 eV,
which we frequency-doubled in a BBO crystal subsequently.
We use these pairs of femtosecond pulses at 2.1 and 4.2 eV
with pulse durations <40 fs at a time delay Ar as pump
and probe pulses, respectively. The probe pulses reach the
Au surface at a 45° angle of incidence. Since the transparent
MgO(001) substrate allows direct optical excitation of the Fe
layer, the pump pulse can be sent to either the Au or the Fe
side of the sample by different pathways, also at a 45° angle
of incidence. Thereby, pump and probe laser pulses propa-
gate within their foci simultaneously over the sample which
avoids a deterioration of time resolution. Typical incident
fluences are 50 and 1uJ/cm? for pump and probe, respec-
tively. The sample was kept in ultrahigh vacuum and at room
temperature. Photoelectrons are detected in normal emission
direction from the Au surface by a self-built electron time-of-
flight spectrometer [30]. The concept of the 2PPE experiment
with a direct comparison of Fe- and Au-side pumping of the
Au/Fe/MgO(001) heterostructure is illustrated in Fig. 1(a).

Optical absorption of the pump pulses in the heterostruc-
ture differs for Fe- and Au-side pumping since the absorption
coefficient of 2-eV photons in Fe is considerably larger than
in Au. We have calculated the absorption of the pump pulse
in Au/Fe by the electric field inside the material in both
pump configurations using IMD software [31] and derived the
pump power P(z) in the different constituents with z being the
interface normal direction; z = 0 is set to the Fe-Au interface:

P(z) = n()I(z) = n()IE@)I* = n(2)lpe™*, ey

Here, « is the absorption coefficient, /(z) the intensity, E(z)
the electric field, and n(z) the refractive index in the respective
material. The power in the layer stack is given by the real
part of the Poynting vector. Figure 1 depicts the normalized
intensity (dashed lines, left axes) for (b) Fe-side and (c) Au-
side pumping. The relative absorbed power P,(z) was obtained
by subtracting the transmitted power and normalizing to the
absorbed power because we focus on the attenuation of the
field by absorption (solid lines, right axes). P,(z) = [P(z) —
Prl/(P; — Pr), where P; and Py are the incident and trans-
mitted pump power, respectively. We considered the pump
photon energy of 2.1 eV, the angle of incidence 6 = 45°, the
p-polarization of the light, the refractive indices n4,(2.1 eV)
= 0.25, nr.(2.1 eV) = 2.91, and the extinction coefficients
kau(2.1eV) =3.07, kg (2.1 eV) = 3.02 [32] with o« = 4mk/A;
A is the optical wavelength. We find that, in the case of Fe-side
pumping, the absorption is dominated by the Fe layer: 96% for
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FIG. 1. (a) Experimental geometry of the pump-probe ex-
periment with Fe- and Au-side pumping of Au/Fe/MgO(001)
heterostructures by visible femtosecond laser pulses at v = 2.1 eV
photon energy. Probing occurs by analysis of the two-photon pho-
toelectron emission spectrum at the Au surface induced by 2hv =
4.2 eV. In the case of Fe-side pumping, electrons must propagate
to the Au surface before being probed. Spatial distribution of the
excitation density by the calculated pump intensity /(z) with respect
to the incident light field (dashed lines, left axes) and the relative
absorbed pump power P,(z) (solid lines, right axes) as a function of
Au layer thickness for (b) Fe-side and (c) Au-side pumping. Please
see the text for details. The thickness of the Fe layer is 7 nm (gray
area). Note that the nominal maximum intensity in (c) is higher at the
interface than in (b) because of the change in optical constants for a
change in layer sequence.

day = 7 nm and 94% for da, = 70 nm. In the case of Au-side
pumping, the situation is diverse. A pronounced variation in
the relative intensity occurs at the Fe-Au interface, where
the refractive index changes and the light field is attenuated
in Au before it reaches Fe. Note, that for da, = 7 nm, the
dominant absorption occurs in Fe though it reaches Au first.
For thicker Au layers, the pump absorption is distributed over
the Au layer.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

The time-resolved 2PPE intensity was measured as a
function of du, on the step-wedged sample, and repre-
sentative results are shown in Fig. 2 after subtraction of
time-independent contributions originating from multiphoton
photoemission within a single pump or probe pulse, which
is typically 10% of the time-dependent intensity. Character-
istic changes with increasing da, for Fe-side pumping are
a reduced intensity at E — Er = 1.7 eV and a shift of the
intensity maximum at lower energy near £ — Er = 0.6 eV
to later At. For Au-side pumping, the maximum intensity is
found at a peak close to the top end of the spectrum at 1.7 eV
independent of da,. This peak is assigned to image potential
states in front of the Au surface [33]. Since these states are

400 -200

dp,=10 nm da=10 nm
(a) ‘ (b)

= =m

0 1
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intensity

da,=30 nm

da,=30 nm

(c) iy )
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time delay (fs)

FIG. 2. Representative two-photon photoelectron emission spec-
troscopy (2PPE) intensity as a function of time delay and energy
above the Fermi level in a false color representation for dg. = 7 nm
and da, = 10 and 30 nm, as indicated; (a) and (c) Fe-side pumping,
(b) and (d) Au-side pumping. The red, dashed line in (d) indicates
the 2PPE intensity maxima for different energies with time delay.

bound to the vacuum energy at the Au surface and not the
Fermi energy of the layer stack, they will not be discussed
further here.

For all datasets, an increase in intensity toward lower
E — Eg and later At is recognized, which can be weaker or
stronger depending on da, or the pumping geometry. This
effect has two origins. (i) The hot electron lifetime increases
according to Fermi-liquid theory o (E — Er)~2 [3,4]. (ii) At
electron energies £ — Ep below half of the pump photon
energy, secondary electrons will contribute to the 2PPE in-
tensity [10]. In this paper, we focus on the analysis of the
hot electron lifetimes, i.e., the inverse rate of the primary
inelastic scattering event, for which 2PPE is the appropriate
method. Thereby, we analyze nonthermal transport since elec-
tron thermalization has not yet taken place. The contribution
of secondary electrons, effects toward electron thermalization
upon Fe- and Au-side pumping, and thermal electron transport
were reported recently in Ref. [24] based on time-resolved
linear photoelectron emission spectroscopy.

For both pump geometries, At = 0 was determined for
consistency by the 2PPE intensity maximum at the highest
energy at the top end of the spectrum. We note that there is
a certain ambiguity in this choice of time zero. For Fe-side
pumping, a certain propagation time of the excited electron
through the layer stack before the electron is detected at the
Au surface occurs. For Au-side pumping, the spectrally broad
image potential state feature could extend up to the top end of
the spectrum. As a consequence, the chosen At = 0 would be
shifted to negative time delays since the finite decay time of
the image potential states convoluted with the pulse duration
results in an effective shift of the intensity maximum since
the trailing part of the probe laser pulse contributes to the
signal. To estimate this potential inaccuracy in the determina-
tion of Ar = 0, we indicate in Fig. 2(d) the intensity maxima

085412-3



Y. BEYAZIT et al.

PHYSICAL REVIEW B 107, 085412 (2023)

v

o

o

=
1

2PPE intensity (norm.)

0 100 200 300 0 100 200 300
time delay (fs)

FIG. 3. Normalized two-photon photoelectron emission spec-
troscopy (2PPE) intensity as a function of time delay at different
energies £ — Ep for dp. =7 nm and du, and pumping as indi-
cated in (a)—(d). The dots are experimental data, the lines represent
least-square fits using an exponential relaxation convoluted with a
Gaussian, see text for details. Note that different intervals in time
delay are depicted in (a), (b) and (c), (d).

as a function of Ar for all energies by a dashed red line.
At E — Eg = 1.5-1.0 eV, the maximum is shifted to +15 fs
without a clear decay. We consider in the following that the
actual time zero is uncertain within this interval of 0-15 fs.

Similar measurements were taken for 13 different da,’s in
the case of Fe-side pumping and 7 different da,’s in the case of
Au-side pumping. We analyzed the time-dependent 2PPE in-
tensities at constant energy £ — Ef for all these measurements
after normalization to the time-dependent peak maximum.
Typical examples of such datasets are shown in Fig. 3 for
the data of Fig. 2. A comparison of these traces for da, in
panels (c) and (d) for both pumping geometries highlights
that the time delays of the intensity maxima are shifted for
Fe-side pumping toward later At much more than for Au-
side pumping. This effect is attributed to propagation of the
electronic excitation through the Au layer and quantified by a
time offset 7y, see Ref. [7] for a discussion of the results on f.
These traces are fitted for both pumping geometries with two
exponential decays, one toward negative At to account for the
contribution excited by 4.2 eV photons and one for the decay
toward positive At excited by 2.1 eV photons shifted by fy.
All is convoluted with a Gaussian of ~50 fs width to account
for the cross-correlation of the laser pulses. The resulting fits
are included in Fig. 3 by solid lines.

For a discussion of the determined lifetimes, it is important
to consider that the excited electron can relax in the Fe or
in the Au layer of the heterostructure. If it does not relax
in Fe, we assume in the following analysis that the elec-
tron is injected elastically into the Au layer where it relaxes

1/dy, (nm”)

FIG. 4. The relaxation rates determined from the inverse hot
electron lifetimes in the case of Fe-side pumping are plotted as filled
circles for energies above Ef as a function of the inverse Au layer
thickness. The solid (dotted) lines depict nonlinear (linear) functions
fitted to the relaxation rates at the energy represented by the indicated
color code. See the text for details.

subsequently. This is rationalized with the single-crystalline
interface structure [14] and by the fact that no interface decay
contribution is required to describe the data, as discussed
below. For the Fe-side pumping and Au-side probing ge-
ometry, the detected electron has to propagate through the
layer stack, and the probability for an electron to decay will
increase in both layers with their respective thicknesses. In
the limit of a sufficiently thin Fe layer, which is grown on the
insulating MgO(001), transport effects can be neglected in Fe.
Supposing that the Au layer grown on top of Fe is suffi-
ciently thin that its contribution to the decay probability can
be neglected, this experimental geometry would be expected
to measure the relaxation dynamics in Fe. Vice versa, if the
Fe layer is very thin and the Au layer is sufficiently thick, the
relaxation dynamics in Au would be measured. As a function
of day, we can therefore expect to detect a combination of
relaxation in the Fe and Au constituents as suggested by
Mathiessens’s rule. The data presented in Fig. 3 clearly show
a faster relaxation for da, = 10 nm than da, = 30 nm for both
Fe- and Au-side pumping. To test this hypothesis, we analyze
the inverse relaxation times as a function of da, as a linear
function of 1/da, to account for the variation of the decay
contribution in Au by

—A+ @)

":eff (dAu ) dAu .

In this empirical limit, 1/A = 7z, and 1/B = tr./d3,,
where dgu normalizes da, and is chosen as 1 nm. Figure 4
shows the respective analysis. The linear functions of Eq. (2)
are included as dotted lines which fit the experimental data
reasonably well within the error bars. At large 1/da,, we
observe systematic deviations of the linear fit from the ex-
perimental results. The fit tends to overestimate the measured
relaxation rates. In the following, we derive a suitable nonlin-
ear correction. The corresponding fits are plotted as solid lines
in Fig. 4.

Under the approximation that the electronic velocity in Fe
and Au is similar and that scattering at the Fe-Au interface
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FIG. 5. The relaxation rates determined from the inverse hot
electron lifetimes in the case of Au-side pumping, see text for details,
are plotted as open circles for energies above Er as a function of
the inverse Au layer thickness. The dotted lines are linear fits to the
relaxation rates at the energy represented by the indicated color code.

can be discarded, the scattering probability in the layer stack
1/ 7 is determined by day and dr [7] following

daw +dre @+@.

3
reff TAu TFe ©)

Since da, was varied and dg, was kept constant at 7 nm,
ff
I RS S S |
reff (dAu) df::g + dAu TAu d;g + dAu TFe

“

As discussed below in Sec. IV, we introduce d;g to account
for the optical inhomogeneous pumping of Fe and for different
electron velocities in Fe and Au. For da, > dgff, the factor of
the first term becomes one and the one of the second term
tends to reduce to 1/da, as in Eq. (2). For da, ~ dgff, the
fitting by Eq. (4) overcomes the previous deviation between
experimental data and improves the fitting using Eq. (2) for
thin Au films, see Fig. 4.

This analysis potentially also holds for the experiments
which employ Au-side pumping. To test this hypothesis, we
plot 1/t obtained for Au-side pumping as a function of
1/da, and fit the data by Eq. (2). The results are shown in
Fig. 5. In this case, the linear fitting describes the data very
well, but the quantitative behavior of the results for A and B
as a function of E — EF differs from the results obtained for
Fe-side pumping, c.f. Fig. 4. For Au-side pumping, the slope
B increases with decreasing energy, while the opposite trend
is found for Fe-side pumping. In addition, the offset A is about
two times larger than for Fe-side pumping.

The results for 75, and tr. obtained for the linear and
nonlinear analysis in the Fe-side and for the linear analysis
in the Au-side pumping geometry are compiled as a function
of energy in Fig. 6. We also include literature data for hot
electron lifetimes in bulk Au and Fe taken from Bauer et al.
[4] for comparison. The findings for ta, and tg in the case
of Fe-side pumping are in very good agreement with the
literature data, which holds for both fitting models. We con-
clude that, for Fe-side pumping, a separation of the relaxation
dynamics in the Fe and Au constituents is successful. We
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FIG. 6. Filled and open circles are the best fit results of g
and 74, by the Au thickness-dependent analysis of the hot electron
lifetimes in the case of Fe-side pumping using the nonlinear fitting
analysis. The results for the linear fitting are depicted by thin dotted
lines. Open and filled squares are the corresponding results for Au-
side pumping. Dashed lines represent literature data for hot electron
lifetimes for bulk Fe and Au [4]. Black and gray data for 7, are
referred to the left axis, red and orange data for g, to the right axis.

note that the nonlinear fitting required to assume a value of
dfff = 1.3 £ 0.2 nm which is much smaller than the actual Fe
film thickness of dg. = 7 nm to obtain this agreement. This
result is discussed in the Sec. IV below. In the case of Au-side
pumping, the deviation of the experimental data points and
the literature data is significant for £ — Eg > 0.8 eV. In this
experimental geometry, the separation of the dynamics in the
two constituents fails.

IV. DISCUSSION

Hot electron transport phenomena have been widely identi-
fied and discussed in the literature of pump-probe experiments
in which pump and probe pulses impinge at the sample surface
from the identical side, see, e.g., Refs. [5,9-11,13,19,34-36].
We showed in this paper that profound differences occur in the
quantitative analysis for two experimental configurations in
which pump and probe pulses arrive at the same or opposite
sides of the sample surface. These differences are not
primarily related to the analysis of the transport phenomenon
itself but have effects on the determined hot electron lifetimes.
This aspect might be particularly relevant in heterostructure
samples where electrons can be transferred among different
constituents. We explain these differences between Fe- and
Au-side pumping by the different pump absorption profiles
in the heterostructure. As shown in Figs. 1(b) and 1(c), the
absorption profile is very different for the two pumping
geometries. For the Fe-side pumping, the hot electrons are
primarily excited in Fe and propagate a well-defined distance
to the Au surface, where the photoelectrons are detected. In
the Au-side pumping situation, the electrons are excited in
Fe and Au with different spatial profiles depending on da,.
Since the electronic transport processes are determined by
gradients in excitation density and electronic temperature
[5], the velocity distributions and the corresponding transient
electron densities will differ for the two pumping geometries.
Therefore, it is not only the opposite direction of the
pump-induced transport that distinguishes Au- and Fe-side
pumping. The quantitative difference in the absolute values of
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the spatial gradients of the excitation density leads to spatial
redistribution of transient electron density which was already
recognized to result in misleading lifetime analysis [9,10].
The wider spatial distribution of the excited electrons that
cover Fe and Au in the case of Au-side pumping inhibits the
separation of the dynamics in this case. So far, the back-side
pump and front-side probe configuration proved to be a very
suitable approach to analyze electron scattering and transport
for the material system under study.

The nonlinear fitting approach in the analysis of the hot
electron lifetimes for Fe-side pumping resulted in the finding
that d¢f = 1.3 nm is much thinner than the actual dr. =7
nm. Here, we discuss two aspects in this context to rationalize
this result. (i) Figure 1(b) depicts the variation of absorbed
pump intensity which changes two times across the Fe layer.
A corresponding spatial distribution of excited electrons is
injected from Fe to Au. Consequently, the average distance an
electron has to travel before it reaches the Fe-Au interface is
3—4 nm. (ii) In deriving Eq. (4), we assumed that the electronic
velocities in Fe and Au are similar. In fact, they differ at the
relevant energies considerably according to GW calculations
[37]. For most electrons in Fe, the velocity is 0.6 of the one in
Au at E — Er = 1.5 eV. To compensate for this difference in
velocity, a correspondingly thinner Fe sheet might be consid-
ered as effective since, in the time interval before scattering
occurs, an electron can cover a shorter pathway at a lower
velocity. We discard here minority electrons in Fe since the
injection probability across the Fe-Au interface favors injec-
tion of majority electrons [29]. Both these effects reduce the
effective Fe film thickness in hot electron injection to Au, and
the result obtained for d& is very plausible.

The model considers quasiparticle lifetimes of individual
excited electrons. It is accounting for nonthermal electrons
because electron thermalization is the result of the decay
of these electrons and their interaction with other electrons.
Since these lifetimes are dominated by the e-e scattering prob-
ability, the secondary electrons generated in this scattering
form a thermalized distribution in the vicinity of the Fermi
energy. Considering the incident pump fluence of 50 uJ/cm?,
a corresponding hot electron temperature increase is on the
order of 100 K, see Kiihne er al. [24] for further discussion
of this aspect. In the present 2PPE experiment, electrons at
the Fermi energy are not detected. As such, we do not dis-
cuss thermal transport here but in Ref. [24]. Therefore, the
timescales in this paper are considerably shorter than those
reported in Ref. [26] and experiments in similar regimes.

Finally, we discuss the potential impact of our work
on other problems. In this paper, we quantify the energy-
dependent electron dynamics upon Au- and Fe-side optical
excitation, which complements a recently published study
[24] which used linear time-resolved photoelectron detection
to study the electron distribution near Er. Both these works
might serve as input for electron dynamics in the description
of optically excited spin currents in metallic heterostructures.
A description of these currents by thermal models can be
considered as simplified, though they potentially describe the
spin currents reasonably well.

An extension of the presented approach to spin-resolved
photoelectron spectroscopy appears as promising given the
recent development of efficient spin-resolved photoelectron

analysis [38]. A 2PPE experiment will very likely be more
suitable than detection in time-resolved linear photoelectron
emission [26] since it provides higher count rates of photo-
electrons that carry time-resolved information.

Previous interest in time-resolved spectroscopic informa-
tion in layered perovskite systems upon optical excitation at
the opposite sample side [39] suggests an extension of the ap-
proach reported in this paper to further material systems. Our
study can be considered to address a rather favorable problem
since, due to the excellent interface structure, the scattering
centers at the interface were sufficiently small in density that
they did not have to be considered explicitly. For other mate-
rial systems, this might be different, particularly for structures
that promise technological relevance like, e.g., the mentioned
perovskite systems. In such a situation, interface scattering
could be analyzed by variation of the two film thicknesses
separately [7]. Another potential direction of experiments that
builds on our demonstration is the use of Au/Fe/MgO(001) as
electrodes for hot electrons injected into solid layers prepared
on top of Au. This is a promising future research opportunity
for solid layered materials. It is also interesting to consider this
approach in combination with liquid electrolytes. In this case,
the detection of photoelectrons could be very challenging, but
the detection by a surface sensitive nonlinear optical technique
might be viable [14].

V. CONCLUSIONS

The ultrafast transport of optically excited hot electrons
in epitaxial Au/Fe/MgO(001) heterostructures is studied by
systematically varying the Au layer thickness. The results pre-
sented here extend our earlier study on this heterostructure and
enabled a determination of hot electron lifetimes for the Fe
and Au constituents separately with reduced error. This analy-
sis implies a nonlinear dependence of the effective relaxation
rate on the Au layer thickness. It was successful in attribut-
ing a systematic deviation at smaller Au layer thickness, in
the range of the Fe layer thickness, from its dependence on
thicker Au layers for the Fe-side pumping configuration. The
success of the analysis in the case of Fe-side pumping is
attributed to its ability to excite carriers in a specific part in
the heterostructure independently on the propagation path-
way before detection. Front- and back-side pumping studies
are commonly used for studying transport-induced effects
in nanostructures; however, we showed here that the spatial
distribution of the excitation density plays a strong role in
modifying the measured results. The results presented here
will serve as input for electron dynamics in the description of
spin currents in metallic heterostructures, their interfaces, and
hot electrons injected into other coupled systems which are of
technological importance.
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