
Advanced laboratory-based photoelectron

spectroscopies on metal and oxide surfaces

Habilitationsschrift

zur Erlangung des akademischen Grades

Dr. rer. nat. habil.

vorgelegt der

Naturwissenschaftlichen Fakultät II - Chemie, Physik und Mathematik

der Martin-Luther-Universität Halle-Wittenberg

von

Herrn Dr. rer. nat. Cheng-Tien Chiang

geb. am 26. Juni 1984 in Taipeh, Taiwan

Gutachter

1. Prof. Dr. Wolf Widdra

2. Prof. Dr. Claus Michael Schneider

3. Prof. Dr. Uwe Bovensiepen

Halle (Saale), verteidigt am 17. Dezember 2019,

Probevorlesung am 30. Januar 2020





Contents

1 Introduction 1

1.1 Photoelectron spectroscopy on solids . . . . . . . . . . . . . . . . . . . . . 3

1.2 Double photoemission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 High-order harmonic generation . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Photoelectron spectroscopy experiments 9

2.1 Chambers and lasers for high-order harmonics . . . . . . . . . . . . . . . . 9

2.2 Angle-resolved photoelectron spectrometers . . . . . . . . . . . . . . . . . 10

2.2.1 Electrostatic time-of-flight spectrometer . . . . . . . . . . . . . . . 10

2.2.2 Momentum microscope with hemispherical analyzers . . . . . . . . 11

2.3 Analysis of photoelectron pairs . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Selected results 13

3.1 High-order harmonic generation light sources at megahertz repetition rates 13

3.2 Time-of-flight photoelectron spectroscopy using high-order harmonics . . . 18

3.3 Double photoemission of metal and oxide surfaces . . . . . . . . . . . . . . 24

3.4 Angular distribution of photoelectrons and photoelectron pairs . . . . . . . 31

4 Summary and outlook 39

5 Original publications 41

5.1 High-order harmonic generation at 4 MHz as a light source for time-of-flight

photoelectron spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.2 Efficient and tunable high-order harmonic light sources for photoelectron

spectroscopy at surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.3 Boosting laboratory photoelectron spectroscopy by megahertz high-order

harmonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.4 Atomic line emission and high-order harmonic generation in argon driven

by 4-MHz sub-µJ laser pulses . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.5 Angle-resolved photoelectron spectroscopy at surfaces with high-order

harmonic generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.6 SiO2/Si(001) studied by time-resolved valence band photoemission at MHz

repetition rates: Linear and nonlinear excitation of surface photovoltage . . 77

I



5.7 Electron pair emission detected by time-of-flight spectrometers:

recent progress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.8 Band-resolved double photoemission spectroscopy on correlated valence

electron pairs in metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.9 Extended energy range analysis for angle-resolved time-of-flight

photoelectron spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

References 99

II



1 Introduction

Since the discovery of the photoelectric effects, photoelectron spectroscopy (PES) has

evolved into the most powerful method to analyze the electronic band structure of

condensed matter [1–4]. In comparison to earlier experimental access to the electronic

states such as optical absorption [5–9] and the de Haas-van Alphen effect [10–14], PES

offers the unique possibility to directly analyze the energy, momentum, and spin of

the electrons in solids [15–22]. Therefore, there has been tremendous progress in the

development of advanced PES by improving the light source, the energy analyzer, as well

as the spin detector. In strong contrast to PES experiments at synchrotron facilities with

an extremely widely tunable photon energy range at high photon flux, earlier laboratory

PES experiments have been severely restricted by the limited choices of available photon

energies from discharge lamps [23–25]. This situation has been changed by the application

of laser-based light sources to laboratory PES experiments [26, 27]. Especially due to the

discovery of high-order harmonic generation (HHG) a few decades ago [28–30], laser-based

vacuum-ultraviolet light sources in laboratory with a tunable photon energy range have

become available. These laser-based HHG light sources have provided laboratory PES

experiments the possibilities to explore the full energy and momentum phase space of the

electronic band structure in solids with sub-femtosecond time resolution [31–39].

However, earlier HHG-based PES experiments have been impeded by the low

repetition rates of high-power lasers below few kilohertz [27, 34], which lead to the

degradation of the energy and momentum resolution by the space-charge effects [40, 41].

This barrier is surmounted in the Habilitation work presented here. By specifically

designing an HHG setup aiming at a two to three orders-of-magnitude higher repetition

rate into the megahertz range, the MHz HHG light sources in this work allow efficient

laboratory PES experiments to study the electronic structure and dynamics at surfaces

(Chap. 3.1-3.2).

Besides the development of modern light sources for PES, the electron spectrometers

in PES have been revolutionized by the implementation of the time-of-flight analysis [42–

46] as well as by the invention of the momentum microscopy [4, 47–49]. The time-of-flight

(ToF) analysis of photoelectrons is combined in the framework of this Habilitation work

to the MHz HHG light source (Chap. 3.2). Due to the inherent time structure of the

pulsed laser that drives HHG, all the detected photoelectrons can be assigned by their

flight time from the solid surface under investigation to the electron detector. Together
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with the hit position provided by the two-dimensional electron detector, the kinetic energy

of the photoelectrons and their two momentum components parallel to the solid surface

can be retrieved. This ToF technique is in strong contrast to PES experiments using a

hemispherical energy analyzer which selectively filters only a narrow energy or momentum

range. Instead, in the ToF-PES a wide angular and energy range of photoelectrons can be

simultaneously detected. In this Habilitaion work the HHG-based ToF-PES is developed

aiming at double photoemission spectroscopy on pairs of correlated electrons in solids.

Due to the higher energy resolution of this unique combination than most of the earlier

DPE experiments, the signatures of band-dependent electron pairs from Ag and Cu are

observed for the first time (Chap. 3.3).

As an alternative modern PES method besides the ToF technique, all photoelectrons

from the valence bands of solids can be mapped directly in the reciprocal space by the

momentum microscopy. In collaboration with Dr. Christian Tusche using the momentum

microscopy, the full valence band electronic structure of the monolayer-thick BaTiO3-

derived oxide quasicrystal is investigated [50, 51] (Chap. 3.4). By using the symmetry

analysis over the whole momentum space, the energy-momentum dispersion of the oxygen

2p valence bands can be clearly identified and distinguished from the underlying highly

dispersive Pt valence bands. In addition, the signatures of occupied Ti 3d states are

observed at the Fermi level, which imply an important role of the Ti 3d states to the

formation mechanism of the oxide quasicrystal [52, 53].

The Habilitation work presented here is organized as the following. In Chap. 1, the

fundamental concepts of HHG, PES and the more advanced DPE are introduced. In

Chap. 2 the experimental setups are briefly described. In Chap. 3 the selected results are

presented, which are summarized in Chap. 4 and can be found in the original publications

in Chap. 5. In addition, an overview of the photoemission methods and the materials

studied in this work is provided in Tab. 1.1.

photoemission methods
ARPES DPE tr-PES

materials

Ag(001) Chap. 3.2 Chap. 3.3-3.4
Cu(111) Chap. 3.2 Chap. 3.3
Pt(111) Chap. 3.4

SiO2/Si(001) 4 Chap. 3.2
NiO/Ag(001) 4 Chap. 3.3
CoO/Ag(001) 4 Chap. 3.3

BaTiO3-derived
Chap. 3.4 4

OQC/Pt(111)

Table 1.1: Overview of photoelectron spectroscopy (PES) methods and materials studied
in this Habilitation work. ARPES: angle-resolved PES; DPE: double photoemission; tr-
PES: time-resolved PES; OQC: oxide quasicrystal. Here the methodological difference
between conventional ARPES and the momentum microscopy is neglected [47, 48].
Symbol 4 indicates the experiments performed in the framework of this Habilitation
work, but not presented here.
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1.1 Photoelectron spectroscopy on solids

In photoelectron spectroscopy (PES), an incident electromagnetic wave with a photon

energy hν excites the solids. As a consequence of this photoexcitation, electrons are

emitted from the solid surfaces. These photoelectrons are collected and can be analyzed

with energy, angular and spin resolution. Theoretically, the photoelectrons can be

represented by the corresponding current distribution which indicates the number of

photoelectrons emitted along a certain direction in space within a given time interval

[54–56]. The number of emitted photoelectrons can be formulated as [17, 57, 58]:

I(Ek, ~k‖) ∝ |〈Ψf |∆|Ψi〉|2 δ(εf − εi − hν) (1.1)

with Ek as the kinetic energy of the photoelectron, and ~k‖ is its momentum parallel to

the solid surface. Ψi is the initial state wave function of the solid at the energy εi, and

Ψf describes the final state wave function of the whole system at the energy εf including

the solid with the photo-hole as well as the outgoing photoelectron at Ek. The energy

conservation is described by δ(εf − εi − hν). The operator ∆ represents the interaction

between the incident light and the solid, and its leading order is proportional to the

scalar product of the vector potential of the incident light and the canonical momentum

operator [54, 55, 59]. For PES at the low photon energy in the vacuum-ultraviolet range

as presented in this Habilitation work, the linear momentum of the incident photon as

well as the recoil effect can be neglected [60–64].

Conventionally, Eqn. (1.1) is further simplified by the sudden-approximation which

neglects the interaction between the photoelectron and the solid including the photo-hole.

As a result, Eqn. (1.1) can be rewritten by [58, 59]:

I(Ek, ~k‖) ∝
∑
i

|〈ψf |∆|ψi〉|2A(Ef − hν) (1.2)

with A(Ef − hν) as the spectral function that describes the photo-hole in the solid at

the energy Ef − hν. Here the off-diagonal parts of A(Ef − hν) have been neglected. The

one-electron wave function ψi represents the initial state at the energy Ei and the crystal

momentum ~ki. The final state ψf is the time-reversed low-energy electron diffraction

(LEED) state at Ef that carries the photoelectron away from the surface [65, 66], and

Ef =Ek + Φ with Φ as the surface work function. In the limit of non-interacting electrons

in the solid, A(Ef − hν) is proportional to δ(Ef − Ei − hν) which describes the energy

conservation [56, 59]. In analogy, the momentum conservation for the components parallel

to the surface including umklapp processes follows as ~k‖=~ki,‖+~g‖. Here ~ki,‖ represents

the components of ~ki parallel to the surface, and ~g‖ is the reciprocal lattice vector of

the surface [15, 67, 68]. In the above description the spin of the photoelectron can be

included, which will add an additional condition given by the total angular momentum

conservation in the photoemission process.
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1.2 Double photoemission

In double photoemission (DPE) spectroscopy on solids, a pair of photoelectrons is

emitted upon photoexcitation. In contrast to the well-established DPE experiments

of atoms and molecules in the gas phase [76–84] as well as DPE from core-levels of

solids [85–88], DPE on the valence band structure of solids has been less frequently

studied. Similar experiments to the valence DPE spectroscopy are the CVV Auger

coincidence photoelectron spectroscopy [89–93], where a pair of valence electrons is

emitted as triggered by the photoemission process of a core electron. Pioneering DPE

spectroscopy experiments on the valence electrons in solids have been performed by

Prof. Jürgen Kirschner and Dr. Frank O. Schumann [70–74, 94, 95], where a variety

of differently designed spectrometers were applied. An overview of the earlier valence

band DPE experiments is shown in Fig. 1.1 as summarized by the solid angle acceptance

and the energy resolution of the spectrometer. As can be seen in Fig. 1.1, the laser-

based laboratory DPE experiments in this Habilitation work have only a slightly larger

angular acceptance but a factor of two lower energy resolution than the first synchrotron

experiments by Herrmann et al. [71]. However, the DPE experiments in this Habilitation

work provide a much longer available measurement time in laboratory than at synchrotron

Figure 1.1: Energy resolution and angular acceptance of photoelectron spectrometers used
in single photoemission (open symbols) and double photoemission (DPE, filled symbols)
experiments on valence band electronic structure of solids. The values are estimated from
the literature for hemispherical [47, 69, 70] and time-of-flight analyzers [4, 43, 44, 71–74].
The setup used in this Habilitation work is marked ([C5.7] in Tab. 5.1) and presented
in Chap. 2.2.1 in more detail. For clarity, the angular acceptance of the high-resolution
experiments by Tamai et al. is multiplied by 150 [69, 75].
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facilities, which is critically important for sufficient statistics of counting the photoelectron

pairs in the energy- and angle-resolved DPE measurements as will be shown in Chap. 3.3-

3.4.

The theoretical description of the DPE process on the valence bands of solids has

been discussed in detail by Prof. Jamal Berakdar, and the intensity of the photoemitted

electron pairs can be given similarly as for single photoemission process in Eqn. (1.1) [96]:

I(Ek,1, ~k‖,1, Ek,2, ~k‖,2) ∝ |〈Ψf |∆|Ψi〉|2 δ(εf − εi − hν) (1.3)

with the energy of the photoelectrons in the pair as given by Ek,1,2 and their momentum

parallel to the surface by ~k‖,1,2. The energies εi,f are defined similarly as in Eqn. (1.1),

whereas the final state Ψf at εf includes the two photo-holes in the solid and the

two outgoing photoelectrons. In strong contrast to the single photoemission process in

Chap. 1.1, the operator ∆ here contains the canonical momentum operators for both

electrons in the pair. It can be written more explicitly as ∆ = ∆1 + ∆2, with each of

the ∆1,2 containing only one canonical momentum operator for the individual electron

nominally labeled as 1 and 2 in the pair. The Eqn. (1.3) can be approximated by [97–99]:

I(Ek,1, ~k‖,1, Ek,2, ~k‖,2) ∝
〈
ψ

(2)
f

∣∣∣∆A(2)(Ef − hν)∆†
∣∣∣ψ(2)

f

〉
(1.4)

with A(2)(Ef − hν) as the two-particle spectral function for two photo-holes in the solids

at the sum energy of Ef − hν. The final state ψ
(2)
f is the time-reversed LEED state

for two correlated electrons at a sum energy of Ef [97], which can be related to Ek,1,2

by Ef =Ek,1 +Ek,2+ ΦDPE. Here ΦDPE indicates the minimal energy required for the

emission of electron pairs in the DPE process, which does not necessarily equal twice of

the work function Φ for the single photoemission process. By assuming an infinite lifetime

of the two-electron states in the solid, Eqn. (1.4) can be simplified as [97]:

I(Ek,1, ~k‖,1, Ek,2, ~k‖,2) ∝
∑
i

∣∣∣〈ψ(2)
f

∣∣∣∆ ∣∣∣ψ(2)
i

〉∣∣∣2 δ(Ef − Ei − hν) (1.5)

with the two-electron initial state ψ
(2)
i at the sum energy Ei in the solid. The comparison

between Eqn. (1.5) for DPE and Eqn. (1.2) for single photoemission indicates that DPE

could be viewed as a direct tool to map the energy and momentum distribution of two-

electron states in solids, similar as the well-established angle-resolved PES for the single

electron band structure.
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1.3 High-order harmonic generation

In high-order harmonic generation (HHG), the frequency of the incident light is converted

into a much higher frequency by a generation medium [28, 29]. HHG processes have been

studied in detail in the gas phase medium [30, 100–102], and recently HHG in solids has

been investigated [103–105]. In the classical single atom picture of HHG, the intense

electric field of the incident light distorts the atomic potential, and the electrons in the

atom can escape the parent atom in the tunnel ionization process [106, 107]. This tunnel

ionization process is mainly governed by the strength of the electric field (E) in comparison

to the ionization potential (Ip) for the electrons. After the tunneling process, the electron

is accelerated in the electric field of incident light to a high kinetic energy [108, 109]. From

this ponderomotive acceleration, the maximum kinetic energy that the electron can gain

is [30, 101, 108, 109]:

Up =
e2E2

4mω2
= c0Iλ

2 (1.6)

with E and ω as the magnitude of the electric field of the incident light and its angular

frequency. I and λ are the corresponding intensity and wavelength, and e and m are the

charge and the rest mass of an electron. The constant c0 has a value of 9.3× 10−14 when

Up, I, and λ are given in units of eV, W/cm2, and µm [30, 100]. Since the electric field of

the incident light oscillates at the angular frequency ω, the ponderomotive motion of the

electron can lead to recombination or recollision of the electron with the parent atom. In

the recombination process, the ponderomotive energy Up can be released by the emission

of a high energy photon, whose maximal energy follows as [110–112]:

hνmax ≈ Ip + 3.17Up (1.7)

with hνmax as the maximum photon energy from the HHG process. In the above simplified

picture, the efficiency of HHG is mainly determined by the tunneling process and depends

critically on E and Ip. In the quantum mechanical picture, the interference between the

recolliding electron wave function with the ground state wave function in the atom leads to

an oscillating electric dipole that emits the high photon energy coherently [102, 112, 113].

In addition to the above single atom response, the coherent superposition of the emitted

light within the generation medium plays an important role for the efficiency of HHG. The

condition for the coherent superposition is conventionally called as the phase-matching

condition [114, 115], which describes the phase-sensitive addition of the generated light.

The phase-matching condition has been investigated in conventional HHG experiments

using high power lasers at kHz repetition rates with a pulse energy above few mJ [113, 116–

120]. This phase-matching condition becomes distinctly different when driving the HHG

with a much lower laser pulse energy at few µJ [121–123]. There, a tight-focusing geometry

must be applied in order to reach a sufficient strength of the electric field E in the

generation medium. As a result, a much higher density of the gas medium is needed [124].
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Figure 1.2: Efficiency of HHG estimated from literature [125–127], with the generated
photon energies as indicated. For comparison, the efficiency of HHG presented in this
Habilitation work from [C5.1,5.3] in Tab. 5.1 and from Chap. 3.1 is shown. The hatched
areas illustrate intensity regions at different focus size of the same incident light.

To provide examples of the efficiency of HHG, selected literature values are summarized

in Fig. 1.2.

As can been seen in Fig. 1.2 by the data from Wahlström et al. [125] with variable

pulse energies and gas mediums, the efficiency of HHG depends highly nonlinearly on the

incident laser intensity I. This nonlinear dependence has imposed a tremendous barrier to

drive HHG by ultrafast lasers at a high repetition rate above MHz, which is conventionally

connected to a pulse energy below 100µJ due to the limited average laser power of around

100 W. As indicated by the red dashed arrow in Fig. 1.2, there was an impressive proposal

of using the field enhancement of plasmonic nanostructures to increase the efficiency of

HHG [127]. A similar approach has been pursued in the beginning of this Habilitation

work. However, under the high electric field strength of the incident laser pulses, only the

destruction of nanostructure could be observed together with the second- and third-order

harmonics. These observations are consistent with later experiments which asked for a

more robust design of nanostructure-assisted HHG [104, 128–132].

In Fig. 1.2 the efficiency of HHG presented in this Habilitation work is also compared

with the literature values. Due to the much lower laser pulse energy at few µJ, the

efficiency is much lower than the earlier HHG experiments. However, as will be shown

in Chap. 3.1-3.2, the HHG setup constructed in this Habilitation work can allow efficient



8 Chapter 1. Introduction

photoemission experiments due to the orders-of-magnitude higher repetition rates than

conventional HHG setups at several Hz to few kHz. The implementation of MHz HHG

as a light source for photoelectron spectroscopy has also been developed worldwide more

recently with a much more intricate setup including an enhancement cavity [31, 133, 134]

or a newly designed laser system [135, 136]. Meanwhile, there are other designs of MHz

HHG setups for optical experiments together with the further developments of high power

laser architecture [137–139].



2 Photoelectron spectroscopy

experiments

In this chapter the experimental setups are introduced shortly. More details of the

high-order harmonic generation (HHG) can also be found in Chap. 3.1 as well as in the

publications [C5.1-5.4] in Tab. 5.1. The time-of-flight (ToF) spectrometer used in this

Habilitation work has been described by the group of Prof. Oscar Tjernberg in Ref. [44],

and its underlying concepts are comparable to other ToF photoelectron spectrometers

[43, 46, 140, 141]. Based on a pair of the ToF spectrometers combined with coincidence

electronics, the double photoemission (DPE) setup has been developed in collaboration

with Dr. Michael Huth and Dr. Frank O. Schumann in the former group of Prof. Jürgen

Kirschner at the Max Planck Institute of Microstructure Physics as published in [C5.7].

The momentum microscope was designed and constructed by Dr. Christian Tusche [47].

In the following some more specific details about these experimental setups are provided.

2.1 Chambers and lasers for high-order harmonics

Within the framework of this Habilitation work, two generation chambers of the high-

order harmonics have been used. The first chamber was designed by Ralf Kulla in the

group of Prof. Wolf Widdra and used for the first high-order harmonic generation (HHG)

experiment in Halle in the Master thesis of Dr. Alexander Blättermann from 2011 to 2012

as published in [C5.4]. The second generation chamber was specifically constructed for a

compact geometry of HHG in collaboration with Steffen Helmbach and Ralf Kulla in 2013

and has been described in the publication [C5.2]. In this second HHG chamber there

are two particularly important features. Firstly, the positioning of the gas jet for HHG is

adjusted by a tripod instead of a conventional x-y-z stage. The former allows a shorter

length of the gas pipeline within the generation chamber and a more stable alignment of

the gas jet with the 10µm focus of the incident laser. Secondly, the position of the gas jet

together with the laser focus is placed intentionally asymmetrically away from the center

of the chamber. Consequently the distance from the laser focus, where HHG occurs,

to the exit port of the chamber towards the monochromator is shorter. This shorter

distance provides available space for a gate valve that separates the HHG chamber from

the following monochromator and the photoemission chamber. The generated harmonics
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are selected by a commercial monochromator with a toroidal grating having a groove

density of 1200 mm−1, which was originally designed for He-I and He-II radiations from a

helium discharge lamp for laboratory photoemission experiments [142].

In this Habilitation work two very different laser systems have been used to drive HHG.

The first one is a long-cavity Ti-sapphire laser which operates at a constant repetition rate

of 4 MHz with a central wavelength of around 800 nm and a pulse energy of 650 nJ. The

second laser is the high-power Yb-fiber-based amplifier system with a variable repetition

rate from 0.2 to 25 MHz, a central wavelength of 1040 nm, and a higher pulse energy up

to 40µJ [143]. Despite that the fiber laser has a much higher pulse energy, its pulse width

of around 300 fs is much longer than the 50 fs pulse duration of the Ti-sapphire laser. As

a result, a higher pulse energy above few µJ is necessarily required when driving HHG

by the fiber laser. Nevertheless, the fiber laser has a better long-term stability which

allows the continuous operation of HHG up to 10 days. This non-stop operation is of

critical importance for the long acquisition time of double photoemission experiments

with sufficient statistics as shown in Chap. 3.3.

2.2 Angle-resolved photoelectron spectrometers

The photoelectron spectroscopy (PES) presented in this Habilitation work includes

the application of the time-of-flight spectrometer [44, 144] as well as the momentum

microscopy with a pair of hemispherical energy analyzers [47, 48]. These spectrometers

are described briefly in the following.

2.2.1 Electrostatic time-of-flight spectrometer

In the time-of-flight (ToF) photoelectron spectroscopy, the energy (E) and the emission

angles (θ, φ) of photoelectrons are analyzed according to their flight time (t) from the

sample surface to the detector as well as by their hit position (~r) on the two-dimensional

(2D) detector. Such time-of-flight technique has been applied to PES and photoelectron

microscopy since several decades [42, 145–150]. With the modern developments of electron

optics as well as the 2D detectors based on multichannel plates [43, 151], ToF spectrometer

nowadays can offer parallel detection of photoelectrons with a high energy and a high

angular resolution comparable to conventional hemispherical energy analyzers [4, 44–

46, 140, 141]. However, a prerequisite for ToF spectroscopy is the well-defined timing

in order to assign the ToF to each individual photoelectron event. This well-defined

timing has limited the application of ToF spectroscopy at synchrotron facilities, where

the repetition rate of light can be too high to allow for an unambiguous ToF assignment

[152, 153]. In strong contrast, laboratory laser-based HHG light sources at repetition

rates between kHz to few MHz can be ideally combined with the ToF analysis.

The ToF spectrometers used in this Habilitation work [144] have an electrostatic lens

system comparable to the entrance lenses of hemispherical electron analyzers [44, 45, 150].
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Instead of using the chromatic dispersion in the imaging properties of the hemispherical

analyzer to measure the energy and emission angles of the photoelectrons, in the ToF

spectrometer the ToF (t) as well as the hit position (~r) of photoelectrons are measured

by the 2D delay-line detector [140, 151]. The transformation from the measured t and

~r coordinates to the E, θ, and φ emission coordinates follows the known electron-optical

imaging properties of the spectrometer. These properties have been simulated in advance

by the model of the electron lens system provided from the manufacturer [154]. Examples

of the mapping from (t,~r) to (E, θ,φ) can be found in the publication [C5.9] in Tab. 5.1.

The nominal solid angle acceptance of the ToF spectrometer is within a cone of ±15◦,

whereas the standard available energy range is ±10% of the pass energy setting centered

at the given kinetic energy setting [44].

2.2.2 Momentum microscope with hemispherical analyzers

In the photoemission experiments on the BaTiO3-derived quasicrystal presented in this

Habilitation work in Chap. 3.4, the momentum microscope developed by Dr. Christian

Tusche in the former department of Prof. Jürgen Kirschner at the Max Planck Institute

of Microstructure Physics was applied [47]. In this specific version of the momentum

microscope, a pair of hemispherical energy analyzers is used as an energy filter and

images of the momentum distribution of photoelectrons were measured sequentially at

each individual energy. The momentum mapping of the photoelectron distribution was

achieved by imaging the photoelectron distribution at the back-focal plane of an electron

extractor lens with high-voltage, and this momentum imaging has been demonstrated

in earlier experiments using commercial photoemission electron microscopes [48, 49].

In the experiments presented here, a helium discharge lamp with its unpolarized He-I

radiation at 21.2 eV was used as an excitation light source [47, 155], and the photoelectrons

emitted in all directions from the surface were collected. All the experiments with the

momentum microscope were performed at room temperature in collaboration with Dr.

Martin Ellguth, Dr. Florian O. Schumann, and Dr. Christian Tusche.

2.3 Analysis of photoelectron pairs

In the double photoemission (DPE) experiments, pairs of photoelectrons are detected

and analyzed with energy and angular resolution. Specifically for the DPE experiments

presented in this Habilitation work, a pair of time-of-flight (ToF) spectrometers are

combined with the high-order harmonic generation (HHG) light source as shown in Fig. 2.1

from the publication [C5.7]. This unique combination allows the parallel detection of

photoelectron pairs in a wide energy range as presented in Chap. 3.3 and in [C5.7,5.8].

The ToF spectrometer is described in Chap. 2.2.1, and its measurement settings for the

DPE experiments have been discussed in detail in [C5.9] as well as in the Dissertation

of Dr. Andreas Trützschler [156]. In the following, a short summary of this ToF and
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Figure 2.1: DPE setup
with two time-of-flight
spectrometers [44, 144] in
combination with the high-
order harmonic generation
(HHG) light source
presented in Chap. 3.1.
For DPE experiments, the
repetition rate of HHG
is set as either 0.7 or
1.0 MHz. Reprinted from
[C5.7] with the permission
of AIP Publishing.

HHG-based DPE setup will be provided.

As is shown in Fig. 2.1, two ToF-spectrometers are oriented towards the sample surface

at angles of ±45◦. Between the ToF spectrometers the HHG light source is mounted facing

to the sample surface with a normal incidence geometry. With this specific geometry, the

incident polarization of light is defined as p- or s-polarization if its electric field is parallel

or perpendicular to the plane spanned by the two ToF spectrometers. The photoelectrons

emitted from the sample surface within ±15◦ relative to each of the spectrometer axes

are guided by the electron optics as schematically shown by the electron trajectories in

Fig. 2.1 (blue curves). All the DPE experiments presented in this Habilitation work were

measured at room temperature, and the nominal kinetic and pass energy settings of the

spectrometer were Ekin = 8 eV and Epass = 60 eV.

In the delay-line detector (DLD) at the end of the ToF spectrometer, each individual

photoelectron is detected as one electrical pulse at the multichannel plate (MCP) as well as

two pulses at each of the two orthogonally oriented delay-lines. The pulse from the MCP is

amplified and sent to the coincidence electronics. If the two MCP pulses of a photoelectron

pairs simultaneously arrive at the coincidence electronics within a time window of around

150 ns relative to each other, the coincidence condition is fulfilled. Then the output of

the coincidence electronics will trigger a digitizer to measure the wave forms of the pulses

from the delay-lines. During the DPE experiments, these wave forms are analyzed in

real time by a computer program written by Prof. Jürgen Kirschner and Dr. Michael

Huth specifically for the evaluation of electron pairs (LabVIEW, National Instruments).

According to these analyses, the hit position on the DLD of each of the photoelectrons

within the pair is retrieved. The ToF of each photoelectron event is measured according

to the relative time delay between the electrical pulse from the MCP and the pulse from

a reference photodiode that is connected to the driving laser of HHG.
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In this chapter the results of this Habilitation work are presented, which include

the construction of high-order harmonic generation light sources in Chap. 3.1 and the

combination with photoemission experiments in Chap. 3.2. In Chap. 3.3 these experiments

are further extended for electron pair coincidence detection, and in Chap. 3.4 the angular

distributions of photoelectrons are presented. Publications derived from these experiments

can be found in Chap. 5.

3.1 High-order harmonic generation light sources at

megahertz repetition rates

For photoelectron spectroscopy (PES) as a general tool to characterize the electronic

structure of materials, its combination with light sources of a tunable photon energy

and a controllable polarization is important. Such combinations have been realized at

synchrotron radiation facilities and provided rich insights into the electronic states of solids

by the selective excitations of photoelectrons [16, 17, 157, 158]. Recently, by using high-

order harmonic generation (HHG) of femtosecond laser pulses, laboratory light sources

with a wide photon energy range have become available. In the following the HHG light

sources at megahertz repetition rates developed in the context of this Habilitation work

for PES applications are summarized. Details of the setup can be found in publications

Figure 3.1: (a) Overview of the
HHG setup. (b) Raw image of
harmonics on the detector in
(a) from an argon jet driven
by 650 nJ, 50 fs laser pulses
at 800 nm. (c) Background-
subtracted line profile from (b)
with estimated photon flux.
Reprinted from [C5.1] with the
permission of AIP Publishing.
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Figure 3.2: (a) Compact design of generation chamber and (b) magnified view near the
gas jet. Reprinted from [C5.2].

[C5.1] to [C5.4] in Tab. 5.1. In Fig. 3.1(a) the setup is schematically shown, which

consists of a focusing lens for the driving laser, a gas jet produced from a glass capillary, a

toroidal monochromator grating, and a Chevron double channelplate detector. In strong

contrast to conventional HHG setups at low repetition rates [28–30], this design adapts

the tight-focusing geometry with a lens of a short focal length of only 50 mm. The tight-

focusing geometry allows a small focus radius of few µm of the driving laser, and it aims

at a sufficiently high laser peak irradiance for HHG of around 1013 W/cm2 when using

µJ laser pulses at megahertz repetition rates [121, 159, 160]. Details of the generation

chamber are displayed in Fig. 3.2(a) with a magnified view near the capillary in Fig. 3.2(b).

The capillary in Fig. 3.2(b) has an opening of only 20 to 30µm in order to reduce the

gas pressure in the generation chamber down to 10−2 mbar when pumping with a 700 l/s

turbomolecular pump, despite a high backing pressure of the gas jet up to 10 bar. The

pinhole with a diameter of about 150µm is located next to the capillary. It blocks most

of the driving laser beam after its focus point close to the end of the capillary and helps

to reduce the pressure in the monochromator chamber down to 10−8 mbar. Meanwhile,

this pinhole allows the generated harmonics with a smaller divergence to pass to the

monochromator. The simplified diagram for the gas handling can be found in Fig. 3.3,

where an additional gas-recycling system consisting of a compressor (C) and a storage

reservoir (B2) is also shown. The gas recycling system allows for the application of

expensive gases such as xenon in double photoemission experiments with an extensive

measurement time up to 10 days (Chap. 3.3).

The generated harmonics are directly characterized by the channelplate detector with

a phosphor screen positioned at the exit of the monochromator as shown in Fig. 3.1(a),

with an example of the raw image on the detector captured by a CCD camera in

Fig. 3.1(b). There, the well-separated spectral features on the detector can be clearly

seen as displayed by the corresponding line profile in Fig. 3.1(c), and they indicate a
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Figure 3.3: Pumping and gas recycling sys-
tems of HHG. GC: generation chamber for the
harmonics with gas jet from a glass capillary
(CA); MC: monochromator chamber; EC: pho-
toemission experiment chamber; TP1,2: turbo
pumps; SP1,2: scroll pumps; B1,2: gas reser-
voirs; C: compressor; V1−10: valves; PR:
pressure regulator. Reprinted from [C5.2].

Figure 3.4: High-order harmonics generated
from the (a) xenon and (b) argon gas jets using
the setup in Fig. 3.1(a) driven by 50 fs pulses
with a pulse energy of 650 nJ at 4 MHz repe-
tition rate and a central wavelength around
800 nm. Inset in (b) shows the quadratic pres-
sure dependent intensity of the 11th harmonic.
Reprinted from [C5.1] with the permission of
AIP Publishing.

discrete wavelength distribution of odd-order harmonics generated from argon. The

spectrum of harmonics strongly depends on the generation medium, and this dependence

can be seen in Fig. 3.4 when comparing the harmonics from xenon and argon jets with

the same driving laser pulses. This dependence on the gas species can be understood

by the different ionization potential Ip in argon and xenon (IAr
p =15.8 eV, IXe

p = 12.1 eV

[161, 162]). Because IAr
p >IXe

p , the tunnel ionization process as the first step of HHG

has a higher probability in xenon than in argon. As a result, the harmonics generated

from xenon have a higher photon flux [107, 163–165]. In addition, as shown in the inset of

Fig. 3.4(b), the photon flux of the 11th harmonic from argon depends quadratically on the

backing pressure of the gas jet, indicating a constructive summation of the electric field of

the harmonics generated from individual atoms in the jet [111, 163, 166]. This observation

is in agreement with previous theoretical predictions and experiments [121, 124], where

gas jets of few µm diameter with a high backing pressure above 2 bar have been suggested

for the phase-matching condition. The small diameter of the gas jet can further help to
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Figure 3.5: High-order harmonics
generated from the (a) argon and
(b) xenon gas jets using the setup
in Fig. 3.1(a) driven by 300 fs pulses
with a pulse energy of 10 and
14µJ at repetition rates of 1 and
0.7 MHz, respectively. The central
wavelength is around 1040 nm. Re-
printed from [C5.3] under the
terms of the Creative Commons At-
tribution 3.0 licence.

Figure 3.6: (a) Coexistence of har-
monics and atomic line emission
(ALE) driven by the same laser
pulses as in Fig. 3.4. In (b) the
gas jet is positioned 30µm after (a).
From [C5.4], copyright (2014) by
the American Physical Society.

minimize the absorption of the harmonics by the gas jet itself [124, 126, 167].

Moreover, the maximum photon energy of the harmonics strongly depends on the gas

medium and the electric field strength of the driving laser [107, 112, 163]. As can be seen

in Fig. 3.1(b) and Fig. 3.4(a), the highest order of the harmonics generated from argon is

19 (29.5 eV) and from xenon is 11 (17.0 eV) when driven by the 650 nJ laser pulses. With

a much higher pulse energy up to 14µJ as shown in Fig. 3.5, the harmonic spectra from

argon and xenon can be extended up to 40 and 32 eV due to the higher ponderomotive

acceleration of electronic motion driven by the electric field in the second step of HHG

[107, 112, 168]. Besides the odd-order harmonics, additional spectral features can be

observed between the harmonics as shown in Fig. 3.6(a) when the argon gas jet is directly

positioned in the laser focus. These additional spectral features are assigned to the atomic

line emission (ALE) from neutral argon atoms and singly ionized argon ions according to

their characteristic photon energies. Due to an improved phase-matching condition for

the harmonics in the laser beam slightly after the focus [121, 160], the intensity of the

harmonics becomes enhanced in Fig. 3.6(b) when the gas jet is positioned about 30µm
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Figure 3.7: Overview of photon
energy range and repetition rate of
high-order harmonic light sources
for PES at surfaces [27, 32, 34–36,
169–175]. Reprinted from [C5.2].

after the laser focus. Meanwhile, the ALE gets significantly suppressed possibly due to

the reduced ionization probability with the lower laser field strength away from the focus.

The harmonic spectra in Fig. 3.4 and Fig. 3.5 cover the photon energy range signific-

antly higher than the typical work function of metal surfaces (< 6 eV) [176, 177] as well as

the band gap of oxides (< 9 eV) [178–180]. Therefore these HHG light sources are suitable

for studying the valence electronic structure of metal and oxide surfaces. In Fig. 3.7 an

overview of the photon energy range of existing HHG light sources for photoelectron

spectroscopy (PES) is shown. At a low repetition rate of 3 kHz, previous HHG light

source can cover a much higher photon energy range beyond 100 eV for photoemission

on core level of adsorbates [171]. As a trade-off for the two to three orders-of-magnitude

higher repetition rates of the HHG setups presented in this chapter, the driving lasers

at the MHz repetition rates unavoidably have a lower pulse energy than those at the

kHz repetition rates [181]. This lower pulse energy consequently leads to a lower photon

energy of the harmonics. However, as will become clear in Chap. 3.2 and Chap. 3.3, the

MHz repetition rates of the HHG light source is an essential property which allows efficient

PES and the double photoemission experiments at surfaces.
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3.2 Time-of-flight photoelectron spectroscopy using

high-order harmonics

In combination with the megahertz high-order harmonic generation (HHG) light source

presented in Chap. 3.1, efficient laboratory photoelectron spectroscopy (PES) with a

tunable photon energy can be performed. In this chapter the HHG-based PES experiments

using the time-of-flight (ToF) technique are summarized from publications [C5.1], [C5.2],

[C5.3], [C5.5], and [C5.6] in Tab. 5.1. The harmonics at MHz repetition rates from the

HHG chamber in Fig. 3.2 are combined with a commercial ToF electron spectrometer

[44, 144], where the energy and momentum distribution of photoelectrons are retrieved

from their ToF and hit positions on the two-dimensional delay-line detector. As will

be shown in this chapter, the tunable photon energy and polarization as well as the

temporal structure of the HHG light source at megahertz repetition rate can offer an

efficient mapping of valence band structure of solids in PES.

The importance of the MHz repetition rate of the HHG light source is shown in

Fig. 3.8. There the literature values for the emitted and detected rate of photoelectrons as

a function of the repetition rate of HHG light sources [32–34, 36, 37], synchrotron radiation

Figure 3.8: Overview of high-order harmonics and other light sources for photoelectron
spectroscopy (PES) ([32–34, 36, 37, 40, 43, 182–185] and [C5.1,5.3]). In (a) and (b) the
total emission rate and the detection rate of photoelectrons are shown as a function of
the repetition rate of the light sources, respectively. Reprinted from [C5.3] under the
terms of the Creative Commons Attribution 3.0 licence. Similar plot is also presented in
the literature published later [133].
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[182–184], as well as ultraviolet lasers [40, 43, 185] are summarized. An important

limitation for these PES experiments is indicated by the dashed diagonal line in Fig. 3.8(a)

at one photoelectron emitted per light pulse. This limit originates from the onset of the

space-charge effects due to the Coulomb repulsion between photoelectrons in vacuum

[186, 187]. The quantitative influence of the space-charge effects can be estimated by the

resultant energy broadening in the photoelectron spectrum by the background color in

Fig. 3.8(a) according to a model calculation [41]. As one can clearly see in Fig. 3.8(a),

the space-charge effects can cause a significant energy broadening in the photoelectron

spectra when the PES experiments are operating at higher photoemission rates further

above the space-charge onset. Therefore, for reasonable electron counting statistics in

PES experiments with only negligible space-charge effects, conventional synchrotron-based

experiments are performed at high repetition rates above 100 MHz [182–184]. The MHz

repetition rate is much higher than the few kHz of conventional HHG light sources [32–

34, 36, 37]. As a consequence, most HHG-based PES experiments at kHz can not fully use

the available photon flux, which otherwise will cause significant energy and momentum

broadening in the photoelectron spectra [32, 34]. By using the HHG light sources at

MHz developed in this Habilitation work (Chap. 3.1), more efficient HHG-based PES

experiments can be performed due to the much higher repetition rates.

To efficiently collect the photoelectrons, the ToF electron spectrometer is used and its

advantage for a wide energy [146, 188] and angular detection range [4, 43, 44, 140, 141] will

be discussed later. In the combination of MHz HHG with the ToF electron spectrometer,

there are additional limitations besides the space-charge effects. Due to the detection

of photoelectrons according to their ToF, the photoelectrons need to be unambiguously

assigned to each of the excitation light pulses. This assignment requires a minimum

time interval between successive excitation light pulses, which generally depends on the

settings of the electron lens system in the ToF spectrometer and the energy distribution

of the photoelectrons. A typical minimal time interval can be estimated as 200 to

300 ns by considering the ToF dispersion and resolution of the spectrometer [C5.3]. The

corresponding upper bound of the repetition rate of the light source is at around 4 MHz

as indicated by the vertical dotted lines in Fig. 3.8(a,b), which could be extended above

10 MHz for specific cases [133, 153]. The detection of photoelectrons can impose another

limit due to the maximal count rate that is allowed for the detector. For the chevron

detector used in this work with double microchannel plates, a typical maximum count

rate is 3 MHz as indicated by the horizontal dashed-dotted line in Fig. 3.8(b) [44].

Considering the above conditions given by the space-charge effect, the ToF dispersion

as well as the detector capability, the space-charge-free operation conditions for ToF-PES

is shown by the hatched triangular region in Fig. 3.8(a). The HHG-based PES setup

developed in this work is located close to the top corner of the optimal condition and

represents efficient PES experiments. The space-charge-free PES can be demonstrated

in Fig. 3.9 with the photoelectron spectra from Ag(001) measured at an average detected
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Figure 3.9: Photoelectron spec-
tra near the Fermi level (EF )
from Ag(001) with a photon energy
hν= 22.7 eV at 1 MHz and an ac-
quisition time of 10 sec. Reprinted
from [C5.3] under the terms of the
Creative Commons Attribution 3.0
licence.

Figure 3.10: (a) Energy-momentum
and (b) two-dimensional momentum
distribution of photoelectrons from
Cu(111) excited by hν= 14 eV. (b) is
for photoelectrons from 0.1 eV below
EF . Reprinted from [C5.1] with the
permission of AIP Publishing.

count rate of 0.1 and 0.04 electrons/pulse using HHG at 1 MHz. Despite the about factor of

2 different count rates in these measurements, in these spectra the photoemission features

of the Fermi level (EF ) have comparable energies within 10 meV. Therefore a significant

influence of the space-charge effects can be excluded.

The combination of the ToF spectrometer with the MHz HHG light source not

only allows for a high count rate of detected photoelectron events, but also for the

simultaneous measurement of the two momentum coordinates of photoelectrons parallel

to the sample surface ~k‖=(kx,ky) [4, 43, 44, 140, 141]. As shown in Fig. 3.10(a) for

photoelectrons from the Cu(111) surface, the well-known Shockley surface state with

its parabolic energy-momentum E-k‖ dispersion can be identified (dashed) [69, 189].

This characteristic dispersion results in a circular pattern of the two-dimensional kx-

ky momentum distribution in Fig. 3.10(b) for photoelectrons coming from the proximity

of EF . The higher photoemission intensity from the Shockley surface state at kx> 0

than at kx< 0 in Fig. 3.10(b) can be attributed to the linear dichroism in angular

distribution of photoelectrons [153, 190, 191]. Here the linear dichroism occurs due to the

symmetry-breaking caused by the linear p-polarization of light, and it can be more clearly

demonstrated on the fourfold symmetric Ag(001) surface with both p- and s-polarized

light as shown in Fig. 3.11(c-f). In Fig. 3.11(c), the E-~k‖ distribution of photoelectrons

with their momentum ~k‖ perpendicular to the electric field of the s-polarized light is

shown, and mainly a flat dispersion of the Ag d band is observed. This observation is

comparable to Fig. 3.11(f) for p-polarized light, whereas both the polarization of light
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Figure 3.11: Energy- and momentum distribution of photoelectrons from Ag(001) excited
by (a,b) hν= 20 eV and (c-f) hν= 17 eV. (a-d) and (e,f) are measured with s- and p-
polarized light, respectively. (g) indicates the hν-dependent optical transitions in the
band structure of Ag [192], and they can be estimated by an empirical band structure
modeling as shown in (b,d) by the circles [193]. Reprinted from [C5.2].

and the momentum direction ~k‖ of the photoelectrons are rotated by 90◦. Similarly,

for photoelectrons with their momentum ~k‖ aligned parallel to the light electric field,

their distributions in Fig. 3.11(d,e) for p- and s-polarized light are comparable and show

both the dispersion of the sp and the d bands. According to these observations, the
~k‖ momentum distribution of photoelectrons is locked to the polarization of light and is

rotated by 90◦ when going from the s-polarized light (Fig. 3.11(c,d)) to the p-polarized

light (Fig. 3.11(e,f)). In addition, the intensity asymmetry between the positive and

negative momentum directions in Fig. 3.11(e) with p-polarized light is in contrast to

the symmetric distribution in Fig. 3.11(d) with s-polarized light. Since this asymmetry

is absent for s-polarized light, its origin can be related to the electric field component

perpendicular to the surface due to the 45◦ angle of light incidence.

In addition to the tunable linear polarization of light, the HHG light source offers

another advantage to disentangle different bands in the electronic structure of solids by

its tunable photon energy. As can be seen in the comparison between Fig. 3.11(a,b) and

Fig. 3.11(c,d), there are clear changes in the photoelectron spectra when going from the

photon energy hν= 20 eV to 17 eV with the same s-polarization of light. For both photon

energies the less dispersive d band is observed at a comparable energy near 5 eV below EF

along the kx direction in Fig. 3.11(a,c). However, along the ky direction the dispersive sp

band appears further separated in energy from the d band in Fig. 3.11(d) at hν= 17 eV



22 Chapter 3. Selected results

Figure 3.12: Photoelectron spectra from
Cu(111) excited by hν= 25.1 eV at 0.7 MHz
(blue [156]) in comparison with literature by
hν= 35.6 eV at 10 kHz (gray [32]). Red curve
is a fit with the Lorentzian function with a
full-width-at-half-maximum of 86 meV. Re-
printed from [C5.5]. Copyright (2018), with
permission from Elsevier.

Figure 3.13: Photoelectron spectra of
O2p non-bonding states at SiO2/Si(001)
measured using hνprobe = 22.6 eV at 0.7 MHz
with (a) p- and (b) n-doped Si. Black (gray)
curves are spectra with (without) additional
excitation hνpump = 1.2 eV that triggers the
surface photovoltage effect. Reprinted from
[C5.6] with permission. Copyright (2019)
American Vacuum Society.

than in Fig. 3.11(b) at hν= 20 eV. This observation can be understood by the bulk band

structure in Fig. 3.11(g) along the momentum direction kz perpendicular to the surface,

where the arrows indicate the optical transitions at hν= 17 and 20 eV. As one can clearly

see in Fig. 3.11(g), there is a larger energy difference between the sp and d bands initial

states in the optical transitions at hν= 17 eV as compared to that at hν= 20 eV. This

hν-dependent probing of the electronic bands in the three-dimensional momentum space

has been widely applied at synchrotron facilities [157, 158, 194], which becomes available

in laboratory when using the HHG light sources. The advantage of the tunable photon

energy of the HHG light source will be further explored in Chap. 3.3 for spectroscopy on

photoelectron pairs.

Last but not least, the temporal pulse structure of the HHG light source allows for

time-resolved PES experiments on the femtosecond to picosecond time scale [26, 38, 195–
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Figure 3.14: Surface photovoltage effect
as a function of pump-probe delay
triggered by hνpump of (a) 1.2 eV
and (b) 2.4 eV with an excitation
density of 53 and 2µJ/cm2, respectively.
The photoelectrons are excited by the
probe with the high-order harmonic at
hνprobe = 22.6 eV. Reprinted from [C5.6]
with permission. Copyright (2019)
American Vacuum Society.

197]. As an estimation for the intrinsic pulse duration of the HHG light source, the energy

bandwidth of the harmonics is retrieved from the photoelectron spectrum on Cu(111) in

Fig. 3.12 (blue circles). There the Shockley surface state appears as a dominant peak with

a full-width-at-half-maximum of 86 meV, including its intrinsic lifetime corresponding to

a linewidth of 56 meV at 300 K due to electron-phonon scattering [198]. As a result,

the bandwidth of the harmonic at hν= 25.1 eV can be estimated as 65 meV and the lower

bound of its temporal duration is about 10 fs. Both of these values depend only weakly on

hν [156]. As preliminary time-resolved HHG-based PES experiments at MHz repetition

rates, SiO2/Si(001) interfaces are investigated by using the high-order harmonic with a

photon energy hνprobe = 22.6 eV in combination with an additional optical excitation at

hνpump = 1.2 eV as shown in Fig. 3.13. The photoelectron spectra are shifted in energy

when the optical excitation hνpump is present, and the shift has a polarity which depends

on the doping of the underlying Si(001) substrate. Due to this characteristic doping

dependence, the observed hνpump-induced shift can be assigned to the surface photovoltage

(SPV) effect, where charge carriers excited by hνpump compensate the electrostatic bending

of the valence and conduction bands of Si in the proximity of the SiO2/Si(001) interface

[199, 200]. In the time-resolved PES experiments shown in Fig. 3.14, the SPV shift in the

photoelectron spectra can be observed as a function of the time delay between hνpump

and hνprobe [201, 202]. The temporal resolution of the HHG setup is limited to 2 ps by the

pulse stretching of the single toroidal grating in the monochromator (Chap. 3.1) [39, 203],

which can be compensated by a subsequent grating for an improved time resolution down

to several fs [204, 205].
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3.3 Double photoemission of metal and oxide surfaces

To probe the electron-electron interaction in solids, double photoemission (DPE) spectro-

scopy has a tremendous potential since both of the two interacting electrons can be directly

measured [94, 96, 206]. In this chapter the DPE experiments on Ag(001), Cu(111) as well

as NiO and CoO films using the high-order harmonic generation (HHG) light source of

Chap. 3.1 in combination with the photoemission setup in Chap. 3.2 are summarized. The

setup as well as the preliminary DPE results on NiO are published in [C5.7] in Tab. 5.1.

With the HHG-based DPE experiments on Ag and Cu surfaces, for the first time the band-

dependent electron pair emission processes could be resolved and the results are published

in [C5.8] in Tab. 5.1. Most of the DPE experiments in this chapter were performed by

Dr. Andreas Trützschler in the framework of his dissertation [156].

The principal sketch of the DPE experimental setup is shown in the inset of

Fig. 3.15(a), consisting of two nominally identical time-of-flight spectrometers [44, 144]

and the HHG light source presented in Chap. 3.1 in the middle. The detection of

photoelectron pairs is indicated by the coincidence AND logic gate (&) and the more

detailed description can be found in Chap. 2.3. The raw data of the DPE spectrum

measured on Ag(001) with a photon energy hν= 32.3 eV are shown in Fig. 3.15(a), with

two energy axes for the two electrons within a detected electron pair (E1,2). As will be

shown in the following, this two-dimensional (2D) representation of the DPE spectrum

allows a direct analysis of the band-dependent energy distribution of electron pairs.

To examine the photoelectron pairs more precisely, the 2D spectrum in Fig. 3.15(a)

is analyzed as a function of the total energy of two electrons within an electron pair:

Esum =E1 +E2. The Esum direction is shown by the green arrow in Fig. 3.15(a) along

the diagonal of the 2D energy spectrum. The line profile of the electron pair distribution

in Fig. 3.15(a) along Esum is shown in Fig. 3.15(b) (red solid circles). In addition, in

Fig. 3.15(b) the background signal from an independent control experiment is shown (bg,

empty circles), which allows the estimation of accidental electron pair events triggered

Figure 3.15: (a) Raw
DPE spectrum measured
on Ag(001) with a photon
energy hν= 32.3 eV and s-
polarization. (b) Line pro-
files along the sum energy
(Esum) direction from (a)
and from accidental events
as background (bg). From
[C5.8], copyright (2017)
by the American Physical
Society.
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Figure 3.16: (a) Background-
subtracted 2D DPE spectrum
of Ag(001) with s-polarized
light at hν= 32.3 eV. (b)
Schematics of DPE processes
with the density of states
(DOS) of Ag from Ref. [208].
Adapted from [C5.8], copy-
right (2017) by the American
Physical Society.

by two independent photons within one light pulse [207]. As one can clearly see in

Fig. 3.15(b), there is a significant number of photoelectron pairs below a well-defined

total energy of the electron pairs as labeled by Esp−d
sum . The position of Esp−d

sum is also

indicated in Fig. 3.15(a) (blue dashed), and it has a characteristic 45◦ orientation relative

to the individual energy axis E1 and E2.

The background-subtracted DPE spectrum from Fig. 3.15(a) is shown in Fig. 3.16(a),

and two more features can be identified as indicated by the dashed-dotted and the dotted

lines of Ed−d
sum and Ed−d−d∗

sum which are 45◦ orientated relative to the E1 and E2 axes. For

comparison, the density of states of Ag is displayed in Fig. 3.16(b) (DOS, filled) [208]. As

can be explained by the schematics in Fig. 3.16(b), these three diagonal features Esp−d
sum ,

Ed−d
sum and Ed−d−d∗

sum result from emission processes of electron pairs participated by 1, 2,

and 3 Ag d electrons. Taking the dashed line for Esp−d
sum in Fig. 3.16(a) and (b) as an

example, it marks the maximal energy of an electron pair consisting of one sp- and one

d-electron. For the excitation of the sp electron at the Fermi level (EF ) and its emission

into vacuum, a minimal amount of energy of the Ag(001) work function ΦAg≈ 4.4 eV
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Figure 3.17: Comparison of
DPE spectra on (a) Ag(001)
and (b) Cu(111) with the
self-convoluted DOS from
Ref. [213] (cDOS). Empty
and solid circles are meas-
ured with hν= 32.3 and
25.1 eV. From [C5.8], copy-
right (2017) by the American
Physical Society.

is required [209]. For the d electron, an additional amount of energy to overcome the

minimal binding energy of the Ag 4d bands EB,4d≈ 4 eV is needed, which can also be seen

in Fig. 3.16(b) [208]. As a result, Esp−d
sum =hν - 2ΦAg -EB,4d≈ 19.5 eV, which reasonably

agrees with the observed Esp−d
sum at 18.9 eV in Fig. 3.16(a). The slight deviation of less

than 0.6 eV between the expected and the observed values of Esp−d
sum could serve as an

upper bound for the modification of the electronic structure due to the presence of two

photo-holes locally [210, 211]. Similarly, both Ed−d
sum and Ed−d−d∗

sum can be explained by the

transitions in Fig. 3.16(b) and ascribed to the maximal energies of d-d photoelectron pairs

as well as their associated shake-up satellite with an additional neutral d∗ excitation. The

d∗ excitation promotes a d electron up to EF which does not leave the surface, and it is

in analogy to the shake-up process in the core-level photoelectron spectroscopy [212].

In addition to the quantitative connection between the maximum energies of electron

pairs and the number of participating d electrons, the magnitude of the DPE signals can

be compared with the density of states. In Fig. 3.17(a) the DPE Esum spectra measured

on Ag(001) with hν= 32.3 and 25.1 eV are shown, and the assignment of electron pairs

according to Fig. 3.16(b) is labeled on the upper scale. More importantly, the self-

convoluted DOS of Ag from Ref. [213] is shown in Fig. 3.17(a) (cDOS), which provides

an estimation for the relative amount of sp-d and d-d electron pairs from Ag [214–217].

This estimation based on the cDOS is derived from the theoretical model proposed by M.

Cini and G. A. Sawatzky for correlated electrons with weak interaction [218, 219], and it

was originally applied to explain Auger electron emission processes participated by two

valence electrons. As can be seen in Fig. 3.17(a), the cDOS can describe the observed

onsets of d-d and sp-d electron pairs from Ag. However, the amount of the detected sp-d

electron pairs is about a factor of three higher than that in the cDOS. This observation on

Ag is in strong contrast to Cu as shown in Fig. 3.17(b), where no significant sp-d electron

pairs can be found in the experimental result as well as in the cDOS. The observed sp-

d electron pairs in Ag and their absence in Cu can be attributed to the characteristic

interaction between the sp and d electrons in these metals. Due to the larger volume

fraction and the higher polarizability of the Ag 4d electrons than the Cu 3d electrons



3.3. Double photoemission of metal and oxide surfaces 27

Figure 3.18: Count rate
of detected photoelectron
pairs from Ag, NiO and
CoO using (a) hν= 32.3 eV
with s-polarization and
(b) hν= 22.7 eV with p-
polarization as functions
of the single photoemission
count rate. True and ac-
cidental coincidence events
with a slope of 1 and 2
are indicated by the solid
and dashed lines. Adapted
from [156].

[220, 221], the interaction between the sp and d electrons in Ag could be stronger than

that in Cu. Consequently, the DPE matrix element for the sp-d pairs from Ag may have

a larger magnitude and lead to a higher DPE intensity than on Cu [222].

The electron-electron interaction does not only play an important role in DPE from

different electronic states in the same material as discussed above for Ag and Cu, but

can also lead to a material-dependent DPE intensity [70, 223]. In order to provide

experimental possibilities to compare the strength of electron-electron interaction between

different materials, in this work the following DPE experiments on NiO and CoO were

performed in comparison with the metals Ag and Cu. Due to the sizable onsite Coulomb

repulsion between electrons in the Ni and Co 3d orbitals of around 8 eV, both NiO and

CoO are commonly classified as the prototypes of strongly correlated materials [224–230].

In Fig. 3.18, the DPE experiments on the 3 nm NiO films grown on Ag(001) are

compared with Ag(001). The DPE count rate on NiO at hν= 32.3 eV with s-polarization

is shown in Fig. 3.18(a) by the red squares (Ncoinc) as a function of the single photoemission

intensity (Nsingle). On this double logarithmic plot a dominant linear dependence

of log(Ncoinc) as a function of log(Nsingle) can be seen, which indicates a relation of

Ncoinc∝N q
single with a well-defined exponent q. These data can be reasonably described

by q≈ 1 with a ratio of TNiO =Ncoinc/Nsingle = 0.43±0.04 % as drawn by the solid line.

For comparison, DPE count rate on Ag(001) under the same experimental conditions

is shown in Fig. 3.18(a) (black triangles) with a transition from q≈ 1 with a ratio of

TAg = 0.19±0.08 % (solid line) to a quadratic dependence q≈ 2 (dashed line). The regions

at low Ncoinc and Nsingle with q≈ 1 belongs to true double photoemission events, where a

single incident photon excites a correlated electron pair [96, 222]. In contrast, at a higher

photon flux and consequently with a higher Nsingle, the region with q≈ 2 dominates and

contains mainly accidental coincidence events where two photons excite two uncorrelated

electrons. By comparing TNiO with TAg under the same single photoemission rate, on NiO
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an about two times higher DPE intensity is detected than on Ag.

To examine whether the higher DPE intensity on NiO than Ag as revealed by

TNiO>TAg in Fig. 3.18(a) is a general phenomenon, in Fig. 3.18(b) we compare DPE

experiments at a different photon energy hν= 22.7 eV with p-polarized light. There, the

ratio for true DPE events on NiO and Ag are TNiO = 0.22±0.07 % and TAg = 0.08±0.03 %.

Therefore TNiO>TAg still holds at this lower hν with a different light polarization. In

addition, the DPE intensity from 3 nm CoO films grown on Ag(001) is also shown in

Fig. 3.18(b) with TCoO = 0.20±0.03 %, which is very comparable to TNiO. In Fig. 3.19 we

summarize the results measured with different hν and light polarization. Here two general

trends can be clearly seen. Firstly, the higher the hν is, the more electron pairs are emitted

in comparison to the increase in the single photoemission events (solid lines). Secondly,

TNiO≈TCoO≥TAg is valid in this hν range and signify a possible connection between the

DPE intensity and the stronger electron-electron interaction in NiO and CoO than in Ag

[70]. On NiO the DPE intensity becomes significantly higher than Ag at increasing hν,

especially when hν becomes sufficient to excite electron pairs consisting of one electron

from the oxygen 2s state and one from the NiO valence band (hν≥hνNiO,d−O2s , dashed-

dotted line).

The photoelectron pairs from NiO and CoO can be analyzed similarly as for Ag in

Figure 3.19: Ratio between DPE and single photoemission count rates T measured
on Ag(001), 3 nm NiO and CoO films at hν= 15 to 35 eV with p- (open sym-
bols) and s-polarized light (filled symbols). Dashed lines: minimal hν for DPE of
the sp-d photoelectron pairs from Ag (hνAg,sp−d), and for DPE on NiO from the
valence bands (hνNiO,d−d = 2EB,V BM + 2ΦNiO). Dashed-dotted line: minimal hν for
pairs with one electron from the O2s level and one from the valence bands of NiO
(hνNiO,d−O2s =EB,O2s +EB,V BM + 2ΦNiO). Literature values for NiO: work function:
ΦNiO =4.4 eV [231, 232], binding energy of the valence band maximum: EB,V BM ≈ 1.5 eV
[233, 234], binding energy of O2s: EB,O2s ≈ 20.5 eV [235, 236]. Solid lines are guide for the
eye. Adapted from [156].
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Figure 3.20: 2D DPE spectra on NiO/Ag(001) measured with (a) hν= 32.3 eV, (b)
hν= 25.1 eV, (c) hν= 22.7 eV, and (d) DPE on CoO/Ag(001) with hν= 25.1 eV. Data
in (a), (b) and (d) are measured with s-polarized light, and (c) with p-polarization. Solid
lines: highest possible sum kinetic energy at hν - 2ΦNiO,CoO; Dashed lines: expected onset
of DPE signals of d electrons from the valence band maximum at Ed−d =hν -hνd−d =hν -
2ΦNiO,CoO - 2EB,V BM ; Work functions of NiO and CoO: ΦNiO = 4.4 eV and ΦCoO = 4.6 eV
[231, 232, 237]; Binding energies of the valence band maximum of NiO and CoO are
EB,V BM ≈ 1.5 eV [233, 234, 238]. Adapted from [156].

Fig. 3.16 with respect to the energy of the individual electron E1,2 within an pair. In

Fig. 3.20 the two-dimensional DPE spectra measured at various hν on NiO as well as

DPE on CoO are shown, where the accidental coincidence events have been subtracted.

There the DPE signals are observed mainly in the triangular region below a sum energy

Ed−d, which indicates the highest kinetic energy of the electron pairs consisting of two

d electrons from the valence band maximum. This onset will be discussed later with

the sum energy spectrum. In addition, between E1,2 = 0 to 3 eV in Fig. 3.20 there are

features parallel to the E1,2 axes, which could be attributed to the final states consisting

of the high-lying unoccupied 4sp states derived from the Ni and Co ions in these oxides

[239, 240].

In Fig. 3.21 the sum energy spectra of electron pairs from NiO and CoO are shown as

a function of the binding energy of the electron pairs. Instead of the step-like features

observed in Ag and Cu in Fig. 3.17, on NiO and CoO the DPE intensity increases rapidly

toward higher binding energies. This observation is ascribed to the possibility of low
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Figure 3.21: Sum energy spectra of
NiO and CoO from Fig. 3.20(b,d)
integrated over an energy re-
gion of Ediff =E1 -E2 =± 20 eV.
Inset shows the onset of the
DPE signals at a binding energy
for photoelectron pairs at about
2EB,V BM = 3.0 eV (arrow [233, 234,
238]). Adapted from [156].

energy excitations of d electrons in NiO [241–245] and CoO [242, 243, 246, 247], which

require only an amount of energy above 0.6 eV that is much smaller than the minimal

binding energy of the d electrons in Cu and Ag (2 and 4 eV). Consequently, the phase

space for electron pairs with multiple d excitations in NiO and CoO can increase more

rapidly toward higher binding energies as compared to Ag and Cu. A closer look at the

onset of the DPE signals is shown in the inset of Fig. 3.21, where the expected emission

of two d electrons as a pair from the valence band maximum is indicated (2EV BM), and

it corresponds to the Ed−d onset in the 2D spectra in Fig. 3.20. The binding energy of

the valence band maximum EV BM in NiO and CoO is about 1.5 eV [233, 234, 238]. In

conventional photoelectron spectroscopy, EV BM is related to a Zhang-Rice state in theory,

which is formed by the initial excitation of a single d electron followed by the filling and

screening of neighboring 2p electrons at oxygen ions [234, 248–253]. The indications of

the DPE onset at 2EV BM in Fig. 3.21 imply that a pair of Zhang-Rice states is generated

in the DPE process, and there is a non-vanishing interaction between them [254].
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3.4 Angular distribution of photoelectrons and

photoelectron pairs

The photoelectrons emitted from solids have specific angular distributions that are

connected to their energy- and momentum-dependent band occupation [15]. In the

traditional angle-resolved photoelectron spectroscopy (ARPES), the energy-momentum

dispersion E(~k) of the electronic structure of solids can be traced by the transformation

from the measured kinetic energy (Ek) and two-dimensional (2D) angular coordinates

(θ,φ) to the binding energy (EB) and the 2D momentum coordinates parallel to the

surface (kx,ky) [16, 17]. In this chapter the angular distribution of photoelectrons

from the BaTiO3-derived oxide quasicrystal (OQC) as well as photoelectron pairs from

Ag(001) are presented. The former experiments were performed in collaboration with

Dr. Christian Tusche using the newly built momentum microscope with a direct

imaging of photoelectron momentum distribution at the back-focal plane of the electron

optics [47, 48]. The latter double photoemission (DPE) experiments on photoelectron

Figure 3.22: (a,b) Low energy electron diffraction (LEED) patterns on the OQC at (a)
28 and (b) 66 eV. The intensity is normalized by the [0011] spot. (c-f) 2D momentum
maps of photoelectrons from (c,e) the OQC and (d,f) Pt(111). (c,d) are measured at
the binding energy EB = 0.5 eV, and (e,f) at the Fermi level (EF ). The color scales are
in 104 CCD counts. Magnified views near the Pt M point (yellow) show the Pt surface
resonance (SR) in (d,f), which is absent on the OQC in (c,e). In (d) the kx,y directions
and the surface Brillouin zone of Pt(111) are marked (blue). The circle in (e) indicates
the occupation of the Ti 3d states.
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pairs were performed using the time-of-flight spectrometers presented in Chap. 3.2 and

Chap. 3.3 in the framework of the Dissertation of Dr. Andreas Trützschler [156]. The

preparatory works for the angle-resolved DPE experiments have been published in [C5.9]

in Tab. 5.1, and the results of momentum microscopy on the OQC have been submitted

for publication.

The OQCs have been discovered recently in ultrathin films of BaTiO3 and SrTiO3 on

Pt(111) [50, 255]. The dodecagonal BaTiO3-based OQC was formed by dewetting-wetting

processes [50, 51], and its signature appears in the low energy electron diffraction (LEED)

as the characteristic 12-fold patterns as shown in Fig. 3.22(a,b). On the BaTiO3-derived

OQC the energy and momentum distributions of photoelectrons were measured by the

momentum microscope at 300 K using the excitation of the He-I radiation with a photon

energy of hν= 21.2 eV [47, 155]. The 2D momentum kx-ky distribution close to the Fermi

level (EF ) are shown in Fig. 3.22(c,e) for the OQC. The identical measurements on Pt(111)

are displayed in Fig. 3.22(d,f) for comparison. On the OQC the dominant features in

Fig. 3.22(c,e) can be related to the Pt 5d bulk bands in Fig. 3.22(d,f) [256–259] due to the

monolayer thickness of the OQC. However, there are two significant differences between

Fig. 3.22(c,e) and Fig. 3.22(d,f). Firstly, the Pt surface resonance (SR) [256, 258–260],

which can be better seen near the Pt M point in the insets of Fig. 3.22(d,f), is suppressed

in Fig. 3.22(c,e) due to the presence of the OQC on top of the Pt(111). This suppression

is attributed to the sensitivity of surface resonance to the modification of the surface

potential [261, 262].

Secondly, in Fig. 3.22(e) the photoemission intensity distribution on the OQC from

EF in the momentum region around the Γ point is marked (circle). Within this specific

momentum region, the photoemission intensity on the OQC is much higher than that of

the Pt(111) in Fig. 3.22(f). This intensity increase on the OQC can be related to the

occupation of the Ti 3d states near EF [263, 264]. The amount of occupation can be

estimated by the area density of the Ti atoms in the OQC of about 2.5×1014 cm−2 and

by the assumption of a Ti 3d1 configuration according to the Ti3+ feature in the earlier

x-ray photoelectron spectroscopy [50]. The corresponding Fermi wave vector is 0.6 Å−1

as indicated by the dashed circle in Fig. 3.22(e), which reasonably explains the observed

momentum region on the OQC with a higher photoemission intensity. Due to the broad

momentum distribution of the Ti 3d states in Fig. 3.22(e), the precise energy-momentum

dispersion E(~k) could not be observed, and it will be examined in further studies at

synchrotron facilities with resonant photoemission spectroscopy [265–267]. Since the

formation of quasicrystals is conventionally ascribed to the opening of band gaps at EF

[52, 53, 268–271], the observed signature of the Ti 3d states at EF in this work may imply

an alternative formation mechanism of the OQC [52, 53].

To reveal the electronic dispersion E(~k) of the OQC, in Fig. 3.23(a,c) the 2D slices of

the energy-momentum distributions of photoelectrons are shown in comparison with that

of the Pt in Fig. 3.23(b,d). As can be seen in Fig. 3.23(a), there are features at EB ≈ 4
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Figure 3.23: Energy-momentum distribution of photoelectrons from (a,c) the OQC and
(b,d) Pt(111) along the kx,y directions as indicated in Fig. 3.22(d). In (a) the dispersive
oxygen-derived electronic state 2px-2px is marked. NB: Non-bonding O-2p state; pdπ:
π-bonding state with Ti-3d and O-2p orbitals [272]. Color scales in 104 CCD counts.

and 6 eV on the OQC with a high intensity but a flat E(~k) dispersion. These electronic

states can be assigned to the non-bonding (NB) state of the oxygen 2p orbitals as well as

the π-bonding state of the Ti-3d and O-2p orbitals (pdπ) [272–275]. Moreover, there is

a dispersive feature between the NB and the pdπ states, which is marked in Fig. 3.23(a)

as 2px-2py whose notation will become clear in the discussion later. Since the 2px-2py

state appears more dominantly in Fig. 3.23(a) on the +kx side than on the -kx side, its

dispersion can be more clearly disentangled from the nearby NB and pdπ states when

the photoemission intensity is decomposed into components according to the distribution

on the 2D kx-ky plane. A possible choice of such symmetry-based decomposition can be

formulated as:

I(kx, ky, EB) =
∞∑
n=0

In(kr, EB) cos(2πnφ+ φ0) (3.1)

with the azimuthal angle for the photoelectron distribution on the kx-ky plane as given

by φ = tan−1(ky/kx), and the magnitude of the parallel momentum as kr =
√
k2x + k2y.

The non-negative integer n describes the intensity variation along φ, and n= 0 represents

the isotropic part of the photoelectron azimuthal angular distribution. Likewise, n= 1,

2 and 3 indicate the unidirectional, two- and three-fold azimuthal angular distributions.

The additional parameter φ0 is an offset, which specifies the azimuthal rotation angle
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Figure 3.24: Dominant parts of the symmetry-adapted photoemission intensity In(kr, EB)
with n= 0, 1, 2, 3, 6 and 12. (a-f) for the OQC and (g-l) for Pt(111). The SR indicates
the surface resonance of Pt(111) at M points in (k), and it is quenched in (e) on the
OQC. In (f), the S1,2,3 indicate more pronounced twelve-fold features on the OQC. The
minimum/maximum color scales are: (a) 0.1/2.6 (b) 0/0.4 (c) 0/0.2 (d) 0/0.1 (e) 0/0.06
(f) 0/0.02 (g) 0.2/7.3 (h) 0/1.6 (i) 0/0.5 (j) 0/1.3 (k) 0/0.6 (l) 0/0.3 in 104 CCD counts.

at each combination of n, kr and EB. A similar decomposition was used in early works

to identify the valence band photoemission spectra of metals with element- and orbital-

specificity [276, 277]. In Fig. 3.24(a-f) the main components In(kr, EB) of the OQC are

shown, which are compared with the same components of the Pt(111) in Fig. 3.24(g-l).

As can be seen in Fig. 3.24, there are significant differences between the OQC and Pt in

the isotropic I0, the unidirectional I1, as well as the two-fold I2 components. In contrast,

on the OQC the multiples of the three-fold symmetry I3,6,12 are very comparable to that

of the Pt. The very similar I3,6,12 of the OQC and Pt indicate that on the OQC, there

is a significant amount of photoelectrons from the Pt transmitting through the ultrathin

OQC layer. In addition, there are few regions in I12 as marked by S1,2,3 in Fig. 3.24(f)

which appear stronger on the OQC than on the Pt. Since these regions are energetically

close to the intense features of Pt at EB ≈ 2 and 4 eV, they are tentatively ascribed

to photoelectrons from Pt undergoing umklapp scattering processes at the twelve-fold

atomic potential of the OQC [68]. These twelve-fold features are twenty times weaker

in intensity than the unidirectional component I1 of the OQC in Fig. 3.24(b), where the

clear dispersion of the 2px-2py state can be identified.

In Fig. 3.25(a) the I1 spectra are displayed in detail, and the observed dispersion of

the 2px-2py and pdπ states are summarized in Fig. 3.25(b). In addition, the NB and pdπ

states from Fig. 3.23(a,c) are summarized with the established oxygen O2p valence band
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Figure 3.25: (a) I1(kr, EB) spectra from Fig. 3.24(b), with the bottom of the bulk Pt d
bands along Λ indicated [278]. Curves are shifted vertically by 150 counts, and dashed
lines and circles are guide to the eye. (b) Energy-momentum dispersion of oxygen-derived
valence bands of the OQC. Circles indicate 2px-2py and pdπ states in I1(kr, EB) from
Fig. 3.24(b), and squares for the NB and pdπ states in Fig. 3.23(a,c). R, W, and E mark
regions of the O2p bands on BaTiO3 crystals and films together with the Ti3d-O2p pdσ
bonding bands in literature [272, 279, 280]. In addition, Pt bulk transitions are indicated
[278]. The filled area indicates the surface-projected bands on Pt(111) [260]. Inset shows
the LEED pattern of OQC at 28 eV with the associated wave vector q[1211]=2kkinkr for the
kink in the dispersion of the 2px-2py state.

regions from the early works on BaTiO3 crystals and thin films (R,W,E [272, 279, 280]).

Since the 2px-2py state is located in the known energy-momentum regions of the oxygen-

derived valence bands of BaTiO3, its main character is assigned to the O2p orbitals, and a

possible mixture of the Ti-3d orbitals is less than 10 % [281]. Moreover, the 2px-2py state

can be ascribed to O2p orbitals in the x-y surface plane according to its dominant angular

distribution I1 in Fig. 3.24(b), which is in strong contrast to the NB and pdπ states

mainly in the isotropic I0 and two-fold I2 components. This assignment is supported

by photoemission model calculations, which predict a larger unidirectional intensity

asymmetry for atomic p orbital oriented in the surface [282, 283]. This relationship

between the orbital orientation and the photoelectron angular distribution is the origin of

intensity asymmetry (dichroism) in photoelectron angular distribution [153, 190, 191, 284].

More importantly, in Fig. 3.25(b) a kink in the dispersion of the 2px-2py state is visible

at kkinkr . The momentum coordinate kkinkr can be related to the diffraction spot at q[1211]

in the LEED pattern in the inset of Fig. 3.25(b) by 2kkinkr = q[1211]≈ 1.5Å−1 [50, 285, 286].

Therefore the observed kink may signify the influence of the atomic potential of the OQC

to the electronic structure, which is in analogy to the band gap opening at Brillouin

zone boundaries in periodic systems as well as the folding of electronic bands in metallic

quasicrystals [287–291].

The angle-resolved analysis of the photoelectron distribution can provide insight not
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only into the single-electron band structure as shown by the above example on BaTiO3-

derived OQC, but it can also be extended to analyze electron pairs from the double

photoemission (DPE) processes as presented in Chap. 3.3. One of the ultimate goals

of angle-resolved DPE is to experimentally measure the extension of the exchange and

correlation holes in momentum space [72–74, 292–294]. The theoretical concepts of the

exchange and correlation holes have been regarded as fundamental for the understanding

of electron-electron interaction since the birth of solid state physics [295–298], and they

remain at the frontier of research even up to today [299–306]. The second goal for angle-

resolved DPE is to explore the characteristic energy-momentum dispersion relation of

electronic states consisting of two electrons. Such an energy dispersion of two-electron

states has been postulated to explain the spectral width of Auger processes participated

by two valence electrons [216], and it has been addressed recently in more detail in theory

[307–309]. In the following, the development toward angle-resolved DPE experiments

using the high-order harmonic generation setup in Chap. 3.1 in combination with the

angle-resolved time-of-flight (ToF) spectroscopy in Chap. 3.2 is presented. As an example,

the angle-resolved DPE experiments on Ag(001) with a photon energy hν= 32.3 eV and

s-polarization will be shown.

The two-dimensional (2D) angular distribution of electron pairs in DPE from Ag(001)

is shown in Fig. 3.26. The distribution of one electron in the pair is displayed in

Fig. 3.26(a), and the other electron in the pair detected in coincidence is shown in

Fig. 3.26(b). Besides the slightly higher intensity in the middle at θx,1 = -45◦ for the

electron 1 and at θx,2 = 45◦ for the electron 2 due to a better transmission of the electron

optics along the spectrometer axis, their angular distributions are broad and smooth as

shown by the line profiles in Fig. 3.26(c,d) (black). For comparison, the distributions of

Figure 3.26: DPE on Ag(001) with
hν= 32.3 eV and s-polarization.
(a,b) 2D angular distributions of
electron 1 and 2 in the electron
pairs detected by the two ToF-
spectrometers in coincidence. In
(c,d) the 2D distributions in (a,b)
are integrated over the angle θy,1
and θy,2 (all), and compared with
the sp-d and the d-d electron pairs
selected according to their sum
energy range (Esum) in Fig. 3.16(a).
Color scale in (a,b) in counts.
Adapted from [156].
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Figure 3.27: DPE on Ag(001) with
hν= 32.3 eV and s-polarization.
(a,b) 2D angular distribution of
electron pairs with a selected
emission angle θx,1 for the electron
1 between -30◦ and -40◦. In (c,d)
the 2D distributions in (a,b) are
integrated over the angle θy,1 and
θy,2 (black), and compared with
pairs selected by the condition
-60◦≤ θx,1≤ -50◦ (red). Color scale
for (a,b) in counts, and (b,d) are
enhanced by a factor of 3.5.

Figure 3.28: (a) 2D momentum distribution of electron pairs on Ag(001) measured with
hν= 32.3 eV and s-polarization. (b) The distribution of electron 1 in the same pairs as
the electron 2 selected in the marked momentum region 2A in (a). (c) The distribution
of electron 1 in the same pairs as the electron 2 selected by the region 2B in (a). The red
circles display the distribution of electron 1 integrated over the momentum component
ky,1. Vertical dashed lines as well as the arrows mark the left- and right edges of the
integrated distribution as well as their middle points. Color scale for (a-c) is shown in (a)
in counts, with the intensity in (b) and (c) enhanced by a factor of 6 and 10, respectively.
Adapted from [156].
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electron pairs consisting of one sp and one d electron (sp-d) as well as the pairs with two d

electrons (d-d) are also shown in Fig. 3.26(c,d)(red,blue). There, the angular distributions

of sp-d, d-d as well as the energy-integrated electron pairs are comparable up to a scaling

factor. This observation indicates that the angular distribution of electron pairs from

Ag(001) is independent of their sum energy within the detected angular range, and it is

in strong contrast to single photoemission processes on Ag as shown in Fig. 3.11.

The angular distribution of electron pairs can be examined more closely by selecting the

angular or momentum coordinates of one of the electron within the pairs. In Fig. 3.27(a,b)

the distributions of pairs with one electron in -40◦≤ θx,1≤ -30◦ are shown, and their

integrated line profiles are displayed in Fig. 3.27(c,d) (black). For comparison, a selection

of the electron 1 further away from the electron 2 is demonstrated by choosing the angular

range -60◦≤ θx,1≤ -50◦, and its line profiles in Fig. 3.27(c,d) (red) show only a marginal

decrease in the range of 48◦≤ θx,2≤ 55◦ (dashed region). However, this slight decrease of

DPE intensity would be consistent with the early DPE studies on Cu(111) with a larger

angular acceptance but an order-of-magnitude lower energy resolution [73, 74], where the

angular distribution of one electron follows that of the other electron in the same pair.

A similar result can be observed in the momentum space in Fig. 3.28 when the angular

coordinates are transformed to the corresponding momentum components parallel to the

surface. In Fig. 3.28(a) the momentum distribution of the electron pairs without any

restriction is shown. For comparison, Fig. 3.28(b,c) display the momentum distributions

of one electron in the pair with an additional condition given by the momentum selection

of the other electron at 2A and 2B in Fig. 3.28(a). As can be clearly seen by the relative

shift along kx,1 between the distributions in Fig. 3.28(b,c), the momentum of the two

electrons in the pair are correlated with each other. For the future DPE experiments,

such a momentum analysis of photoelectron pairs would be important for studies of the

momentum-dependent electron pairing in superconductors [21].



4 Summary and outlook

In this Habilitation work, the electronic structure at the surface of transition metals and

their oxides is studied by laboratory photoelectron spectroscopy (PES) with advanced

methods. These methods include the application of a novel light source based on

high-order harmonic generation (HHG) at megahertz repetition rates (Chap. 3.1), the

combination of the HHG light source with time-of-flight photoelectron spectroscopy

(Chap. 3.2), as well as their implementation in the energy- and angle-resolved double

photoemission (DPE) spectroscopy (Chap. 3.3-3.4). Moreover, the electronic structure of

the oxide quasicrystal was directly imaged in the momentum space by the momentum

microscopy (Chap. 3.4).

For the HHG-based PES experiments, a compact generation chamber for the

harmonics using the tight-focusing geometry was designed. This specific geometry allows

the production of high-order harmonics driven by µJ laser pulses at a repetition rate from

0.2 to 1.0 MHz. The high repetition rates provide a unique opportunity for laboratory

PES without limitation from the space-charge effects, which have imposed a severe barrier

for earlier HHG-based PES at few kHz repetition rates. Therefore, the HHG setup

presented in this Habilitation work benchmarks the development towards an efficient

laboratory vacuum-ultraviolet light source for photoelectron-based techniques such as

PES and photoelectron microscopy [C5.1-5.5].

The well-defined temporal pulse structure of the HHG light source is ideal for the

application of the time-of-flight electron spectroscopy, which allows to simultaneously

measure the energy and the two momentum components of individual photoelectrons. In

this work, by using the tunable photon energy range of the HHG light source from 14

to 42 eV, the energy-momentum electronic dispersion of Ag(001) is shown [C5.2,5.3].

Specifically the role of the three-dimensional momentum components as well as the

characteristic dependence on the light polarization are demonstrated. More importantly,

the femtosecond pulse duration of the high-order harmonics provides an inherent temporal

resolution in the HHG-based PES experiments, which enables the study of electron

dynamics in photon-pump, photoelectron-probe experiments. As a prototypical system

the dynamics at the SiO2/Si(001) interfaces upon nonlinear photoexcitation is studied

[C5.6].

In combination with a pair of time-of-flight spectrometers, the HHG light source is

implemented in DPE experiments to reveal the electron-electron interaction in metals
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and oxides [C5.7,5.8]. This particular combination provides a high energy resolution,

and consequently the signatures of band-dependent DPE spectra on Ag(001) and Cu(111)

can be discovered for the first time by this Habilitation work. The clear indications of

electron pairs from Ag consisting of one sp electron and one d electron (sp-d pair) as well

as two electrons from the d bands (d-d pair) are in strong contrast to DPE on the strongly

correlated systems NiO and CoO. On NiO and CoO the DPE intensity is higher than that

on Ag and Cu, which is consistent with a stronger electron-electron interaction in these

oxides. In addition, the DPE spectra on NiO and CoO show a continuously increasing

intensity towards higher binding energies of the electron pairs. This observation can be

explained by the smaller amount of energy required to excite a d electron in these oxides

than in Ag and Cu, which leads to a rapidly expanding phase space of electron pairs when

the number of participating d electrons increases.

In order to gain more insights into the electronic structure of metal and oxide surfaces,

the angular and momentum distributions of photoelectrons and photoelectron pairs are

examined by the momentum microscopy as well as by the angle-resolved DPE analysis

[C5.9]. The former is demonstrated on the BaTiO3-derived oxide quasicrystal grown

on the Pt(111) surface. By decomposing the momentum distribution of photoelectrons

according to their azimuthal symmetry, three different oxygen-derived valence bands are

clearly identified from the dispersive features of the underlying Pt. In addition, signatures

of Ti 3d states are observed at the Fermi level, which imply a Ti 3d1 occupation that is

compatible with previous x-ray photoelectron spectroscopy experiments.

In analogy to the single photoemission processes, in DPE the angular and momentum

distributions of photoelectron pairs can be resolved. In strong contrast to the clear angle-

dependent features in single photoemission processes, the angle-resolved analysis of DPE

experiments on Ag(001) indicates broad angular distributions of both photoelectrons in

the pairs. Within the detected angular range, these distributions are independent of the

total energy of the electron pairs. By selecting a given momentum range of one of the

electrons in the pair, the momentum distribution of the other electron in the same pair

is influenced accordingly. This observation agrees with earlier DPE experiments having a

lower energy resolution but a much larger angular acceptance, and indicates that the two

electrons in the same pair are correlated in the momentum space.

By using the femtosecond duration of the high-order harmonics, it will become

possible to investigate the dynamics of electron pairs in time-resolved pump-probe DPE

experiments [309]. In these experiments, the temporal response of electron pairs to the

collective excitations in solids could be studied directly. In addition, the MHz HHG allows

DPE experiments using the recently developed time-of-flight momentum microscopy [4],

where the photoelectron pairs can be detected with full solid angle acceptance. With

this unique experiment in the future, the electron-electron interaction in solids could

be explored with two orders-of-magnitude higher efficiency than the DPE experiments

presented in this Habilitation work.
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We demonstrate high-order harmonic generation (HHG) at 4 MHz driven by a long-cavity

femtosecond laser oscillator. The laser output is used directly in a tight focusing geometry, where

the harmonics are generated from a gas jet with high backing pressure. The harmonic light source

is applied to time-of-flight photoemission spectroscopy, and the characteristic electronic structure

of Cu(111) is measured. Our results suggest a straightforward design of high-order harmonic

generation at megahertz repetition rate and pave the way for applications in electron spectroscopy

and microscopy. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4746264]

The strong electric field in intense laser pulses can liber-

ate bound electrons via tunnel ionization, accelerate free

electrons in oscillatory pondermotive motion, and control

electron-atom scattering for emission of high energy pho-

tons.1 Coherent quantum mechanical combination of these

three pathways leads to the high-order harmonic generation

(HHG), whereby attosecond pulses of vacuum-ultraviolet

and soft x-ray light can be produced in a laboratory setup.2–5

Due to the ultrashort temporal duration and the widely tuna-

ble photon energy range of HHG-based light sources, their

applications in electron microscopy and spectroscopy have

great potential for studies of ultrafast electron dynamics in

atomic, molecular, and condensed matter systems.6–9

Despite the long-term development of HHG since more

than two decades, the design of HHG setups is still in rapid

evolution.10–12 Conventional HHG experiments are driven by

amplified laser pulses at kilohertz frequency and can provide

high photon energy up to several hundred electronvolts with

moderate intensity. However, the statistics of experiments are

limited by the rather low repetition rates, which result in a

long acquisition time for applications in spectroscopy13–16

and microscopy.17,18 Especially, for photoelectron-based

techniques, the overall counting rate is limited by the laser

repetition rate due to energy and momentum broadening by

space-charge effects.19–22

To increase the repetition rate of HHG, the driving laser

with a typical average power of several watts needs to

deliver more light pulses per unit time.10 Consequently, the

electric field strength decreases, and the HHG efficiency is

dramatically reduced. Recently, three different approaches

have been demonstrated in order to boost the repetition rate

of HHG. Vernaleken et al.23 and H€adrich et al.24 used high

power fiber-based lasers and amplifiers. They are able to

generate the 17th harmonic at 20.8 MHz repetition rate using

a sophisticated laser system with 20 W output power. Alter-

natively, to avoid using complex amplifier systems, Kim

et al. used optically excited plasmons in microstructures to

enhance the driving electric field.25,26 Although they reported

HHG up to 80 MHz, this approach and these results are cur-

rently under critical debate due to damages in the microstruc-

tures caused by the intense field.27 The third approach is to

generate harmonics inside the cavity of a resonator, either

external to or implemented in the driving laser.28,29 With

additional efforts optimizing the output coupler for harmon-

ics, Cing€oz et al.30 generated harmonics up to the 23rd order

at 154 MHz and used their comb structure to characterize the

line width of atomic transitions.

In this Letter, we report a more compact setup for HHG

at megahertz repetition rate. We use directly the output of a

Ti-sapphire laser at 4 MHz to generate harmonics up to 19th

order from an Ar gas jet. With the generated light, we dem-

onstrate a proof-of-principle application in the time-of-flight

photoelectron spectroscopy. Our results provide a straight-

forward method for HHG at high repetition rate and pave the

way to HHG-based electron microscopy and spectroscopy.

We use a long-cavity Ti-sapphire laser to drive the

HHG.31 The laser has a repetition rate of 4 MHz with a pulse

width of 50 fs and an average power of 2.6 W centered around

800 nm. The long laser cavity is folded in restricted space by

using a Herriott cell. After passing through a pair of prisms

for control of pulse width, the laser beam is expanded to a di-

ameter of about 15 mm and then focused by an achromatic

lens into a gas jet in the generation chamber. The setup is

shown in Fig. 1(a). The focal length of the lens is 50 mm and

the laser focus has a diameter of 5 lm. The gas jet of Ar or Xe

is produced by a glass capillary with a 30 lm circular open-

ing.32 With a 3 bar backing pressure of the gas jet, the pressure

inside the generation chamber rises to 6� 10�3 mbar, with a

partial pressure of residual gas below 1� 10�7 mbar.

After the harmonics are generated in the gas jet, they

pass through a pin hole with a diameter of 200 lm, which

separates the generation from the monochromator chamber.

The monochromator chamber is differentially pumped and

has a pressure below 2� 10�7 mbar during HHG experi-

ments. As shown schematically in Fig. 1(a), the generated

high-order harmonics are diffracted by a toroidal grating in

the monochromator chamber33 and focused on the detector,

which consists of two stacked channelplates and a phosphora)Electronic mail: wolf.widdra@physik.uni-halle.de.
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screen.34 The fluorescence from the phosphor screen is meas-

ured by a CCD camera, which can be operated in an event-

counting mode for calibration of the count rate of HHG

photons. In Fig. 1(b), the image of the diffracted harmonics

generated from Ar is shown. The HHG spectrum with esti-

mated count rate is presented in Fig. 1(c).

The harmonics can be tuned by using different gases. In

Fig. 2, we compare the HHG spectra from Xe and Ar. The

spectra were measured with identical geometry and a back-

ing pressure of 3 bar. The intensity of the 9th and 11th har-

monics from Xe are about 800 and 10 times more intense

than from Ar, respectively. In contrast to HHG from Ar, the

harmonics from Xe are limited to the 11th order. The

observed difference between HHG in Ar and in Xe is con-

sistent with the known dependence of the ionization poten-

tial.35 With the same driving electric field, the probability of

tunnel ionization is higher in Xe due to its lower ionization

potential as compared to Ar, explaining the higher HHG in-

tensity from Xe. The lower cutoff energy in the HHG spec-

trum from Xe can as well be explained, since the energy of

the electron before recombination and photon generation

scales with the ionization potential.

In addition to the features in the HHG spectra that can

be interpreted qualitatively by the microscopic response of a

single atom, the macroscopic generation of harmonic radia-

tion relies on the coherent buildup of the electric field gener-

ated inside the laser-gas interaction volume.5,12,36 Ideally,

the HHG intensity reaches its maximum when the generated

harmonics from all gas atoms in the laser focus can be con-

structively summed up. The constructive superposition

requires a constant phase difference between the driving and

the generated electric fields in space and time and is called

phase-matching condition. In experiments, increasing the

repetition rate while keeping the same intensity in the laser

focus usually requires a tighter focusing. The tighter focus-

ing geometry deteriorates the phase-matching condition due

to a space-dependent Gouy phase.37 In addition, the number

of gas atoms in the interaction volume decreases rapidly as

the focus size decreases. Heyl et al. have proposed to

increase the gas jet pressure and to use the optical dispersion

of gases to compensate for the Gouy phase.11 Moreover, the

number of gas atoms in the jet rises with increasing pressure.

In our setup with tight focusing, we use a backing pressure

up to several bars as shown in the inset of Fig. 2(b) for the

11th harmonic from the Ar jet. The intensity of the 11th

FIG. 1. (a) Geometry of the setup. Incident

laser is linearly s-polarized with respect to

the grating. (b) Image of the diffracted har-

monics on the detector. The Ar gas jet has a

backing pressure of 3.5 bar. (c) Line profile

of the harmonics in (b) along the wavelength

dispersive direction. The intensity of each

harmonic is integrated laterally and the back-

ground is removed.

FIG. 2. Spectra of high-order harmonics generated within (a) Xe and (b) Ar

jets. In both cases, the backing pressure of the gas jet is 3 bar. In the inset of

(b), the backing pressure dependence of the 11th harmonic from the Ar jet is

shown.
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harmonic increases quadratically with the backing pressure

(dashed curve), implying a constant phase-matching condi-

tion up to 3 bar.11 Note that our capillary with small opening

makes it possible to operate at this pressure range with lim-

ited pumping speed. Additionally, the distribution of gas pro-

duced by the capillary is more local than in typical gas cells,

minimizing the reabsorption of generated harmonics.11 Since

we did not observe a saturated nor a super quadratic backing

pressure dependence of HHG, the backing pressure for opti-

mal phase-matching condition is estimated to be above 3 bar.

We use the generated harmonics as an excitation source

for time-of-flight photoemission spectroscopy. Therefore,

the channelplate detector in Fig. 1(a) is replaced by a

Cu(111) sample located in an ultrahigh vacuum chamber.

Additionally, a pin hole with a diameter of 1.5 mm is used to

filter the chosen harmonic and to separate the monochroma-

tor and the photoemission chambers. This results in an addi-

tional rare gas background pressure in the photoemission

chamber below 2� 10�9 mbar during the operation of HHG.

The Cu(111) sample surface is cleaned by standard sputter-

ing and annealing procedure and is checked by low-energy

electron diffraction. Photoelectrons are collected by an elec-

trostatic time-of-flight spectrometer,38,39 which is mounted

at 45� with respect to the incident HHG light. The sample is

positioned in normal emission geometry. The time-of-flight

of photoelectrons are referenced to the time at which HHG

pulses excite the sample surface.

Figure 3 shows valence band photoemission data for a

photon energy of 14 eV (9th harmonic from a Xe jet) with an

acquisition time of 42 min. All photoelectrons with photoem-

ission angles between 615� were recorded simultaneously.

From the three dimensional data set with respect to photo-

electron energy and momenta parallel to the sample surface,

two-dimensional cuts are shown in Figs. 3(a) and 3(b). In Fig.

3(a), in the energy range from 3 eV below the Fermi level

(EF) up to EF, the distribution of photoelectrons having a

wave vector within 64 nm�1 parallel to CK in the surface

Brillouin zone is shown. Near EF, we observed the character-

istic dispersion of the Shockley surface state on Cu(111) sur-

face, which can be described by a parabolic dispersion with

an effective mass of 0.4 times the electron mass and a binding

energy of 0.37 eV (blue dashed curve).40,41 At lower energies

around 2 eV below EF, we observed less dispersive features

with higher photoemission intensity. These features are attrib-

uted to photoemission from copper d-bands with lower dis-

persion and a higher density of states. In Fig. 3(b), we show

the momentum distribution of photoelectrons from 0.1 eV

below EF. The circular feature corresponds to photoemission

from the Shockley surface state with two-dimensional free-

electron-like dispersion.

To summarize, we demonstrate the HHG at 4 MHz repe-

tition rate by directly using the output of a Ti-sapphire laser

oscillator. The generation relies on a tight focusing of the

laser light into a gas jet with high backing pressure. More-

over, we use the HHG light for time-of-flight photoemission

spectroscopy and measure the characteristic electronic struc-

ture of the Cu(111) surface. Our results suggest a straightfor-

ward method to increase the repetition rate of HHG,

providing a basis of efficient applications to photoelectron

spectroscopies and microscopy.
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With  the recent  progress  in  high-order  harmonic  generation  (HHG)  using  femtosecond  lasers,  laboratory
photoelectron  spectroscopy  with  an  ultrafast,  widely  tunable  vacuum-ultraviolet  light  source  has  become
available.  Despite  the  well-established  technique  of HHG-based  photoemission  experiments  at  kilohertz
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high repetition  rates  up  to megahertz,  and  examples  for  angle-resolved  photoemission  experiments  are
demonstrated.
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1. Introduction

Photoelectron spectroscopy (PES) has evolved into a power-
ful method to explore the electronic structure of materials. With
the rapidly growing interest in material science with emphasis
on the novel electronic properties, further development of mod-
ern PES and its light sources is strongly motivated [1,2]. To map
the electronic structure in general, photoemission experiments can
be performed using polarized light with a widely tunable pho-
ton energy range. Conventional light sources are the synchrotron
radiation and laboratory discharge lamps. Recently, with the devel-
opment of high-order harmonic generation (HHG) from gases using
femtosecond lasers, HHG-based laboratory PES has allowed charac-
terization of electronic systems on the sub-femtosecond time scale
[3–6].

In the earlier development of HHG light sources, the repeti-
tion rate of HHG was limited at a few hertz due to the necessary
high pulse energy of several mJ  using picosecond lasers [19,20]. By
using Ti:sapphire femtosecond lasers Linder and Heyl et al. later
demonstrated HHG at 100 kHz with �J laser pulses [21,22]. Details
of the development of HHG light sources have been reviewed
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elsewhere [23–26]. The higher repetition rate of HHG light sources
is of crucial importance for photoemission experiments on solids
because of the space-charge effects. The space-charge effects result
from the Coulomb repulsion between photoelectrons from the
same light pulse. They impose a margin on the number of emitted
photoelectrons per pulse, beyond which an energy and momen-
tum broadening in photoemission spectra can occur [27]. As we
summarize in Fig. 1, conventional HHG-based PES setups mainly
work at few kHz, therefore the space-charge effects can limit the
photoemission intensity to several thousands photoelectrons per
second.

To further increase the efficiency of HHG-based PES, it becomes
necessary to extend the repetition rate of HHG light sources into
the megahertz range. As already demonstrated in several elegant
optical experiments, MHz  HHG can be achieved by using high
power laser systems working simply at MHz, or by additional
enhancements such as a resonant cavity or plasmonic nanostruc-
tures [28–33]. In addition to these approaches, we demonstrate
HHG at MHz  using a more compact setup and drive HHG directly
by a Ti:sapphire long cavity oscillator [34] or by a compact Yb-
fiber laser system. For PES with HHG excitation, the combination
with time-of-flight (ToF) electron spectrometers has been proven
to be highly efficient [35,36]. Detailed comparison of the absolute
photoemission intensity and efficiency of experiments have been
addressed before [36] and in this paper we  present examples with
tunable photon energy and light polarization as well as discuss the
new extensive development.

http://dx.doi.org/10.1016/j.elspec.2015.04.001
0368-2048/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. Overview of HHG-based PES setups highlighted by their photon energy range
and  repetition rate [7–18]. For clarity, the overlapping kHz [9–12] as well as 10 kHz
experiments are shown with different width [16–18].

2. Photoelectron spectroscopy experiments

To demonstrate the tunability of megahertz HHG light sources
for laboratory PES, we choose photoemission experiments on a
Ag(0 0 1) surface as an example. Photoemission spectra from this
surface have been well-documented using synchrotron radiation
and the details can be explained by the band structure [40,41].
For photon energies below 23 eV, the harmonics are driven by

a Ti:sapphire long cavity laser working at 4 MHz  with a photon
energy of 1.5 eV, a pulse energy of 650 nJ and a pulse duration of
50 fs [42]. For a wider photon energy range from 18 to 40 eV the
harmonics are driven by an Yb-fiber laser system at 0.7 MHz  with a
photon energy of 1.2 eV, a pulse energy of 14 �J, and a pulse dura-
tion of 300 fs [43]. The output of one of these lasers is focused into an
Ar or Xe gas jet in a vacuum chamber and the generated harmonics
are selected and focused on the Ag(0 0 1) surface using a commer-
cial monochromator designed for He discharge lamps [44]. The
photoelectrons are collected by a time-of-flight (ToF) spectrometer
and their energy (E) as well as the two momentum components par-
allel to the surface (kx, ky) are analyzed [35,45]. Details of the HHG
and the PES setups have been described in previous publications
[36,46,47].

The photoemission spectra measured with p- and s-polarized
harmonics are shown in Fig. 2 for photon energies h� = 17 and 20 eV
driven by the Ti:sapphire laser. From the three-dimensional energy
and momentum distribution I(E, kx, ky) of photoelectrons down to
a binding energy of more than 10 eV, we present in Fig. 2 the two-
dimensional slices I(E, kx) and I(E, ky). Using the s-polarized light at
17 and 20 eV, we observe a different distribution of photoelectrons
along the kx and ky directions when comparing Fig. 2a with Fig. 2b,
as well as Fig. 2c with Fig. 2d. The flat E − kx dispersion in Fig. 2a and
Fig. 2c at the binding energy of around 5 eV is attributed to the Ag
d band. At comparable binding energies in the E − ky dispersion in
Fig. 2b and Fig. 2d, the d band exhibits a slightly downward disper-
sion. The upward dispersive band at around 2 to 3 eV is assigned
to the Ag sp band. These assignments are based on the theoretical
band structure in Fig. 2g [37] and the observed dispersion can be
qualitatively described by the empirical band structure as shown
by the circles in Fig. 2b and Fig. 2d [38,39].

Fig. 2. (a)–(e) Angle-resolved photoemission spectra measured on the Ag(0 0 1) surface along the momentum directions kx and ky as indicated by the surface Brillouin zone.
The  photon energy used is h� = 20 eV for (a) and (b), and h� = 17 eV for (c)–(f). The incident light is s- and p-polarized for (a)–(d) and (e)–(f), respectively. The spectra are
integrated over �k  = 0.1 Å−1 perpendicular to the respective momentum direction. The electric field of the s-polarization of light is parallel to ky and the p-polarization has
a  component in the Ag(0 0 1) surface parallel to kx . The relative orientation between the light polarization and the momentum directions of photoelectrons is shown in the
inset  with the surface Brillouin zone. Possible transitions for h� = 17 and 20 eV are indicated in a comparison with theoretical band structure of Ag from Eckardt et al. in (g)
[37] and estimated by an empirical band structure at selected momenta [38,39] in (b,d).
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Fig. 3. (a) Photon energy dependent photoemission spectra measured on the Ag(0 0 1) surface. The photoelectrons emitted within ±15◦ from the surface normal are integrated.
For  clarity, the spectra are shifted vertically. (b) The theoretical bulk band structure of Ag with possible transitions indicated at various photon energies [37]. (c) Calculated
density of states of Ag using empirical band structure [38,48]. Selected high symmetry points are marked.

By going from s- to p-polarized light at the same photon energy
h� = 17 eV, we  observe a significant change in the distribution of
photoelectrons as seen in the comparison of Fig. 2c,d and Fig. 2e,f.
With s-polarized light we observe only the d band along the kx

direction (Fig. 2c), and both the sp and the d bands along the ky

direction (Fig. 2d). In strong contrast, with p-polarized light we
observe both the sp and the d bands along the kx direction (Fig. 2e),
but mainly only the d band along the ky direction (Fig. 2f). The
observation indicates that photoelectrons with momentum paral-
lel to the polarization of light are emitted in optical transitions from
both the sp and d bands, whereas photoelectrons with momentum
perpendicular to the light polarization are mainly emitted in tran-
sitions from the d band. As the polarization of light is rotated from
s to p, the distribution of photoelectrons is rotated accordingly due
to the optical selection rules [49].

The wide tunability in photon energy of HHG-based PES is
further demonstrated in Fig. 3a by the angle-integrated photoemis-
sion spectra. The photon energy dependence can be qualitatively
explained by the band structure in Fig. 3b and by the density of
states (DOS) in Fig. 3c [38,48]. At h� = 18 eV, a resonant transition
takes place between the occupied and unoccupied sp bands where
no significant feature in the DOS appears. As h� is increased, tran-
sitions can occur between the occupied d and unoccupied bands
and the dominant photoemission signal from the d bands is due
to their high DOS at 4–7 eV below the Fermi level. At around
h� = 32 eV, a resonant transition may  occur at the bottom of the
sp band and this is indicated in Fig. 3a at a binding energy of
about 7 eV.

3. Further developments

In contrast to the well-established kHz HHG setups for time-
resolved PES as summarized in Fig. 1, an efficient and space-charge
free MHz  HHG setup with reduced complexity can be operated by
an individual user for long-term measurements. In this section we
introduce the design of a compact generation chamber and a gas-
recycling system. The latter is of high importance for long-term
experiments due to the costs for rare gases as xenon. In addition, we
demonstrate a proof-of-principle long-term operation of the setup.
At the end of this section the pulse duration and the bandwidth of
the harmonics are discussed.

3.1. Compact generation chamber

The megahertz HHG setup follows a tight-focusing geometry for
phase-matching conditions at high backing pressure [26]. In order
to suppress mechanical vibrations as well as to be user-friendly, the
ideal generation chamber should have a minimal size, which is only
limited by the front flange of the vacuum pump with a sufficient
pumping speed. Here a turbo pump with a nominal pumping speed
of 700 l/s and a front flange with an inner diameter of 150 mm is
used [50]. Therefore the generation chamber has about the same
inner diameter. In Fig. 4a a photograph of the generation chamber
is shown and in Fig. 4b the 30 �m glass capillary [51] for the gas jet
can be seen. The laser beam is focused into the gas jet by the lens
assembly which consists of an achromatic lens sealing the cham-
ber [52] and a bellow allowing mechanical adjustment. The glass
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Fig. 4. Photographs of the generation chamber for the harmonics (a), with the glass
capillary and the pinhole assembly visible through the viewport as in (b).

capillary in Fig. 4b is mounted in a holder on the top flange of the
generation chamber in Fig. 4a. Its position can be adjusted by the
tripod via three micrometer screws. Behind the gas jet, a 150 �m
pin hole blocks the fundamental driving laser beam and reduces
the gas loading in the monochromator chamber thereafter [44].

3.2. Gas-recycling system

The HHG spectrum strongly depends on the generation gas
medium [20,23,25]. For higher photon energies gases with higher
ionization potential such as He, Ne or Ar are used. On the other
hand, HHG from gases with lower ionization potential, e. g. Xe and
Kr, can lead to several orders of magnitude higher photon flux at
lower photon energies. Due to the cost of Xe and Kr in a long-term
HHG experiment, it is necessary to recycle the gas from the gener-
ation chamber and to compress it to the backing pressure for the
gas jet. In Fig. 5a, a simplified gas flow diagram of our recycling
system for Xe is presented. The gas jet with a backing pressure
of 5 bar is injected into the generation chamber (GC) by the cap-
illary (CA). During the HHG operation, the background pressure
of Xe is about 10−2 mbar in GC and 1 bar after the scroll pump
(SP1). From the gas reservoir (B1), the recycled gas can be further
compressed by a dry membrane compressor (C) up to 10 bar and
stored in an expansion tank (B2). From there the gas is fed to the
pressure regulator (PR) for regulation of the backing pressure of
the gas jet. For maintenance the recycling systems can be divided
into several parts by the valves (V1,...,10) and the gas is stored in B1
and B2.

During the operation of the recycling system with Xe, we  char-
acterize the recycled gas by a quadrupole mass spectrometer in
the experiment chamber (EC) behind the monochromator cham-
ber (MC). In Fig. 5b the black (gray) mass spectrum in the upper
panel is measured during (without) the operation of the recycling
system about a week after its installation. The gray spectrum shows
the residual gas of CO in EC, and the F+ signal can be attributed to
the outgassing of the mass spectrometer itself (electron stimulated
desorption). The difference of these two  spectra is displayed in the
lower panel, showing dominantly the signals of singly and dou-
bly ionized Xe. For comparison the red vertical bars indicate the
signals estimated by the relative natural abundance of Xe isotopes
[53]. With this gas-recycling system the HHG setup has been oper-
ated with the same xenon loading for more than 6 months. For
longer operation we observed CO in the residual gas, which could
be suppressed by installing an additional adsorption pump in the
recycling system.

3.3. Long-term operation

By using the compact generation chamber in combination with
the Xe recycling system, we demonstrate the proof-of-principle for
a long-term operation of HHG-based photoemission using the Yb-
fiber laser. In Fig. 6a,c the count rate of photoelectrons excited by

Fig. 5. (a) Simplified flow diagram of the gas-recycling system with high (red) and low (blue) pressure region indicated. GC: generation chamber for the harmonics with
gas  jet from a glass capillary (CA); MC:  monochromator chamber; EC: photoemission experiment chamber; TP1,2: turbo pumps; SP1,2: scroll pumps; B1,2: gas reservoirs; C:
compressor; V1,...,10: valves; PR: pressure regulator. (b) Mass spectra of residual gas in the photoemission experiment chamber with (black) and without (gray) using Xe in
GC.  The difference spectrum is shown in the lower panel together with the relative natural abundance of Xe isotopes (red bars) [53]. (For interpretation of the references to
color  in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 6. Photoemission count rate in 24-hour-long measurements with the HHG light source for photon energies (a,b) 25 eV and (c,d) 23 eV. Each data point in (a,c) is measured
for  about 2.5 s and the average count rate is indicated by the blue horizontal lines at 1100 and 800 counts/s for (a) and (c), respectively. In (b,d) the histograms (red) of the data
in  (a,c) are shown with their full-width-at-half-maximum (FWHM). In (b) an additional histogram (blue) is taken from a longer measurement for 76 h. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version of this article.)

the HHG light source is shown for two independent experiments
lasting 24 h. These experiments were performed in conventional
laboratory condition without active temperature regulation and
the laboratory temperature varied about ±0.5 ◦C around 22 ◦C
during these days. In order to compensate the influence of the tem-
perature variation on the fiber laser, we actively changed the pulse
compressor settings inside the fiber laser and minimized the out-
put pulse duration. In Fig. 6b,d the histograms of the photoelectron
count rate in Fig. 6a,c are displayed and the full-width-at-half-
maximum (FWHM) is estimated. In addition we show in Fig. 6b
a histogram from a longer measurement for 76 h. By comparing
the histograms in Fig. 6b we see that the operation of the HHG
light source can be extended to several days without additional
degradation of its stability.

For a quantitative estimation, we derive the ratio of the FWHM
to the average count rate from the histograms in Fig. 6b,d and
obtain values of about 0.8 and 0.5 for 25 and 23 eV, respectively. The
larger variation for 25 eV could be attributed to its higher harmonic
order and a consequently more sensitive generation condition. For
comparison, Leitner et al. characterized the shot-to-shot intensity
distribution of their HHG setup for a photon energy range from
17 to 27 eV at a repetition rate of 3 kHz, and the FWHM varia-
tion amounts to 0.53 of the average intensity [54]. A much smaller
FWHM intensity fluctuation of about 0.08 has been demonstrated
in a short measurement with 430 shots using a 10 Hz HHG setup
at 33 eV for seeding the sFLASH beam line [55]. The stability of
our HHG light could be further improved by reducing the temper-
ature variation in the laboratory and by additional damping of the
mechanical vibration from the vacuum pumps.

3.4. Bandwidth and pulse duration

Due to the ultimate pulse duration down to a few hundreds
of attoseconds, HHG light sources have great potential for time-
resolved PES [3,4,6]. To get a train of these short pulses, the
harmonics need to be selected and compressed properly after the
generation. Moreover, much effort is required in order to single
out an isolated sub-femtosecond pulse and to precisely character-
ize its pulse duration. Details of the available approaches have been
reviewed recently [6,57]. Here we estimate the lower limit for the
pulse duration of the harmonics according to their bandwidth in
photon energy.

The bandwidth of the harmonics can be quantitatively estimated
in photoemission experiments. In Fig. 7a we present the width of
the Fermi-edge in the photoemission spectra in Fig. 3a. These values
(red circles) represent the total energy resolution in the photoe-
mission experiments and they include the energy resolution of the

Fig. 7. (a) Red data points are the measured 10–90% width of the Fermi-edge in pho-
toemission spectra in Fig. 2a at the kinetic energies of photoelectrons shown by the
top scale and photon energies by the bottom scale. Blue data points are the simulated
energy resolution of the ToF spectrometer settings using a conservative estima-
tion of the time resolution of 300 ps for the electronics [47,56]. Gray area indicates
the 100 meV  thermal broadening at 300 K. (b) Red points show the full-width-
at-half-maximum bandwidth of light estimated from data in (a). For comparison,
gray squares show the directly measured bandwidth from our previous publication
[34]. (c) The transform-limited pulse width (full-width-at-half-maximum, FWHM)
estimated from the bandwidth in (b).
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ToF electron spectrometer (blue circles), the thermal broadening
at 300 K (gray area), as well as the bandwidth of the harmonics.
From these data, we estimate the bandwidth of the harmonics in
Fig. 7b. In addition, we extract the bandwidth of low energy har-
monics driven by the Ti:sapphire laser from a direct measurement
published previously (gray squares) [34].

From the bandwidth in Fig. 7b, we estimate the transform-
limited pulse duration of a single harmonic pulse in Fig. 7c. The
estimated pulse duration ranges from about 3 to 10 fs for photon
energies from 40 to 17 eV. In our setup, we use a monochromator
grating after the generation in order to select a single harmonic as
well as to focus it onto the sample. In this diffraction process, the
pulse width is stretched to about 2 ps [58]. However this temporal
stretching might be compressed by a second identical grating or
other designs [59,60]. In addition to the duration of an single iso-
lated pulse, the duration of the pulse train of the harmonics can be
estimated by the pulse duration of the driving lasers, which cor-
responds to about 50 and 300 fs for Ti:sapphire and Yb-fiber laser,
respectively. In order to achieve a better time-resolution, further
development to compress either the driving laser or the harmonics
is required.

4. Summary

To summarize, light sources based on high-order harmonic
generation (HHG) provide a unique opportunity to perform labo-
ratory photoelectron spectroscopy (PES) using linearly polarized
light with a wide photon energy range of more than 20 eV. By
using the harmonics generated from lasers with megahertz rep-
etition rates ranging from Ti:sapphire oscillators to Yb-based fiber
lasers, efficient and space-charge free photoemission experiments
are nowadays possible that last for many days without interrup-
tion. Here we demonstrate such photon-energy and polarization
dependent PES experiments on a Ag(0 0 1) surface. The develop-
ments of the compact generation setup, the recycling system for
the gases as well as the long-term operation of the HHG light source
are presented. In addition, the bandwidth of the harmonics is esti-
mated from the energy broadening in the photoelectron spectra
and the lower limit of the pulse duration is given. These modern
developments should provide an efficient way for laboratory PES
and microscopy as well as for time-resolved experiments in the
future.
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Abstract
Since the discovery of the photoelectric effect, photoelectron spectroscopy has evolved into themost
powerful technique for studying the electronic structure ofmaterials.Moreover, the recent combina-
tion of photoelectron experiments with attosecond light sources using high-order harmonic genera-
tion (HHG) allows direct observation of electron dynamics in real time.However, the efficiency of
these experiments is greatly limited by space-charge effects at typically low repetition rates of photo-
excitation.Here, we demonstrateHHG-based laboratory photoemission experiments at a photoelec-
tron count rate of 1 × 105 electrons/s and characterize themain features of the electronic band
structure of Ag(001)within several secondswithout significant degradation by the space-charge
effects. The combination of a compactHHG light source atmegahertz repetition rates with the effi-
cient collection of photoelectrons using time-of-flight spectroscopymay allow rapid investigation of
electronic bands in aflexible laboratory environment and pave theway for an efficient design of atto-
second spectroscopy andmicroscopy.

1. Introduction

Photoelectron spectroscopy (PES) has provided tremendous insight into fundamental physics andmaterial
science. By analyzing the energy, themomentum, as well as the spin of photoelectrons, a complete picture of
electronic structure and related properties ofmaterials can be uncovered. Because of this abundant information,
the development of advanced PES has remained one of the pioneering research topics formany decades.

Until today, the evolution of angle-resolved photoelectron spectroscopy (ARPES) can be categorized into
two groups. Thefirst group focuses on the improvement of electron spectrometers for a better energy and
momentum resolution and a higher detection efficiency. In conventional spectrometers based on a
hemispherical energy analyzer, only onemomentum component of the photoelectron can be analyzed
simultaneously with the energy k E( , )x . Therefore, the acquisition speed for a three-dimensional data set of the
photoemission intensity I k k E( , , )x y is often limited by the sequential data acquisitionwith rotation of the

sample or the spectrometer in between. This issue is solved by using an imaging spectrometer to record the two-
dimensionalmomentumdistribution of photoelectrons I k k( , )x y simultaneously [1–5].With the recent

development of time-of-flight (ToF) spectrometers, bandmapping using ARPES is pushed tomuch higher
efficiency since hundreds of energy channels within several eV aremeasured in parallel together with the two-
dimensionalmomentumdistribution k k( , )x y [6–11].

The second group ofmodernARPES is the establishment of new excitation light sources. Traditional light
sources in the laboratory are discharge lampswith sufficient intensity but only at few photon energies. In strong
contrast, the synchrotron radiation light sources cover awide photon energy rangewith high brilliance and high
energy resolution. AlthoughARPESwith these two types of light sources is well established, there are difficulties
applying them toToF-based experiments. For ToF spectroscopy, the discharge lamps are not suitable due to the
absence of awell-defined time structure. On the other hand, for synchrotron radiation, it is necessary to use the
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limited beam time of single-bunch or chopper-assistedmodes at a reduced repetition rate (see later discussion)
[6, 12–17].

An ideal laboratory light source for ToF-based ARPES is the femtosecond laser, whose applications to
photoemission experiments have revealed atom and electron dynamics at the femtosecond time scale [18–22].
With recent progress of laser physics in high-order harmonic generation (HHG) of vacuum-ultraviolet (VUV)
light [23–25], HHG light sources allow laboratory ARPES experiments with awide photon energy range at
attosecond time resolution [26, 27]. Nevertheless, the existingHHG light sources workmostly at several
kilohertz repetition rate and the optical architecture becomes demandingwhen going tomegahertz [28–30]. As
a consequence of these low repetition rates, the space-charge effects between photoelectrons emitted fromone
light pulse limit significantly the efficiency ofHHG-based photoemission experiments [31–33].

In order to boost the acquisition speed of laboratory ARPES in a space-charge-free condition, application of
aHHG light source at high repetition rates is essential. To summarize this issue and to analyze available
approaches, figure 1(a) displays the rate of photoemitted electrons as a function of the repetition rate of the light
source. Different symbolsmark available literature data for experiments using light sources such as high-order
harmonic generation (HHG) [31, 33, 36–39], femtosecond lasers (UV laser) [7, 32, 40], and synchrotron
radiation [16, 34, 35], for which space-charge effects have been observed and quantified. The diagonal dashed
line represents the condition of one photoelectron emitted per light pulse that corresponds to the onset of space-
charge effects. Above this line, photoemission spectra can be broadened in energy as well as inmomentumdue
to the repulsive Coulomb interaction between electrons that are photoexcitedwithin the light pulse duration.
The theoretically estimated strength of space-charge effects is represented by the resultant energy shift (ΔE) of
characteristic features in amodeled spectrum [41] and encoded as the red background color infigure 1(a). As is
evident from this diagram, efficient photoemission experiments require as high as possible repetition rates to
avoid space-charge broadening. There are, however, additional physical limitations due to the electron
spectrometers or the detectors. For ToF PES, there is a necessaryminimum time interval between light pulses in
order to avoid temporal overlap between photoelectrons from successive light pulses. For an energy spectrum
with 800 independent data points with a typical 300 ps time resolution of electronics, theminimum time interval
is 240 ns and corresponds to an upper limit for the repetition rate at around 4MHz. This limit is indicated by the
vertical dotted line infigure 1. As a consequence, theworking region for ToF spectroscopywithout space-charge
broadening is limited, asmarked by the hatched region infigure 1(a). As one can clearly see, the optimal

Figure 1. Summary for photoemission experiments using synchrotron radiation [16, 34, 35],HHG [31, 33, 36–39], and femtosecond
lasers (UV laser) [7, 32, 40] by (a) the emitted and (b) the detected photoemission intensity versus the repetition rate of the excitation
light source. TheminimumToF for photoelectrons is estimated as the dotted vertical line. In (a) the onset of space-charge effects (one
photoelectron per pulse) is drawn as the dashed diagonal line and the color scale corresponds to the consequent energy shift as
modelled byHellmann et alwith an assumed light spot diameter of 50 μm[41]. The hatched regionmarks the ideal working region for
ToF PES. In (b) the additional limit of the channelplate detector is shown by the horizontal dashed-dotted line [8].
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condition for ToF photoemission experiments corresponds to highest possible repetition rate with about 1 to
10 photoelectrons per pulse.However, so far, all HHG light sources for PES ormicroscopy are working at
substantially lower repetition rates (see symbols infigure 1(a)).

From a practical point of view, it is also instructive to consider the number of detected photoelectrons at a
given repetition rate. In general, the ratio between emitted and detected photoelectrons depends strongly on the
type of analyzer. It can be also varied by the trade-off between analyzer transmission and energy ormomentum
resolution. In principle, themaximumacceptance is provided by combining an electron energy analyzer with
the objective lens of a photoelectron emissionmicroscope (PEEM) to collect all photoelectrons emitted in the
full π2 solid angle above the sample surface [4, 5, 10]. Figure 1(b) shows a similar plot as infigure 1(a), butwith
the vertical axis replaced by the detected count rate of photoelectrons. For imaging detectors, there exists
generally an upper limit for the detected count rate to avoid permanent damage. In the case of channelplate-
based delay-line-detectors (DLD), a conservative estimation ofmaximumallowed count rate is about 3 × 106

counts/s [8] and is shown by the horizontal line infigure 1(b) (dashed-dotted).
In this paper, we report on laboratory ARPES experiments with a ToF spectrometer close to the optimal

condition using amegahertzHHG light source.HHGARPES at 1 MHz repetition ratewith a detected
photoelectron count rate of 105 electrons/s benchmarks the efficiency, as indicated infigure 1. As an example, we
discuss the photoemission experiments from aAg(001) surface with linearly polarized light. It shows the twofold
photoelectronmomentumpatterns owing to the symmetry-breaking of incident light polarization. Based on the
high repetition rate, we are able to analyze 106 photoelectronswithin one-quarter the Brillouin zone in a 10
secondmeasurement and to identify the clear signal of the d band complex ranging from4 to 6 eV below the
Fermi level (EF).

2. Experimental setup

ToperformToF-based ARPES, we use a home-built HHG setup as the pulsed excitation light source [39]. The
high-order harmonics are driven by a compact turn-key operation ytterbium-fiber laser system (Impulse, Clark-
MXR, Inc., USA), delivering a photon energy of 1.2 eV and pulses with intensity full-width-at-half-maximum
(FWHM)of 300 fs. In the present experiments, we used pulse energies of 10 and 14 μJ at repetition rates of 1 and
0.7 MHz, respectively. The light pulses are focused into a gas jet in a vacuumchamber and the generated VUV is
separated and focused onto the sample in the photoemission chamber by a standard toroidal diffraction grating
(MBScientific, Sweden). Details of theHHGgeneration and selection are described in [39]. The harmonic
spectrum can bemeasured by turning the toroidal grating gradually while recording the count rate at the
channelplates in theDLDof the ToF spectrometer.

The photoelectrons are collected by a commercial ToF spectrometer with a± °15 acceptance angle
(Themis 1000, SPECS, Germany [8]). The ToF of photoelectrons is determined by the time difference between
reference light pulses from the laser and the arrival time on the detector. The hit-position on theDLD is
measured using time-to-digital converters. The reference time pulses from the laser are calibrated using the
reflection ofHHG light pulses from the sample. From themeasured ToF of photoelectron and its hit position on
theDLD, the kinetic energy and the emission angle of the photoelectron are derived using a conversionmatrix
frommodel calculations of the electron trajectory in the ToF spectrometer [42].

3. Results

3.1.HHGatMHz repetition rate
For an argon gas jet as generationmedium, theHHGspectrumas back reflected fromaAg(001) crystal is shown in
figure 2(a).Under these conditions, thephotons are reflected at an angle of °22.5 onto the chevron channelplate in
theDLDof theToF spectrometer. The absolute photonflux is estimated byusing the reflectivity of silver at 32 eV
(≈0.1 [43]) togetherwith the detection efficiency of the channelplate (≈0.1 [44]). Themaximumphotonflux
fromargon is located at a photon energy around 32 eVwith a value of ×1.2 105 photons/s, which is less than
one photonper laser pulse at this high repetition rate of 0.7MHz. In total, the generatedHHGspectrumcovers
the energy range from20 to 40 eVwith argonas the generationmedium.

TheHHGphoton flux can be greatly enhanced by using xenon as the generationmedium. Infigure 2(b), the
HHG spectra fromxenon driven at 0.7 and 1MHz are displayed. Due to the high photonflux generated from
xenon, these spectra have to bemeasured indirectly according to the number of photoelectrons entering the ToF
spectrometer within an acceptance angle of± °1.5 , corresponding to about 0.03%of the full π2 solid angle above
the sample surface. A reflectionmeasurement, as completed for argon, can only be performed for photon energy
near 16 eVwithmoderate photon flux and is shown by the blue dashed curve. The photon flux at 16 eV from
xenon is estimated to be 4.6 × 107 photons/s or 66 photons/pulse at 0.7 MHz. At themaximumof the spectrum
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around 25 eV, the photonflux is estimated to be 8 × 108 photons/s (1100 photons/pulse). Switching to 1 MHz
leads to lower photonflux because of a lower pulse energy setting of the pumping laser. Themaximumphoton
flux at 1 MHz is around 1.5 × 108 (150 photons/pulse) at the photon energy of 22.7 eV.Note that theHHG
intensity ismore than three orders ofmagnitude higher than in our previousHHG studywhere a laser oscillator
at 4 MHzwas used [39]. Using xenon, the available photon energies are lower than using argon and range from
14 to 32 eV. Below 14 eV, the transmission of the toroidal grating, which is optimized for 40 eV, drops
significantly [45].

According to the results infigure 2(b),we can estimate the total yield of photoelectrons. At themaximumof
the spectrum for a photon energy of 25 eV at 0.7MHz,wemeasured around 8×104 electrons/s emitted into 0.03%
of the π2 full hemisphere. This small solid angle of detectionwas set by turning off all the electron lenses of theToF
spectrometer andwas intentionally used to avoiddamageof the detector at high count rates. As a rough estimation,
a simple scalingup to the full π2 hemisphere leads to a photoelectron yield of 2×108 electrons/s emitted from the
sample at 0.7MHz,which corresponds to around 300 electrons/pulse. About 5× 107 electrons/s emitted from the
sample is estimated fromexperiments at 1MHz, and this emission intensity ismarginally above the space-charge
onset of one electron/pulse. The ratio of the estimatednumber of photoelectrons to thenumber of incident
photons per second is about 0.25. This value is a factor of three higher than the knownphotoemission yield [46, 47]
and can be ascribed to the emission angle and light polarizationdependence that are neglected in the estimation. In
figure 1(a)we show the conservative estimationof the total yield of photoelectrons at around1×107 electrons/s at
1MHz,which is close to theoptimal condition in theToFworking region.

3.2. Fast ToF photoemission experiments
Todemonstrate the efficiency of our present setup, we present a fast photoemissionmeasurement fromAg(001)
at 1 MHzwith a photon energy of 22.7 eV. The angle of incidence of light is °45 and the light is p-polarized. In
figure 3, we show the data from a singlemeasurement with an acquisition time of 10 s and nominal kinetic and
pass energy setting as 16 and 60 eV, respectively.Within this short time, we detected a total number of 3 × 106

photoelectrons and this count rate is indicated infigure 1(b) for comparisonwith other photoemission
experiments. The photoelectrons are analyzed according to their ToF and hit positions on theDLD in the
spectrometer. This analysis yields the three-dimensional photoemission intensity as a function of energy E( ) and

Figure 2. Spectra of high-order harmonics generated from (a) argon and (b) xenon. The spectrum in (a) as well as the blue dashed
curve in (b) are the harmonics generated by laser pulses at 0.7 MHz, and the photon flux ismeasured by reflection upon aAg(001)
surface onto the channelplate. The black and red curves in (b) are the harmonic spectra generated at 0.7 and 1 MHz, respectively. They
aremeasured indirectly according to the yield of photoelectrons collected by the ToF spectrometer within an acceptance angle of
± °1.5 .
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momentum components k k( , )x y parallel to the surface I k k E( , , )x y . The two-dimensional slices of the

photoemission intensity with energy versusmomentum are shown infigures 3(a) and (c), I k E( , )x and I k E( , )y ,
respectively. Infigure 3(e), we depicted the line profiles I(E) atfixed kx=±0.35 Å−1 fromfigure 3(a). Clear
features of the d bands from4 to 7 eV below the Fermi energy (EF) with high intensity are observed and theweak
intensity above 4 eV is attributed to the sp bands. The cutoff at 8 eV is due to the limit of the electron lens system
in the ToF spectrometer at the chosen setting.

Closer inspection of the dispersion of the photoemission features infigure 3(a) reveals a clear asymmetry
between the positive and negative kx sides. As indicated by the arrows infigures 3(a) and (e), on the negative side
of kxwe observed three branches of d bands, whereas on the positive side, only two branches can be seen. This
asymmetry in photoemission pattern can be further identified in themomentumdistribution of photoelectrons
I k k( , )x y , as shown infigures 3(b) and (d) for different energies. Themomentumdistribution has amirror
symmetrywith respect to the kx axis but nomirror symmetry about the ky axis. This observation can be
explained by the experimental geometry as defined by the Ag(001) surface with fourfold symmetry and by the
linearly polarized incident light within the optical plane onwhich the kx axis is located. The linear polarization of
light is 45◦ tilted from the surface normal and simultaneously has a component parallel to the kxmomentum
direction, as well as another component perpendicular to the surface. These two electric field components can
cause interference in thematrix element of photoemission and result in an asymmetric distribution of
photoelectrons [49, 50]. As a consequence, breaking the original fourfold symmetry with the incident off-
normal light leads to a twofold pattern, which has onlymirror-symmetry about the kx axis in our case. The
appearance of the threefold pattern infigure 3(b) can be considered as a special case of amirror-symmetric
patternwith respect to the kx axis at this specific binding energy.

To checkwhether space-charge effects have an influence on the present experiments, we follow thewell-
establishedmethod in the literature and compare the Fermi-edge in photoemission spectrameasuredwith
different count rates [34, 40]. Infigure 3(f), we show the angle-integrated photoemission spectra near the Fermi
energy (EF)measuredwith ×1.3 105 and ×4.4 104 electrons/s and the fits with a step function convoluted by a
Gaussian function. From thefit, the position of the Fermi edge in these two spectra can be evaluated and their
difference is less than 10 meV.We therefore exclude significant space-charge effectsmuch higher than 10 meV,
which is in accordancewith our expectation for theMHzhigh repetition rates, as discussed infigure 1. The full-
width-at-half-maximum (FWHM)of theGaussian functions in the fits is around 250 meV. By taking into

Figure 3.Distribution of photoelectrons fromAg(001) collectedwithin 10 s using p-polarized light with a photon energy of 22.7 eV.
(a) and (c) show the energy-momentum slices at ky=0 and kx=0with a thickness of the slice of 0.2 Å−1. In (b) and (d) the two-
dimensionalmomentumdistributions of photoelectrons at binding energies 3.00 and 5.25 eV are displayedwith an integrated energy
window 1.0 and 0.5 eV, respectively. Line profiles at ±0.35 Å−1 with awidth of 0.1 Å−1 through the slice in (a) are shown in (e). Angle-
integrated photoemission spectra near the Fermi edge, (EF)measured at different count rates are shown in (f). In the inset of (a) and
(c), the orientation of light electricfield ( ⃗E ) to the parallelmomentum is indicated together with the surface Brillouin zone.
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account the thermal broadening of the Fermi–Dirac distribution that corresponds to a FWHMof around
100 meV at 300 K,we estimate the energy resolution in the present experiments as 230 meV. This value is larger
than that in our previousmeasurements on the surface state of Cu(111) surfaces using a lower photon energy
[39]. As included in the energy resolution, about 180 meV can be attributed to the bandwidth of theHHG light
source at a photon energy of 22.7 eV, whereas the other 150 meV comes from the energy resolution of the ToF
spectrometer for the present lens setting of a 12 eV energywindow. This estimated bandwidth of the harmonics
corresponds to a transform-limited pulse duration of about 9 fs from generation, which is subsequently
stretched by themonochromator grating to about 2 ps.

The features of electronic bands observed in photoemission spectra infigure 3 can be qualitatively
interpreted by the band structure of Ag(001), as shown infigure 4(a) [48].With a photon energy close to 23 eV,
the dominant photoemission signals come from the resonance betweenAg d and unoccupied sp bands. Similar
transitions from the d bands can also take place at higher photon energies of 30 and 39 eV as observed in
figure 4(b). In addition, at a lower photon energy of 18 eV, a resonance between sp bands occurs and
photoemission signals from theAg sp bandswith stronger dispersion along themomentumdirection kx is
observed, as shown in the lowest panel of figure 4(b).

4.Discussion

In the following, we compare the efficiency of theMHzHHG setupwith photoemission experiments with
discharge lamps in the laboratory, as well as at synchrotron radiation facilities. Our quantitative comparison is
based on the detected photoemission count rate according to the spectrometer acceptance and the space-charge
limit.

4.1. Comparisonwith laboratory experiments using discharge lamps
In conventional laboratory photoemission experiments using a hemispherical energy analyzer in combination
with a discharge lamp, the sequential azimuthal rotation of the sample is necessary for a three-dimensional
I k k E( , , )x y data set. Based on the 180minmeasurement by Reinert et alwith an angular acceptance of± °7 and a
high-energy resolution of 3.5 meV, we estimate an acquisition time of 10min for ameasurement with
comparablemomentum range and energy resolution to our results infigure 3 [51]. This longer acquisition time
than our presentHHG-based experiments can be attributed to an order ofmagnitude lower photoemission

Figure 4. (a) Theoretical band structure of Ag(001)with possible transitions illustrated for different photon energies [48]. (b) The
energy-momentum slices of photoemission spectra at kx=0 and ky=0 fromAg(001)measuredwith p-polarized light at variable
photon energies. These slices have a thickness of 0.2 Å−1 and the orientation of the parallelmomenta is indicated in the inset with the
surface Brillouin zone.
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intensity from the surface states and the slow subsequent sample rotation in their experiments. Using the PEEM-
based spectrometer to collect all emitted photoelectrons, a three-dimensional data set I k k E( , , )x y typically

takes 0.5 to 1 h [4, 5]. A comparablemeasurement using our present setup requires a 30 times longer acquisition
time than for the data infigure 3 and the totalmeasurement time is about 5 min. Therefore, our setup ismore
efficient than these laboratory experiments using a laboratory discharge lamp either with a hemispherical energy
analyzer or a PEEM-based spectrometer.

Despite the lower efficiency of these laboratory ARPES experiments using a discharge lamp, theymay be
advantageous due to the high-energy resolution coming from the narrowwidth of the ionization lines. On the
other hand, theHHG-based ToF experiments provide amore simple control over the polarization of light as well
as the possibilities for time-resolved pump-probe experiments.

4.2. Comparisonwith experiments using synchrotron radiation
In comparison to laboratory light sources such as discharge lamps orHHG, synchrotron radiation can provide
significantly higher photonflux at a higher repetition rate, as indicated infigure 1. Therefore, synchrotron-based
ARPES experiments can be generallymore efficient than our laboratoryHHG-based ARPES experiments. In
order to compare the relative efficiency, in the following, we discuss the space-charge-limited ARPES
experiments using synchrotron in the normal operationmode in combinationwith a hemispherical energy
analyzer, as well as in the single-bunchmodewith a ToF spectrometer.

For experiments with a hemispherical energy analyzer, we estimate the acquisition time of space-charge-
limited synchrotronARPES experiments using a count rate of 200 photoelectrons per pulse near the onset of
space-charge effects (ΔE =1.4 meV) at a 500MHz repetition rate [34]. Assuming this count rate as the
maximum intensity in experiments and an isotropic distribution of photoelectrons, there are 1011electrons/s
emitted from the sample and 3× 109 electrons/s within the ±15° emission angle enter the hemispherical energy
analyzer. To acquire a two-dimensionalmomentumdistributionwith a range and a resolution comparable to
our results infigure 3, experiments with the hemispherical energy analyzer need to include 240 stepswithin the
180° azimuthal sample rotation. Therefore, the effective count rate formeasuring a three-dimensional data set
I k k E( , , )x y is reduced by a factor of 1/240 and ends up at 1 × 107 electrons/s. This count rate is about two orders

ofmagnitude higher than that in ourHHG-ToF experiments and proves that the synchrotron-based experiment
with a hemispherical energy analyzer ismore efficient. The higher efficiency of synchrotronARPES experiments
is directly related to their two orders ofmagnitude higher repetition rate than ourHHG light source and this
aspect was overlooked in an earlier comparison in [11].

In strong contrast to ARPES using the hemispherical energy analyzer, experiments with a ToF spectrometer
require a reduced repetition rate of the synchrotron radiation [6, 17]. The single-bunchmode at several
synchrotron facilities operates at a repetition rate in the range from1.25 MHz at BESSY [16, 17] andNSLS [12],
to 3MHz at ALS [15] and 5MHz at ESRF [14]. Despite themuchmore intense light from synchrotron than in
our laboratoryHHG setup, the detected photoelectron count ratewould not be significantly higher beyond
106 counts/s due to the limit of the imaging detectors. Therefore, we estimate a conservativemaximumcount
rate of synchrotron-based ToF PES of around 106 counts/s, which can be reached using our laboratoryHHG-
based experiments.

5. Summary

To summarize, we demonstrate efficient laboratory-based ARPES usingHHG froma fiber laser atmegahertz
repetition rate in combinationwith ToF spectroscopy. Count rates as high as 1 × 105 electrons/s within a 3%
portion of the full π2 solid angle are detected and analyzed. The presented efficiency significantly improves
conventional laboratory ARPES experiments using discharge lamps or laser-basedHHG light sources at kHz
repetition rates. Our results provide a guide for efficient and flexible laboratory-based band-mapping
experiments that are important for general studies inmaterial science. SuchHHG light sources at high repetition
ratesmight pave theway for compact ultrafast time-resolvedmulti-dimensional PES andmicroscopy, where
thousands of photoelectron spectra at different pump-probe delays are required [52, 53].
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Atomic line emission and high-order harmonic generation in argon driven
by 4-MHz sub-μJ laser pulses
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We report on the coexistence of atomic line emission (ALE) and high-order harmonic generation (HHG) from
argon with experimental conditions bridging the multiphoton and tunnel ionization regimes. Driven by sub-μJ
femtosecond laser pulses in tight-focusing geometry, characteristic spectra of ALE from highly excited neutral
argon as well as from singly ionized argon are detected in the presence of the harmonics. The results are discussed
with respect to the electronic structure of argon and the phase-matching condition of the HHG process.

DOI: 10.1103/PhysRevA.89.043404 PACS number(s): 42.65.Ky, 42.65.Re

I. INTRODUCTION

High-order harmonic generation (HHG) is a process in
which strong laser pulses with low photon energy, down to
the midinfrared region, are converted into bursts of high-
energy radiation ranging from the extreme ultraviolet up to
hard x ray [1,2]. The celebrated combination of HHG-based
light sources with varieties of spectroscopy and microscopy
methods allows ultimate time resolution in experiments and
real-time observation of ultrafast electron dynamics in gen-
eral [3]. In the simplified picture of the HHG process, a
strong electric field, more than several V/Å, from a driving
laser is required to trigger tunnel ionization [4]. This marks
a HHG threshold at incident laser peak intensity around
1013 W/cm2. The demand to build a HHG source of the
highest possible repetition rate requires therefore detailed
knowledge of the onset of the tunnel ionization regime. It
has been reported that the threshold intensity for HHG could
be greatly reduced by several orders of magnitude using field
enhancement in plasmonic nanostructures [5,6]. However, the
first exciting results demonstrated by Kim et al. [5] could not
be reproduced by other groups and the observed emission of
vacuum-ultraviolet light was later identified as atomic line
emission (ALE) [7,8].

The ALE is usually dominated by the HHG signals when
the process is driven by mJ laser pulses from amplified laser
systems at low repetition rate [2]. The recent observation
of ALE driven by a weak laser field [7,8] signifies more
than a technical issue of discriminating ALE from HHG
features when they have comparable intensity. From the
fundamental physical point of view, the observation is relevant
to the transition region between multiphoton and tunnel
ionization regimes where the ac-Stark shift and resonances
can take place [9–11]. This transition occurs when the Keldysh
parameter γ , the ratio of the time scale for tunnel ionization to
the period of the incident laser field [12], is close to unity. In a
simplified picture, tunnel ionization needs to compete with the
oscillating optical electric field, since at a higher frequency

*Present address: Max Planck Institute for Nuclear Physics,
Saupfercheckweg 1, 69117 Heidelberg, Germany; alexander.
blaettermann@mpi-hd.mpg.de
†Corresponding author: wolf.widdra@physik.uni-halle.de

the field switches its direction earlier, before the electron
tunnels through the dynamically distorted ionization potential.
At high field strength and low frequency, γ < 1, the tunnel
ionization dominates, corresponding to experiments showing
dominant HHG spectra. At lower field strength and higher
frequency, γ goes beyond unity and multiphoton ionization
from weakly perturbed atomic states comes into play, leading
to the emission of characteristic ALE spectra.

In this paper, we investigate for γ ≈ 1 the coexistence of
ALE and HHG from an argon jet driven by femtosecond laser
pulses of 650 nJ at 4 MHz repetition rate. In strong contrast
to previous studies [8], which showed only either dominant
HHG features driven by mJ pulses at several kHz repetition
rate or ALE driven by nJ pulses at MHz, we observe the
clear coexistence of ALE and HHG processes under otherwise
identical experimental conditions. By comparing the ALE
spectra with the electronic structure of argon atoms, we assign
the ALE features to emission from highly excited neutral
argon atoms and singly charged argon ions. The simultaneous
observation of ALE and HHG and the understanding of their
relative intensities might be important for the development
of low-power, but high repetition rate, HHG sources which
operate just above the transition regime for γ ≈ 1. As a tool,
the observation of ALE might allow one to locate the crossing
condition of the μm gas jet and the μm laser focus when the
optimal HHG conditions are not yet met. But more essentially,
the clear separation of both effects is necessary to assign the
HHG radiation under threshold conditions.

HHG sources with MHz repetition rates are essential for
the design of laser-based vacuum-ultraviolet light source in
electron-based spectroscopy and microscopy, where repetition
rate significantly beyond traditional kHz Ti:sapphire amplifier
systems [13,14] is necessary. By far, as an alternative to
our approach using a sub-μJ laser oscillator at MHz, HHG
experiments at this high repetition rate require either intricate
high-power fiber laser systems [15–18] or an additional
complex resonant cavity for field enhancement [19–21].

II. EXPERIMENTAL SETUP

In Fig. 1(a), an overview of the setup is shown. To drive
HHG, we used the output of a Ti:sapphire oscillator with its
cavity extended by a Herriott-type multipass cell [22,23]. The

1050-2947/2014/89(4)/043404(5) 043404-1 ©2014 American Physical Society
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FIG. 1. (Color online) (a) Setup of experiments. (b) Spectra of the generated radiation from argon, measured for 7.5 s for spectra 1 and 2,
and 60 s for spectrum 3. The three spectra are measured with different diffraction angles by which the grating is rotated. A smooth background
was subtracted from the spectra. The order of the harmonics and the atomic lines (ALE) with their wavelength are indicated.

laser output has a central wavelength around 800 nm, and a
pulse energy of 650 nJ with 50 fs pulse duration at 4 MHz
repetition rate. An achromatic lens focuses the laser beam into
an argon gas jet emerging from a glass capillary with 30 μm
orifice and a backing pressure of 3 to 4 bar. The focal length
is about 50 mm, which results in a beam-waist diameter of
around 5 μm. These focus parameters are in strong contrast
to the conventional HHG setups using amplified laser systems
with μJ to mJ pulse energy, in which a sufficient intensity can
still be provided by a much larger focus size. In our case, the
peak intensity at the focus is estimated to be 7 × 1013 W/cm2.
The emitted vacuum-ultraviolet light is diffracted and focused
onto an imaging detector by a toroidal grating. Due to the
diffraction geometry, the longest wavelength that can be
observed is around 120 nm and a wide spectral range can be de-
tected upon rotation of the grating. The diffracted HHG pulses
are stretched to a temporal width of 1 to 2 ps according to the
line density of the grating and the estimated beam-spot size on
the grating. Details of the setup are described elsewhere [24].

III. RESULTS

Figure 1(b) shows spectra of vacuum-ultraviolet light
generated from an argon jet with a backing pressure of 4 bar.
In the spectra, the harmonics of the driving laser field are
indicated by their harmonic order and the additional features
are attributed to atomic lines (ALE) of argon. The photon flux
is estimated to be 2 × 104 photons/s for the 13th harmonic
with an assumed 10% efficiency of the detector. This flux is
about 4 orders of magnitude lower than that of a conventional
HHG setup driven by amplifier laser systems [14].

By using the cutoff in the HHG spectra as a reference, we
can estimate the Keldysh parameter γ in our experiment as the
following. The HHG spectra extend up to the 17th harmonic
and show a cutoff around the 19th harmonic with a photon
energy of 29.5 eV (Ecutoff). According to the empirical cutoff
law of HHG [25], the ponderomotive energy (UP ) of electrons

in the laser field can be estimated by Ecutoff = IP + 3.17UP .
Here, IP is the ionization potential of the neutral argon atom
of 15.8 eV. UP is estimated to be 4.3 eV and the peak
intensity at the laser focus is estimated to be around 7.3 ×
1013 W/cm2. This peak intensity is in reasonable agreement
with our estimation by the focus spot size. From these,
we estimate the Keldysh parameter γ ≈ 1.4, which is in
the transition region between the multiphoton and tunnel
ionization regimes.

As a crosscheck for the assignment of ALE and HHG, we
used xenon instead of argon as the generation medium, and
harmonics up to the 13th order were observed with higher
intensity, whereas the ALE features at 65, 80, and 104 nm
wavelength were not observed (data not shown). This suggests
that the assigned ALE features are related to the characteristic
electronic structure of argon atoms and ions.

The detailed spectrally resolved structure of the ALE
is shown in Fig. 2. Figures 2(a) and 2(b) display the
two-dimensional diffraction pattern and Fig. 2(c) shows
the corresponding line profiles. In the presented spectral
range, the 9th, 11th, and 13th harmonics dominate, but
additional features appear at about 64 and 80 nm, which
we resolve with high resolution. In Fig. 2(b), the diffraction
pattern of the generated radiation is measured under identical
conditions, except for a reduced exposure time as in Fig. 2(a),
and the argon gas jet is displaced by about 30 μm away from
the lens along the light propagation axis. As clearly shown
by the comparison between the line profiles in Fig. 2(c),
the intensity of the 11th harmonic was about tripled from
Figs. 2(a) to 2(b), whereas the ALE features completely
vanish. This observation shows directly the very different
generation conditions for ALE and HHG.

IV. DISCUSSION

In general, the identification of specific ALE transitions
simultaneously in HHG experiments is not straightforward
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FIG. 2. (Color online) (a),(b) The diffraction patterns of generated vacuum-ultraviolet radiation for two different argon jet positions. In (a),
the argon jet is positioned 30 μm closer toward the incident laser beam than in (b). (c) The averaged line profiles from (a), blue curve, and (b),
red curve. A constant background in the line profile is subtracted. For clarity, the blue curve is vertically shifted. The exposure time for image
(a) and (b) is 22 and 11 s, respectively, and a factor 2 should be taken into account when comparing their absolute intensity.

because of the abundance of possible transitions [7] as well
as laser-intensity-dependent Stark shifts of the characteristic
atomic lines [9–11]. Moreover, the HHG spectra can depend
on the generation geometry and the driving laser-pulse energy.
It has been shown that different electron trajectories can lead
to splittings of the odd harmonic spectral features; however, at
sub-μJ pulse energies in tight-focusing geometry, significant
splittings are absent according to the detailed study by Heyl
et al. [26]. For comparison with the experimental spectra, we
show in Fig. 3 the atomic transitions of neutral argon reported
in the literature summarized by the Grotrian diagram [27–30].
Here the excited atomic levels of neutral argon are indicated
with their energies relative to the ground-state [Ne]3s23p6

electronic configuration. Selected optical transitions from

these excited states to the ground state are sketched and labeled
with the emitted wavelength (λ).

Comparing the observed vacuum-ultraviolet spectra in
Fig. 1(b) with the energy diagram in Fig. 3(a), we can assign
the ALE features near 80 and 104 nm to atomic transitions in
neutral argon atoms. The ALE feature near 104 nm agrees well
with the transitions from the excited states [Ne]3s23p54s1 at
about 12 eV (λ = 104.8, 106.7 nm) to the ground state. These
transitions were also observed in Ref. [8] when argon is driven
by mJ laser pulses at 1 kHz. Furthermore, the feature near
80 nm with fine-scale spectra features revealed in Fig. 2(c)
can be related to transitions from highly excited states near the
ionization threshold (IP ), i.e., [Ne]3s23p5ns1 with n � 6 and
[Ne]3s23p5nd1 with n � 4, to the ground state.

043404-3
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FIG. 3. (Color online) The relevant Grotrian diagrams of (a) a neutral argon atom [27–29] and (b) a singly ionized argon ion [28,30] for the
observed atomic emission lines. Excited states are shown with the energy (left axis) and emitted wavelength (right axis) in an optical transition
to the ground states. Examples for dipole allowed transitions are indicated by the arrows labeled with the wavelength of emitted radiation. In
(a), the ionization energy (IP ) for a singly charged ion is marked by the dashed line.

A closer look at the fine-scale spectra feature near 80 nm
in Fig. 2(c) reveals its extension down to 77.2 nm. This
value is smaller than the corresponding value of the ionization
potential (IP ) of 78.8 nm. Since all the [Ne]3s23p5ns1 and
[Ne]3s23p5nd1 bound states must be located below IP in
the argon atom in a field-free environment, we tentatively
attribute this deviation to the dynamic Stark effect due to the
strong driving laser field. In analogy, comparing the weak ALE
feature near 65 nm in Fig. 2(c) with Fig. 3(b), we could assign
this feature to transitions of singly charged argon ions from the
energetically higher states [Ne]3s23p44s1 or [Ne]3s23p43d1

to the [Ne]3s23p5 ground state with wavelength in the range of
66 to 70 nm. According to the experiments of Ackermann et al.,
the Stark shift depends linearly on the laser intensity with a
slope of about 5 meV per 1012 W/cm2 for the [Ne]3s23p54s1 to
[Ne]3s23p6 transition driven by a laser at around 500 nm [11].
In our case, this would result in a shift of about 350 meV, which
is in good agreement with the experimentally obtained values
of the transitions near 104 nm shifted by about 2 nm. In highly
excited states, electrons are even more affected by the driving
laser field and the energy shift may be even comparable to the
ponderomotive energy (UP ) [31].

In our experiments, we could not precisely quantify the
magnitude of the Stark shift due to a possible experimental
error in the relative wavelength determination of the ALE
features. Due to the different directional characteristics of
HHG and ALE, a small deviation could result from the
different illumination of the diffraction grating. The harmonics
will follow the fundamental driving laser beam, whereas the
ALE is isotropic. From the observed ALE feature at 104 nm

in Fig. 1(b) and the expected transition from [Ne]3s23p54s1

at 104.8 nm and 106.7 nm, we can estimate an upper limit of
the error of around 2 nm. This size of error can occur when
there is a misalignment of around 0.1 mm near the optical axis
between the driving laser and the optical components.

After identifying the specific ALE features, we now discuss
their dependence on the argon jet position with respect to the
laser focus. The atomic transitions are incoherent single-atom
processes and the phase difference between emitters does not
play any role in ALE. Therefore, it is expected that ALE
is most efficient where the excitation is strongest, namely,
when the argon jet is placed directly in the laser focus.
This simple consideration neglects the dynamic Stark effect,
which can shift atomic levels into multiphoton resonance with
the incident laser [11]. In contrast, HHG is based on the
laser-induced atomic nonlinear polarization and the coherent
superposition of the emitted waves from single atoms in
the generation medium, i.e., the argon gas jet. As a result
of the phase mismatch due to focusing, optical dispersion
in the gas, and intrinsic atomic polarization phase shift, the
optimized gas jet position is located slightly behind the laser
focus [32,33]. In our experiments with sub-μJ pulse energy
and tight-focusing geometry, the compensation of the Gouy
phase of the focused laser beam by the neutral gas optical
dispersion plays an important role [13,14]. As an estimation,
the optimal condition for HHG is calculated by numerical
simulation of the propagation of the laser-induced polarization
and the electric field using the paraxial Helmholtz equation and
Green’s function method. We estimate an optimum position
for the 11th harmonic at about 36 μm behind the laser focus.
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According to this value, together with the observed 30 μm
shift between the argon jet position for experiments shown
in Figs. 2(a) and 2(b), we confirm that the optimum gas jet
position for ALE is at the laser focus, as schematically shown
in the inset beside Fig. 2(c). This is also consistent with our
observation that there exists only one position for maximal
ALE intensity when scanning the gas jet position along the
laser propagation direction.

V. SUMMARY

To summarize, we observe the coexistence of characteristic
atomic line emission (ALE) and high-order harmonic gener-
ation (HHG) from argon excited by tightly focused sub-μJ
laser pulses at 4 MHz repetition rate. By this, we provide
a detailed study of HHG in a rare gas jet at the transition
from multiphoton to tunnel ionization regimes (γ ≈ 1). The
identified ALE features are assigned to transitions in neutral
argon atoms from the optically excited 3p54s state and

higher excited states near the ionization threshold to the
3p6 ground state. In addition, there are weak ALE features
attributed to transitions in singly charged argon ions from
the excited 3p44s1 or 3p43d1 states to the 3p5 ground state.
The simultaneously observed HHG spectra extend up to the
21st order with a photon energy of about 32 eV. Due to
the phase-matching condition involved in HHG, the relative
weighting of harmonics and atomic lines can be controlled by
the gas jet positioning with respect to the incident laser focus.
We demonstrate a straightforward way to identify and control
the contributions of ALE relative to HHG by positioning the
gas media relative to the laser focus, which could be important
for the design of HHG experiments where the contribution of
ALE should be minimized [5–8].
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Glossary
High-order harmonic generation (HHG) Production of high multiples of incident photon energy of a driving laser field,
usually in the vacuum-ultraviolet range of the electromagnetic wave spectrum.
Photoelectron spectroscopy (PES) Spectroscopy of electrons ejected from a material due to an incident photon.

Introduction

Photoelectron spectroscopy (PES) has provided fundamental information on physical and chemical properties at surfaces and inter-
faces.1,2 Among the immense varieties of PES experiments, PES using high-order harmonic generation (HHG) as a light source
allows spectroscopy in a laboratory with a widely tunable photon energy, variable polarization of light, and attosecond to femto-
second time resolution. Therefore, HHG-based PES has been developed over more than two decades to study dynamical processes at
surfaces and interfaces.3–5 In this article we provide an overview of HHG-based PES experiments on surfaces and interfaces. In
Section “Experimental Development” we outline the key ingredients of HHG-based PES setups, and in Section “Theory for
Time-Dependent Photoemission Processes” a short reminder of theoretical concepts with emphasis on electron dynamics is given.
In Section “Surfaces Investigated by HHG-Based PES” we summarize and discuss state-of-the-art HHG-based PES experiments. In
order to keep this article compact and straightforward to understand, we are restricted to present limited amounts of aspects in the
literature. For a possible incompleteness of our perspectives we apologize to the readers and would like to refer to materials in
“Further Reading” for extended reading.

Experimental Development

Overview

High-order harmonic generation (HHG) is a process to convert a number of low-energy photons to one high-energy photon in
a strong laser electric field. It is not only most well known for experiments with gas media6–8 but has also been extensively studied
in solids9,10 as well as at surfaces.11 In a classical model of HHG in atoms, as illustrated in Fig. 1, a bound valence electron is ionized
under the influence of a strong laser field from the distorted atomic potential by a tunneling process. This electron is then accelerated
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in the laser electric field and recollides with its parent ion with a high kinetic energy (Wkin).
12,13 The recollision can lead to emission

of light with a photon energy (hn) comparable to the sum of Wkin and the ionization potential (IP). Because Wkin can be high due to
the ponderomotive acceleration in the laser field, hn can extend into the few keV regime.14–16 The light generated from the single
atom process in Fig. 1 adds up during its propagation in the medium17–20 and is collected in far field with the corresponding
vacuum-ultraviolet (VUV) optics for PES experiments.

A typical HHG setup consists of a generation chamber and a monochromator. For generation, setups with a free jet21,22 or a fiber
wave guide23,24 are commonly employed. As a monochromator either a diffraction grating or band pass mirrors can be used, and they
will be discussed in Sections “Photon Energy Range” and “Energy and Time Resolution.” In addition to laboratory setups, there are
also large HHG user facilities available such as the existing Artemis25 and the Extreme Light Infrastructure (ELI) in the future.26

Photon Energy Range

HHG can provide photon energies beyond 1 keV.14–16 For HHG-based PES experiments at surfaces as summarized in Fig. 2, lower
photonenergies from10 to100 eVhavebeenused. Theoutputphotonenergies fromHHGdependon(1) thedriven laser peak intensity,
(2) the generationmedium, aswell as (3) the phase-matching conditions for the coherent sumof light emitted from single atoms. These
dependencies havebeen thoroughly reviewed in the literature.7,8,11,27 In addition, inHHGsetups ametallicfilter is usually used toblock
the driving laser field but allows the harmonics to transmit. An Al filter, for example, allows harmonics below 70 eV to pass through,
whereas a Zr filter for harmonics above 70 eV.28,29 These metallic filters limit the available photon energies in the PES experiments.

Moreover, in HHG-based PES experiments, a monochromator is often required for a reasonable energy resolution. Exceptions
are time-resolved PES experiments using the reconstruction of attosecond beating by interference of two-photon transitions (RAB-
BITT30–32), where an interference between photoexcitation by neighboring harmonics is required via an additional infrared excita-
tion. Otherwise a monochromator, either consisting of gratings or dichroic mirrors, is used in HHG-based PES experiments. For
a monochromator based on dichroic mirrors, only a fixed photon energy range can be selected.33–36 In contrast, a grating mono-
chromator allows experiments over a wide photon energy range and studies of a photon energy-dependent cross section of elec-
tronic states.37,38

Energy and Time Resolution

Conventional electron spectrometers can have a high energy resolution better than few meV39–42; therefore the energy resolution in
HHG-based PES experiments is mostly limited by the bandwidth of a single harmonic. In the very earlier experiments, Mathais et al.
demonstrated an energy resolution of around 0.8 eV.43 Nowadays the energy resolution has become better than 150 meV.44–46 As
an example, photoelectron spectra from the Shockley surface state on Cu(111) are compared in Fig. 3. With a HHG-based PES setup

Fig. 1 Three-step model for high-order harmonic generation (HHG) from atoms. Reprinted figure with permission from Winterfeldt, C.;
Spielmann, C.; Gerber, G. Colloquium: optimal control of high-harmonic generation. Rev. Mod. Phys. 2008, 80, 117. Copyright (2017) by the American
Physical Society.

Fig. 2 HHG-based PES experiments at surfaces sorted according to the applied photon energy. The numbers in References are indicated.
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using a time-of-flight electron spectrometer, Trützschler et al. measured a linewidth of 86 meV. Taking the intrinsic linewidth at
300 K into account,48 an upper bound of the light bandwidth of 65 meV can be estimated. The improvement in bandwidth can
be clearly seen in comparison to an earlier work by Frietsch et al., where a 90-meV bandwidth of light at a higher photon energy
was used.45

The temporal resolution in pump–probe HHG-based PES depends on several factors: (1) transform-limited bandwidth of the
harmonics, (2) pulse stretching due to the monochromator, and (3) temporal broadening in focusing the harmonics onto the
sample. A temporal width determined by factor (1) is about 18 fs for an energy bandwidth 6E of 100 meV for a single harmonic,
and it scales reciprocally with6E. Factor (2) is important for grating-based monochromators and has been intensively discussed in
the literature.4,50–53 This temporal broadening due to diffraction is proportional to the line density of the grating, but it can be
compensated by a pair of identical gratings.54

Since the harmonics are usually focused by mirrors onto the sample in PES experiments, factor (3) can only have a significant
influence for spherical mirrors due to the spherical aberration. For instance, a temporal broadening for a 3-mm beam diameter and
a 25-mm focal length (f) is 0.1 fs.55 Because of its scaling with f�3, this contribution should be negligible in practical HHG-based
PES experiments with a long focal length of focusing mirrors. In addition to the temporal duration of the harmonics on the sample,
the overall time resolution in the time-resolved pump–probe PES experiments includes the temporal overlap with the pump exci-
tation (cross-correlation).

Photon Flux and Repetition Rate

The photon flux as a function of the repetition rate of existing HHG light sources has been nicely reviewed in the literature.56–58 In
all optical experiments, the repetition rate of HHG can go beyond 100 MHz.59 However, until now, repetition rates only up to
4 MHz have been used in static HHG-based PES experiments at surfaces.60 Moreover, due to the requirement of a short, intense
pump laser pulse in the pump–probe experiments, only a few hundred kilohertz repetition rates were demonstrated in time-
resolved PES experiment.61 Since the maximum number of photoelectrons generated from each HHG light pulse is limited by space
charge effects,62,63 there is still potential to increase the efficiency of HHG-based, time-resolved PES experiments by increasing the
repetition rate into MHz range.64,65 An overview for HHG-based PES at different repetition rates can be found in a previous
publication.66

Band Mapping

Due to the moderate bandwidth of harmonics, HHG-based PES has a lower energy and momentum resolution than conventional
PES with discharge lamps or synchrotron radiation. Therefore, static band mapping using HHG-based PES is usually used only as
a reference for time-resolved PES experiments where the momentum-resolved electron dynamics can be probed.

Fig. 3 Photoelectron spectra from the Shockley surface state on Cu(111) at G. Blue circles show spectrum from Trützschler et al. measured at
a repetition rate of 0.7 MHz using a time-of-flight electron spectrometer.47 The red curve shows a Lorentzian fit with a full-width-at-half-maximum
(FWHM) of 86 meV. Provided that an intrinsic FWHM of 56 meV at 300 K is taken into account,48 an upper bound of light band width of 65 meV is
estimated. Gray triangles display the spectrum from Frietsch et al. measured at 100 K using HHG at 10 kHz and a hemispherical energy analyzer.45

Due to the temperature dependence of the binding energy of the surface state,49 their spectrum is shifted by þ50 meV for comparison.
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However, due to the widely tunable photon energy range, laboratory HHG-based PES allows to probe the crystal momentum
perpendicular to the surface using photoexcitation transitions at different photon energies, which otherwise require synchrotron
radiation. This has been utilized to distinguish a surface resonance on Pt(111) from bulk transitions.67 Moreover, by selecting
a specific photon energy, electronic states at a specific point in the three-dimensional (3D) Brillouin zone can be probed. This
momentum selection is important for cases where the dynamics of excited electrons depends strongly on the 3D band dispersion
of the final states.31

Theory for Time-Dependent Photoemission Processes

The photoemission process has been formulated using diverse theoretical approaches in the literature. In view of several existing
reviews,68–71 only selected key ingredients will be discussed in the following. The photoemission intensity can be described in
a simplified form69:

I psurf ; s; Ef
� �

f Jf Dj jJi
� ��� ��2d Etotalf � Etotali � hv

� �
(1)

Here the quantum mechanical operator D describes the interaction between the vector potential of the incident electromagnetic
wave and the electron in solid via the single particle canonical momentum operator. psurf is the momentum component of the
photoelectron parallel to the surface, and s is its spin. Jf and Ji are the final and initial state wave functions of the whole system
at energies Ef

total and Ei
total.Jf includes the photoelectron in vacuum and the solid left behind with one photo-hole, whereasJi repre-

sents the system in the ground state before the photoexcitation.
If the lifetime of the photo-hole is neglected and the electrons in the solid are assumed to be independent from each other, Eq.

(1) can be further simplified to a summation over all initial states of occupied single electron wave function and one electron final
states that include the transport of the photoelectron away from the system.72 For a realistic consideration on the transport, scat-
tering processes have to be taken into account.73 If the photoelectron and the rest of the system with a photo-hole is considered
separately in the so-called sudden approximation,71,74,75 the photoemission intensity can be rewritten as:

I psurf ; s;Ef
� �

f
X
i

jf Dj jji

D E���
���2A Ei ¼ Ef � hv

� �
(2)

Here A(Ei¼Ef�hn) is the spectral function of the system with one photo-hole at the energy Ei. It describes the probability to
create one photo-hole by the projection of the initial ground state of the whole system Ji to the final state with one photo-
hole. The summation i runs through all the occupied one-electron initial states ji, and jf is the one-electron final state at the energy
Ef. By analyzing the photoelectron with the energy Ef, information regarding the system with one photo-hole as represented by
A(Ei¼Ef�hn) can be obtained.

In reality, the interaction between electrons in solids needs to be taken into account.76,77 Furthermore, the time-dependent inter-
action between the photoelectron and the photo-hole as well as the lifetime of the photo-hole can have significant effects on the line
shape of photoelectron spectra.78–80 A more direct measurement of these dynamical processes is the time-resolved pump–probe
PES experiments using high-order harmonics, whose theoretical description includes: (i) the macroscopic optical response of
surfaces with the light field at the femtosecond time scale; (ii) the dynamics in the creation of the photoelectron; (iii) the micro-
scopic time evolution of the system on the time scale of the photo-hole lifetime, within which the photoelectron can interact
with the hole strongly; and (iv) the time-dependent propagation of the photoelectron away from the system. These aspects are
summarized in Table 1, and a more thorough discussion can be found in the review by Pazourek et al.101

Surfaces Investigated by HHG-Based PES

In the following sections, we summarize HHG-based PES experiments at surfaces in the literature and categorize them according to
the systems investigated.

Table 1 Overview of theoretical calculations for time-resolved PES

Theoretical description Reference

Optical response at surfaces 81–85
Dynamics in the creation of photoelectrons 85–90
Photoelectron interacting with photo-hole/other electrons 88,90–95
Propagation of photoelectron 83–85,93,96–100
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Adsorbates

There are only a few adsorbate systems that have been studied by HHG-based PES (Table 2). Due to the high photon energies from
HHG, photoelectrons in core levels of atoms and molecules can be excited. Therefore, photoelectrons from the adsorbates can be
clearly identified apart from the substrate signals. Moreover, the energy of core levels depends sensitively on the environment, and
the resultant chemical shifts provide information regarding the local structure at the surface. With pump–probe HHG-based PES,
this information can be used to characterize optically excited relaxation pathways of surface chemistry on the femtosecond to pico-
second time scales.106,109

Two-Dimensional and Layered Materials

The high photon energies from HHG also allow access to electronic states in the full Brillouin zone, in contrast to purely laser-based
PES. Since the K points in the Brillouin zone of graphene are beyond the momentum range probed by PES using conventional ultra-
violet laser sources, HHG-based time-resolved PES (tr-PES) gives a unique opportunity to study electron dynamics in graphene.114–
120 These studies are summarized in Table 3. Very similarly, HHG-based tr-PES allows to study electron dynamics at G, M, and K
points in the Brillouin zone of other two-dimensional (2D) materials such as 1 T-TiSe2 and 1 T-TaS2. These valuable investigations
essentially elucidate different mechanisms behind the electronically driven metal-to-insulator phase transitions.127–129 In Table 4
we summarize the HHG-based tr-PES experiments on these 2D materials.

Metals

With HHG-based tr-PES, even intriguing electron dynamics can be found in conventional metals. In Table 5HHG-based PES studies
on metals are summarized. By using the high photon energies of HHG, the attosecond time delays between photoemission
processes from core and valence electrons in bulk Cu, Ni, and W30,31,159 as well as in Mg/W(110) films151–153 have been identified.
The high photon energy makes it also possible to study spin dynamics of shallow core levels in rare earth ferromagnets Gd(0001)
and Tb(0001). In these materials, it was discovered that the exchange splitting between electronic states can evolve transiently
depending on their spatial localization and orbital angular momentum.149,150,158

Table 2 Summary of HHG-based PES on adsorbate and molecular layers

Adsorbate system Electronic state Time scale (fs) Reference

CO/Pt(111) 1p, 4s, 5s 37,102–104
I2/Cu I 4d3/2, I 4d5/2 105
Iodo-phenylphenol/Si(100) I 4d3/2, I 4d5/2 0.5�5�104 106
Iodobenzoyloxy-functionalized resorc[4]arenes/Au/Ti/Si I 4d3/2, I 4d5/2 107
In2I6/Ag/Si I 4d3/2, I 4d5/2 108
O2/Pt(111) 1pg* 550�140�5�103 109–111
O/Ni(111) O 2p 103
W(CO)6/Si 4s, 4p, 5s 105
Xe/Pt(111) Xe 4d 7.1�1.1 112
Xe/Re(0001) Xe 4d, Xe 5p 113

Table 3 Summary of HHG-based tr-PES on graphene

Graphene Electronic state ( hnpump) Time scale (fs) Reference

p-doped EF near K (0.1�0.3 eV) 135�35 118
EF near K (0.30�0.95 eV) 13�4�860�50 117
EF near K (�0.95 eV) 150�3�103 116,120,121
EF near K (�1.6 eV) 25�2.8�103 114,115,119,122

n-doped EF near K (0.1�0.4 eV) 160�280 123
EF near K (1.6 eV) 87�490 114
EF near K (3.1 eV) z400 124

Bilayer EF near K (0.1�0.3 eV) 150�20�2.8�0.6�103 118
EF near K (0.8 eV) 220�50�1.8�0.3�103 116
EF near K (1.6 eV) 650�104 125

On Ni(111) s, p bands 38
EF þ0.4�2 eV 126

hnpump, excitation photon energy in an optical pump, HHG-probe experiment; EF, Fermi level.
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Semiconductors

Electron dynamics in semiconductors has been studied since the 1980s using conventional tr-PES experiments with low photon
energies. Nevertheless, these earlier experiments could only focus on the electronic states in the proximity of the band gap. With
HHG-based PES, as one can clearly see in Table 6, shallow core levels at larger binding energies, such as the Ga and As 3d states,
can be investigated, and it paves the way toward an element-specific identification of electron dynamics in compound
semiconductors.164,168

Table 4 Summary of HHG-based tr-PES on two-dimensional (2D) materials besides graphene

System Electronic state Time scale (fs) Reference

1 T-TiSe2 Se 3d3/2, Se 3d5/2 100�1.2�103 130
Se 4p band 51�15 44
Se 4p band at M 20�110 127–129,131
Ti 3d band 31�3 44
Ti 3d band near M <200 127
Ti 3d band along GK 11�10 132
Ti 3d band along GM 81�6 132
VBM and CBM near M 70�7�103 133

1 T-TaS2 Ta 4f7/2 460�50�3�103 134
Ta 5d bands near G 30�300 135,136
Ta 5d band at G (Mott gap) <20 128
Ta 5d band near M (Peierls gap) 226�38 128

Graphite EF near H 100�104 137
1 T-TaSe2 Ta 5d bands <40�280 136
n-Doped Bi2Se3 Near CBM at G 160 138
MoS2 VBM, CBM along SK �30 61
MoS2/Au(111) VBM, CBM at K 50�20 139
MoS2/graphene VBM, CBM at K 40�5�104 140
2H-MoS2 VBM, CBM 1�3�103 141
WS2/Ag(111) VBM, CBM near K 100�50 142
2H-WSe2 VBM, CBM 0.1�1�104 141,143

VBM, valence band maximum; CBM, conduction band minimum; EF, Fermi level.

Table 5 Summary of HHG-based PES on metals

Metal Electronic state Time scale (fs) Reference

Ag(001) 4d, 5sp bands 66,144
Ag(111) 4d PE delay �0.2�0.2 145
Au(111) 5d PE delay 0�0.2 145
Au/Si(001) Valence band �0.07 146
Bi(001) 5d3/2, 5d5/2 147
Co/Cu(001) Spin-resolved 3d 148
Cu(001) 3d space charge 1�2�106 148
Cu(111) Shockley surface state 45,60

3d, 4sp bands 43
3d PE delay �0.3�0.2 30

Gd/W(110) Exchange-split Gd 5d 800�100 149,150
Magnetic dichroism at Gd 4f 14�3�103 150

Mg/W(110) Mg 2p versus conduction band PE delay 0�0.06 151,152
Mg 2p versus W 4f PE delay 0.08�0.22 151
Mg 2p versus plasmon satellite PE delay 0.06�0.01 153

Ni(111) 3d bands 103
3d L1 versus L3 PE delay 0�0.25 31

Pb 5d3/2, 5d5/2 108
Pt(110) Near EF <100 154
Pt(111) 5d bands 37,67,102,103,112

LAPE of PE from valence bands 155–157
Near EF 260�80 156

Tb/W(110) Exchange-split Tb 5d 300�500 158
W(110) 4f3/2, 4f5/2 105

4f versus conduction band PE delay 0.11�0.07 159

PE, photoemission; LAPE, laser-assisted photoemission.
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Oxides and Strongly Correlated Materials

In strong contrast to the well-established studies on 2D materials, metals, and semiconductors, only few HHG-based tr-PES exper-
iments have been realized on oxides as listed in Table 7. The superconducting electronic states in a high-TC superconductor
Bi2Sr2CaCu2O8þ d have been characterized in the time domain.171 In addition, the strongly correlated oxide UO2 was investigated,
and the dynamics of correlated electrons in the Hubbard bands was revealed.176

Summary

In this article we summarize the literature reporting photoelectron spectroscopy (PES) at surfaces using light sources that are based
on high-order harmonic generation (HHG). These HHG-based PES experiments have established studies of surfaces dynamics and
provide valuable information regarding relevant physical and chemical properties on the picosecond to femtosecond time scales.
On the surfaces with adsorbates, or that of the two-dimensional materials, metals, semiconductors, and oxides, HHG-based PES
reveals pathways of electronic excitation as well as relaxation, which can depend sensitively on the electronmomentum coordinates.
This information enables fundamental understanding of surfaces in the time domain, which in the future may pave a way toward
ultrafast manipulation of the properties of solids at surfaces and interfaces.
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Table 6 Electron dynamics in semiconductors studied by HHG-based PES

Semiconductor Electronic state Time scale (fs) Reference

10 nm Alq film LUMO �4�105 160
As-terminated Ge(111) Unoccupied surface resonance at M 400�2�103 161

As-derived surface state at G 1.5�103�2�105 162,163
Ga(2�2)/Si(001) Ga 3d �1�105 164
GaAs(001) Ga 3d, As 3d 105

Valence band 165
Ga 3d �1.5�104, �106 166,167

p-doped GaAs(001) Ga 3d 500�1.5�104 168
GaAs(110) Ga 3d 108
Ge(110) Valence band 21�2�103 165
PCPDTBT polymer EF�0.2 to EFþ2.3 eV 45�1.1�0.1�103 169

Alq, tris (8-hydroxy quinoline) aluminum; LUMO, lowest unoccupied molecular orbital.

Table 7 Summary for HHG-based tr-PES on surfaces of oxides and strongly correlated materials

Oxide Electronic state Time scale (fs) Reference

BaFe2As2 Near EF 60�1�103 170
Bi2Sr2CaCu2O8þd Nodal region 640 171

Off-nodal region 150 171
Antinodal region 300�1.85�103 171

K0.3MO3 Near EF 0.6�1.3�103 172
HfO2/Si(001) Near EF �2�105 173
a-SiO2 (Quartz) 30 eV above CBM �4�104 174,175
UO2 U 5f upper Hubbard band 5�8�103 176
URu2Si2 Near EF 20�301 177
VO2 film V 3p �500 178
15 nm VO2/TiO2 (001) Near EF 3�103 179
20 nm WO3/Si(001) Valence band 0.1 146

EF, Fermi level; CBM, conduction band minimum.
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SiO2/Si(001) studied by time-resolved valence band photoemission at MHz
repetition rates: Linear and nonlinear excitation of surface photovoltage
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The authors investigate the fluence and doping dependence of the surface photovoltage (SPV) shifts
at SiO2=Si(001) interfaces by time-resolved photoelectron spectroscopy. Charge carriers are excited
by pumping photon energies of hν pump ¼ 1:2 and 2:4 eV and probed by high-order harmonics of
hν probe ¼ 22:6 eV at 0:2 and 0:7MHz repetition rates. The authors observe SPV shifts of the non-
bonding O2p state by 240 meV for SiO2=p-Si and by �140 meV for SiO2=n-Si upon pumping with
hν pump ¼ 1:2 eV, and their decay rate is estimated from time-resolved measurements. Moreover, the
authors observe a striking pumping fluence dependence of SPV at these interfaces, which indicates
charge carrier generation by both linear and nonlinear optical excitations. Published by the AVS.
https://doi.org/10.1116/1.5082188

I. INTRODUCTION

Interface states and oxygen vacancies within the SiO2

layer terminating a Si(001) substrate have been of great inter-
est over the last decades due to their ability to trap charge
carriers with a prolonged lifetime and the resultant speed
limitations of microelectronics.1–5 With fs light excitations,
electron dynamics at these interfaces can be triggered by
linear optical absorption, whereas at high excitation intensity,
multiphoton processes can play an important role.6,7

With high-order harmonic generation (HHG) as an alter-
native light source to synchrotron radiation for time-resolved
photoelectron spectroscopy (tr-PES), it is possible to resolve
the dynamics of charge carrier excitation and recombination
in the valence band of semiconductors and metals.8–14 Since
HHG-based tr-PES is sensitive to surfaces and interfaces, it
is an ideal tool for studying charge dynamics at ultrathin
semiconductor–insulator heterostructures under linear and
nonlinear excitation conditions.15 At the interface of these
heterostructures, electron dynamics is associated with the
time-dependent charge trapping and band bending upon
optical pumping. As a result, the surface photovoltage (SPV)
effect occurs and the energy levels of all electronic states
undergo an electrostatic shift on a time scale ranging from
several ps to few μs.5,8,10,16–27

Here, we report HHG-based tr-PES measurements of the
SPV on SiO2/Si(001) driven by linear and nonlinear photo-
excitation. We observe shifts of oxygen valence bands in
SiO2 pinned by the SPV at the interface. Moreover, we study
its dependence on the doping of Si as well as the excitation
density and photon energy. Our experiments reveal the
important role of nonlinear optical excitations at semiconduc-
tor–insulator interfaces, which may provide insights for
applications of nonlinear optoelectronic devices.

II. EXPERIMENT

The experiments were driven by an ytterbium-fiber laser
system (Impulse, Clark-MXR, Inc., USA), providing pulses of
1.2 eV photon energy at repetition rates between 0.2 and
1.0MHz and an intensity full width at half maximum (FWHM)
of 300 fs. By passing through a beamsplitter, the total output
power was divided into pump and probe beam paths, which
were overlapped on the sample in an ultrahigh vacuum
chamber with a base pressure better than 5� 10�10 mbar.

In the probe beam path, the laser output was used to drive
HHG of vacuum-ultraviolet light between 14 and 42 eV.28,29

To measure the valence band photoelectron spectra of
SiO2/Si(001), the 19th harmonic at a photon energy of
hν probe ¼ 22:6 eV was selected via a toroidal diffraction
grating and focused onto the sample. Due to the pulse front
tilting at this diffraction geometry, we estimate the time reso-
lution of the HHG beam to be about 2 ps.12 To trigger SPV
at the SiO2/Si(001) interface, we used pumping photon ener-
gies of hν pump ¼ 1:2 or 2:4 eV. By varying the length of
the pump beam path, time-resolved pump–probe measure-
ments were performed at room temperature (T ¼ 300 K).
The angle of incidence for pump and probe beams at the
sample surface was �45� and þ45�, respectively. Due to
the 90� angle between pump and probe beams at the
surface, the finite spatial beam size will impose a limit of
temporal resolution due to the noncollinear geometry
between the wave fronts. This aspect will be estimated
later in Sec. III B. The photoelectrons were detected by a
commercial time-of-flight spectrometer with +15� accep-
tance angle (Themis 1000, SPECS, Germany), which is
aligned to the surface normal. The energy resolution of the
experiments can be estimated by the band width of the
high-order harmonics of around 70 meV.30

The p- and n-doped Si(001) samples with np ¼ 2�
1015 cm�3 boron and nn ¼ 5� 1015 cm�3 phosphorus dopants
were cleaned by Ar ion sputtering and heated up to 1100 K
under UHV condition. The structure of the surfaces was
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checked by low energy electron diffraction, indicating a
(2�1) surface reconstruction.31 Furthermore, the stoichi-
ometry of the surfaces was verified by Auger spectroscopy
and x-ray photoelectron spectroscopy. Subsequently, the
SiO2=p-Si and SiO2=n-Si interfaces were prepared by expo-
sure to 100 L of oxygen at 900 K. According to previous
studies by Pi et al., this procedure results in 15 Å thick
SiO2 layers on top of the Si.32

The pump fluence absorbed by the sample was estimated
from the measured pump power P and the two dimensional
intensity profile of the pump beam. Since the spatial extent of
the probe beam with dFWHM ¼ 60 μm is much smaller than
the pump beam diameters of dFWHM . 0:5 mm, the absorbed
pump fluence within the probed sample area is given by

Φ ¼ P

fRep � 2πσ?σk
� (1� R), (1)

where fRep is the repetition rate, R is the reflectance, and
σ ¼ dFWHM=

ffiffiffiffiffiffiffiffiffiffiffi
8 ln 2
p

is the standard deviation parallel (σk) and
perpendicular (σ?) to the plane of incidence. For hν pump ¼
1:2 and 2:4 eV, we take the reflectance for p-polarized
light at the 45� angle of incidence as R ¼ 0:2 and R ¼ 0:3,
respectively.33

III. RESULTS

A. Doping dependence of SPV

Figure 1 shows the valence band photoelectron spectra in
the energy range of the nonbonding O2p state of SiO2 for
p- and n-doped Si(001) measured with hν probe ¼ 22:6 eV at
a repetition rate of fRep ¼ 0:7MHz.34 Both samples are
illuminated with hν pump ¼ 1:2 eV at a fluence of 71 μJ/cm2

and probed at a delay of Δt ¼ þ350 ps. Upon pumping,
there is a clear shift of the spectra with its direction depend-
ing on the doping. For evaluation of the SPV shift, the
spectra were fitted as indicated by the dotted curves.
These fits correspond to the valence band edge positions of
the O2p nonbonding states, and their shape is provided by
numerical interpolation of the spectra without pumping as
shown by the dotted curves for the gray data points in
Figs. 1(a) and 1(b). The spectra measured with pumping
(black) are fitted by these fit-curves with an additional
energy shift as the fitting parameter. The analysis in Fig. 1
reveals an SPV shift of ESPV ¼ 240 meV at SiO2=p-Si and
�140 meV at SiO2=n-Si. At this specific pumping fluence,
the results are in quantitative agreement with previous
studies at Si 2p core levels.25,35,36

B. Dependence of SPV on pump–probe delay

The observed ESPV strongly depends on the time delay
between the pump and probe excitations. For hν pump ¼ 1:2 eV
at fRep ¼ 0:2MHz and hν pump ¼ 2:4 eV at fRep ¼ 0:7MHz,
the measured ESPV on SiO2/p-Si(001) is shown as a func-
tion of pump–probe delay in Figs. 2(a) and 2(b), respec-
tively. Both datasets exhibit a monotonic increase of ESPV at
negative time delays Δt, 0 followed by a plateau for Δt . 0.
Due to the +45� angle of incidence and the pulse width

of pump and probe beams, we can estimate a total time
resolution of about 5 ps. Therefore, the slow increase at
Δt , 0 is not a result of limited time resolution as will be
discussed below.

FIG. 1. Valence band photoelectron spectra of (a) SiO2=p-Si(001) and
(b) SiO2=n-Si(001) with (black) and without (gray) pumping by hν pump ¼
1:2 eV at an absorbed fluence of 71 μJ=cm2. The probe beam of hν probe ¼
22:6 eV was delayed from the pump by Δt ¼ þ350 ps. Dotted curves show
the fits for the quantitative evaluation of ESPV.

FIG. 2. Time dependence of the SPV at SiO2=p-Si(001) for excitation
with (a) hν pump ¼ 1:2 eV at a fluence of 53 μJ=cm2 and (b) hν pump ¼ 2:4 eV

at a fluence of 2 μJ=cm2. Black curves at Δt , 0 are fits according to
Eq. (3) with Emax ¼ 250meV, Emin ¼ 100 meV, r ¼ 0:8 mm in (a) and
Emax ¼ 340 meV, Emin ¼ 180 meV, r ¼ 0:9 mm in (b), respectively.
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The rise at negative delays can be explained in terms of a
pump-induced dipole field at the surface of the sample.25

This dipole field is generated by the SPV shift upon
pumping, and its spatial extent depends on the pump beam
radius r. The temporal change of the surface potential causes
a time-varying electrostatic field that interacts with the photo-
electrons that were already emitted into vacuum. The electro-
static field will accelerate or decelerate the photoelectrons
according to Ref. 25

ΔEK(Δt) ¼ Emax þ (Emax � Emin) �
Δtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
v2 þ Δt2

q , (2)

where v is the velocity of the emitted photoelectrons.
Emin and Emax represent the SPV before (Δt ! 1) and right
at (Δt ¼ 0) the pump pulse. According to Eq. (2), the data in
Figs. 2(a) and 2(b) for Δt , 0 can be fitted as indicated by
the black curves, using simplified circular pump beam diam-
eters of r ¼ 0:8 and 0:9 mm, respectively. These values are
in reasonable agreement with the measured FWHM of the
pump beam Gaussian profile of 0:6 and 0:7 mm. The nearly
constant ESPV in Figs. 2(a) and 2(b) at positive delays Δt . 0
is due to the low recombination rate of excited charge carriers
on the μs time scale.36

C. Intensity dependence of SPV

For pump photon energies of hν pump ¼ 1:2 and 2:4 eV,
the dependence of ESPV on the pumping fluence is shown in
Figs. 3(a) and 3(b), respectively. In both cases, various

regimes with linear dependences of ESPV on log (Φ) having
different slopes can be identified, as explained in the
following in accordance with earlier studies.36,37 Upon
pumping, an additional charge carrier density Δp is induced
in Si, resulting in a relative change of charge carrier density
Δp ¼ Δp=np that is related to ESPV at a limiting case of kT
� ESPV � V0 by

37

Δp ¼
ESPV

kT
� eESPV=kT � e�V0=kT , (3)

where V0 is the equilibrium band bending and kT is
the thermal energy at the sample temperature T . Due to the
complicated dependence of Δ p on ESPV, ESPV(Δp) cannot be
expressed analytically. Since kT � ESPV � V0, the linear
term in Eq. (3) in front of the exponential functions can
be neglected and ESPV depends logarithmically on Δp.
By assuming the amount of excited charge carriers and
a Δp that has a power-law dependence on the absorbed
pumping fluence Φ,38 ESPV(Φ) can be approximated by36

ESPV(Φ) ¼ AkT � ln(1þ BΦ), (4)

where A and B are fitting parameters. At low (high) excita-
tion density, this formula ensures the linear (logarithmic)
dependence of ESPV on Δp in Eq. (3).

The dashed lines in Fig. 3 are fits of ESPV(Φ) according
to Eq. (4). For Φ , 0:2 μJ/cm2 at hν pump ¼ 1:2 eV, the
data in Fig. 3(a) can be well described with A ¼ 1:1+ 0:2
and B ¼ 0:4+ 0:2 cm2/nJ, and for Φ . 10 μJ/cm2 with
A ¼ 3:3+ 0:3 and B ¼ 0:6+ 0:1 cm2/μJ. In the intermedi-
ate fluence range, ESPV stays nearly constant. In strong con-
trast, ESPV triggered by hν pump ¼ 2:4 eV in Fig. 3(b) only
shows two regimes separated by Φ ¼ 0:1 μJ/cm2 with
A ¼ 0:8+ 0:1 (B ¼ 120+ 30 cm2/nJ) and A ¼ 2:7+ 0:2
(B ¼ 120+ 40 cm2/μJ), which will be discussed in detail
later. For Φ above 2 μJ/cm2, the ESPV saturates at 350 meV and
corresponds to a complete lifting of the band bending at the
SiO2=p-Si(001) interface known as flat-band condition.25,35,36

IV. DISCUSSION

A. Doping dependence of SPV

The ESPV on the p- and n-doped samples in Fig. 1 differs
clearly in sign as well as in magnitude. This behavior can be
explained according to previous experimental and theoretical
studies on Pb0 and Pb1 states at the SiO2/Si interfaces.1–5

These defect states result from Si dangling-bonds at the inter-
face and are distributed in the lower and upper half of the Si
bandgap, respectively.5

Following the analysis of Long et al. for time-resolved
core level photoemission,37 these interface states in the band
gap of Si lead to a pinning of the Fermi level at the SiO2= Si
interface. As a result, a space charge region is formed in Si
near the interface, and bands are bent from the interior of
Si toward the interface.39 At 300 K, the Fermi level of bulk
p- and n-Si is located approximately 230 meV above the
valence band and 230 meV below the conduction band,
respectively. Therefore, the Si bands at the SiO2=p-Si inter-
face are bent toward lower energies and at SiO2=n-Si toward

FIG. 3. Fluence dependence of ESPV at SiO2=p-Si(001) for excitation with
(a) hν pump ¼ 1:2 eV at fRep ¼ 0:2MHz and (b) hν pump ¼ 2:4 eV at
fRep ¼ 0:7MHz. The probe beam is delayed by Δt ¼ þ150 ps with respect
to the pump. Black dashed curves are fits with Eq. (4). The horizontal dotted
line in (a) marks the plateau at intermediate fluence.
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higher energies. Upon illumination, photoexcited electron–
hole pairs are generated and then separated within the space
charge region.39 Due to the band bending, the photoexcited
minority charge carriers are accumulated at the interface
whereas the majority charge carriers are accelerated into
the bulk. This charge separation counteracts on the band
bending and leads to a screening of the space charge poten-
tial by the photoexcited charge carriers. Finally, the band
bending becomes lifted and the resultant electrostatic shift of
the electronic states at the interface propagates into the SiO2

overlayer. Because of this electrostatic shift of the electronic
states in SiO2, the kinetic energies EK of photoelectrons
from the nonbonding O2p state are shifted to higher energies
for SiO2=p-Si and to lower energies for SiO2=n-Si as dis-
played in Figs. 1(a) and 1(b), respectively. In addition, the
differences in the magnitude of ESPV for SiO2=p-Si and
SiO2=n-Si can be related to an asymmetrically distributed
interface state density, which has been pointed out by the
work of Edwards.1

B. Decay of SPV

Here, we discuss the quantitative evaluation of carrier decay
time that can be extracted from the time-resolved SPV mea-
surements in Fig. 2. Following the approach of Hecht,40 the
decay of ESPV is governed by thermionic emission whose prob-
ability scales exponentially with ESPV itself. This leads to a
lifetime τ depending on ESPV as τ(ESPV) ¼ τ1e�ESPV=α0kT .36,41

In this formula, τ1 describes the material dependent dark
carrier lifetime and α0 is a phenomenological correction factor
between 1 and 2, similar to the ideality factor of Schottky
diodes.25,36,42,43 By using τ, a decay equation for Δp can be
formulated as

dΔp(t)
dt
¼ � Δp(t)

τ(ESPV)
¼ �Δp(t)

τ1
� eESPV=α0kT : (5)

In order to describe the time-resolved measurements in
Sec. III B, the relation between Δ p and ESPV in Eq. (3) is
modified as

Δp(ESPV) ¼
ESPV

αkT
� eESPV=αkT � e�V0=kT (6)

by adding a parameter α, which plays a similar role as the
fitting parameter A in Eq. (4). It has been shown in previ-
ous studies that one can describe the decay of ESPV analyti-
cally by neglecting the linear term in Eq. (6) and formulate
ESPV(Δp) similarly as in Eq. (4).36 Here, we derive a solu-
tion of Eq. (5) with α and α0 as independent parameters,
since they may differ from each other and α can be esti-
mated from experiment similar to A in Eq. (4).

Assuming Δp(ESPV) to be a continuous and monotonic
function, one can derive a differential equation for the decay
of ESPV as

dESPV(t)
dt

¼ dΔp(ESPV)
dESPV

� ��1
� dΔp(t)

dt
: (7)

Inserting the derivative of Eq. (6) with respect to ESPV

as well as the relation in Eq. (5) into Eq. (7), we arrive at

an analytical differential equation for the time dependence
of ESPV

dESPV(t)
dt

¼ � 1
τ1
� ESPV

1þ ESPV=αkT
� eESPV=α0kT : (8)

At a limiting case of ESPV � αkT , this differential equation
can be solved as

ESPV(t) ¼ �α0kT � ln
αt

α0τ1
þ e�ESPV,0=α0kT

� �
, (9)

with a given initial condition ESPV(t ¼ 0) ¼ ESPV,0.
From the measurements presented in Fig. 2, we find

ESPV,0 ¼ Emax at t ¼ 0 and derive the value of SPV shift
shortly before the subsequent laser pulse reaches the sample
at t ¼ f�1Rep as ESPV( f�1Rep) � Emin. Inserting these conditions
into Eq. (9), τ1 can be expressed as

τ1 ¼ α � α0fRep � e�Emin=α0kT � e�Emax=α0kT
� �h i�1

: (10)

In order to estimate τ1 quantitatively from our experimental
results, we assume α ¼ A for the measurements pumped by
hν pump ¼ 1:2 and 2:4 eV with A ¼ 1:1 and A ¼ 0:8, respec-
tively, which are extracted from Fig. 3 in the low fluence
regime. The role of A at higher excitation densities will be
discussed in Sec. IV C. In addition, we assume α0 ¼ 2
according to previous works,25,36 and we obtain τ1 ¼ 18
and 19 μs for hν pump ¼ 1:2 and 2:4 eV, respectively. These
values are in agreement with time-resolved data measured by
Shavorskiy et al.44 on a 10 Å native oxide layer of
τ1 ¼ 20 μs at ESPV,0 ¼ 250 meV. Using Eq. (9), we are also
able to describe the time-dependent decay of ESPV as mea-
sured on SiO2=p-Si by Bröcker et al.,36 which is shown in
Fig. 4. The fit to the experimental data leads to τ1 � 19 μs
in agreement with the data discussed above.

FIG. 4. Time dependence of the surface photovoltage ESPV on pump–probe
delay Δt. The gray dashed curve shows a fit according to Eq. (9) with
ESPV,0 ¼ 300 meV, α ¼ 2, α0 ¼ 1:3, and τ1 ¼ 19 μs. Symbols are data for
SiO2/p-Si(001) from Bröcker et al. (Ref. 36) with hν pump ¼ 2:3 eV (data
reproduced with permission from Ref. 36).
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C. Linear and nonlinear excitation of charge carriers

In order to explain the slopes of the fluence-dependent
results in Fig. 3, we consider nonlinear absorption of m
photons for photoexcitation of a single electron–hole pair,
i.e., Δp / Φm. Taking this nonlinear scaling explicitly into
account, Eq. (3) can be approximated analogously to Eq. (4)
as

ESPV(Φ) ¼ m � AkT � ln(1þ BΦ): (11)

Here, we assign the low fluence regimes of hν pump ¼ 1:2
and 2:4 eV in Fig. 3 to linear excitation with one single
photon (m ¼ 1) and the high fluence regime to nonlinear
three-photon excitation with m ¼ 3. In addition, we assume
a constant A for different regimes. To describe the overall
pump fluence dependence of SPV in Fig. 3, we estimate the
pump-induced relative change of carrier density Δp by the
absorption length labs at hν pump as

36

Δp ¼
γ1Φþ γ3Φ

3

np � labs � hν pump
, (12)

where np is the density of dopants and γ1 and γ3 are scaling
factors corresponding to the cross section of linear and
three-photon excitations.

In Fig. 5(a), the data from Fig. 3 are plotted versus Δ p,lin

according to Eq. (12) with γ3 ¼ 0 and γ1 ¼ 1 for linear exci-
tation. In comparison, the same data are shown in Fig. 5(b)
according to Eq. (12) taking nonlinear excitation of charge
carriers into account. For hν pump ¼ 1:2 eV at low fluence,
we assume Δ p,multi ¼ Δ p,lin, because linear excitation domi-
nates over the nonlinear one. Since ESPV in Fig. 3(a) stays
constant at intermediate fluence, we assume no further
changes in Δ p,multi from linear charge carrier excitation
whose origin will be explained later. At higher fluences
for ESPV,0 	 125 meV, Δ p,multi is calculated from Eq. (12)
by γ1 ¼ 0 and γ3 ¼ 6:6 � 10�4 cm4/μJ2. In Fig. 5(b) for
hν pump ¼ 2:4 eV, we use γ1 ¼ 1 and γ3 ¼ 93 cm4/μJ2.

As one can clearly see in Fig. 5(b), the SPV for both
hν pump is comparable when plotted as a function of Δ p,multi,
indicating a well-defined general relation between the nonli-
nearly photoexcited carrier density and the SPV as formu-
lated by Eq. (11).

For further analysis of the data shown in Fig. 5(a),
the temporal relaxation of ESPV discussed in Sec. IV B
needs to be taken into account. Since the measurements
with hν pump ¼ 1:2 eV are performed at f�1Rep ¼ 5 μs, at least
five consecutive pumping pulses contribute to the measured
SPV within the τ1 � 20 μs that was derived before.
Therefore, at Δ p � 0:2, the density of total excited charge
carriers equals to the concentration of boron dopants within
the Si bulk. As can be seen in Fig. 5(a), this estimated
value lies within the plateau of ESPV, and therefore we
ascribe the nearly constant ESPV for hν pump ¼ 1:2 eV at the
intermediate fluence to the complete excitation of all boron
acceptor states. These states are located 45 meV above the
Si valence band within the indirect bandgap Egap ¼ 1:15 eV
of Si. At room temperature, these states are occupied by
electrons before the photoexcitation with hν pump ¼ 1:2 eV.1

In the following, we will discuss the possible origin of the
plateau. The boron acceptor states are localized in real space
and consequently have a flat dispersion in the momentum
space.45,46 Therefore, optical excitation of electrons from the
acceptor states into the conduction bands may not require
phonons and could more efficiently generate charge carriers
than the indirect transitions from the valence band to the
conduction band of Si. However, due to the limited amount
of dopants in Si, this contribution saturates at higher fluences
when all electrons in the acceptor states are excited.
Consequently, ESPV does not further increase exponentially
when Δ p is approaching 0:2. At much higher fluences for
hν pump ¼ 1:2 eV, the transition to m ¼ 3 is observed in
Fig. 3. There, the three-photon energy of 3:6 eV is sufficient
to trigger direct transitions from the valence to the conduc-
tion bands of Si across the direct bandgap of 3:4 eV.

V. SUMMARY AND CONCLUSIONS

By using time-resolved photoelectron spectroscopy with a
high-order harmonic light source working at megahertz repe-
tition rates, we characterized the time, intensity, and doping
dependence of surface photovoltage at the SiO2=Si(001)
interface upon sub-bandgap and above bandgap photoexci-
tation. At the SiO2=p-Si interface, we observe an SPV shift
of the nonbonding O2p state of 240 meV toward higher
energies upon illumination with hν pump ¼ 1:2 eV, whereas
at SiO2=n-Si, a shift of 140 meV toward lower energies is
found. From the time-resolved measurements, we estimate
the decay time of SPV at SiO2=p-Si of about 20 μs for
hν pump ¼ 1:2 and 2:4 eV. Moreover, we observe the transition
from linear to nonlinear excitations of SPV, which leads to
distinctly different scaling of SPV on the pumping fluence.
Whereas in the regime of low excitation density, linear pho-
toexcitation of charge carriers dominates; at high fluences,
nonlinear optical excitations can occur. Our observation
emphasizes the importance of nonlinear photoexcitations at

FIG. 5. Dependence of ESPV at SiO2=p-Si(001) on the relative charge carrier
density excited by linear and nonlinear optical absorption Δ p,lin (a) and
Δ p,multi (b), respectively. Data points in black from Fig. 3(a) and in gray
from Fig. 3(b) are scaled according to Eq. (12). The dashed horizontal line
marks the plateau of ESPV ¼ 125meV for hν pump ¼ 1:2 eV at intermediate
excitation density.
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SiO2=Si interfaces and may provide a deeper understanding
of semiconductor–insulator heterostructures aiming at pos-
sible applications to nonlinear optoelectronic devices.
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We present results for electron coincidence spectroscopy using two time-of-flight (ToF)

spectrometers. Excited by electron impact, the energy and momentum distribution of electron pairs

emitted from the Cu(111) surface are resolved and a spectral feature related to the Shockley

surface state is identified. By combining the two ToF spectrometers with a high-order harmonic

generation light source, we demonstrate double photoemission spectroscopy in the laboratory that

required synchrotron radiation in the past. Utilizing this setup, we report results for (c,2e) on

NiO(001) on Ag(001) excited with light at 30 eV photon energy. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864274]

Electrons in a solid form an interacting many-particle

system. This leads to the emergence of effects like supercon-

ductivity, metal-insulator transition, and long-range mag-

netic ordering.1,2 Understanding the electron correlation in

solids is a prerequisite for a complete description as well as

the design of new functional materials.

The electron correlation can be literally divided into two

parts. The first ingredient is that the wave function is anti-

symmetric with respect to exchange of the identical electrons

with half-integer spin. The second component in the electron

correlation originates from the Coulomb repulsion between

electrons due to their charge. The combination of these two

effects leads to a reduced probability of finding one electron

in the vicinity of another one, which is termed as the

exchange-correlation hole.3 An exact description of a many-

electron system has to include these ingredients and these

have become the important topic for modern electron spec-

troscopy experiments.

Electron pair emission from surfaces can reveal directly

the electron correlation. The emission of electron pairs upon

the excitation by a single electron (e,2e) or a single photon

(c,2e) is only possible due to the existence of electron corre-

lation.4 Early experiments concentrated on atomic systems

with few electrons like (c,2e) from He and (e,2e) from H and

showed characteristic energy and momentum distributions of

the electron pairs.5–7 Investigations with (e,2e) on solid sys-

tems started with the work of Kirschner et al. which showed

that for a W(001) surface pair emission from valence elec-

trons exists.8 Later, Herrmann et al. reported first experi-

ments on (c,2e) from metal surfaces which revealed that the

electrons in a pair are emitted with a preference for unequal

energies.9 In these reports, the energy distribution of electron

pairs is characterized in detail, whereas the momentum

degrees of freedom were not fully explored.

In this Letter, we present momentum-resolved experi-

ments for (e,2e) from Cu(111) valence states and for (c,2e)

from NiO(001) using a laboratory time-of-flight coincidence

spectroscopy. For (c,2e) coincidence spectroscopy on solids,

a pulsed light source with photon energies higher than 20 eV

is required and here we used a high repetition rate high-

harmonic generation source in the laboratory.10 Cu(111) is

particularly interesting due to the formation of an electronic

state near the surface with a parabolic dispersion. This

Shockley surface state is one of the few systems where theo-

retical calculations for pair emission are available.11,12 NiO

is a 3d transition metal oxide and while theories using local
density approximation can successfully describe electronic

properties of metals they fail to describe NiO properly. The

description can be improved by the introduction of an U pa-

rameter to treat electron correlation more refined. Thus, for

NiO, a stronger correlation between localized d-electrons is

expected. The emission of electron pairs from the 3d-bands

by excitation with a single photon carries information about

the correlation between the electrons.

The experiments were performed in an ultra high vacuum

chamber with a base pressure below 5� 10�10 millibar. The

Cu(111) metal surface for the (e,2e)-experiment was prepared

with Arþ ion sputtering and annealing up to 800 K. The cham-

ber is equipped with two time-of-flight spectrometers (Themis

1000, SPECS13) in coplanar geometry inclined by 645� with

respect to the sample normal. Each spectrometer has an ac-

ceptance angle of 615�. The detectors consist of a chevron

mounted microchannel plate stack (MCP) from which the

time-of-flight signal is retrieved and (x,y)-delay lines (Surface

Concept) that allow to obtain the two-dimensional electron ar-

rival position. The delay lines collect the electron cloud leav-

ing the MCP and the charge flows to both ends of the anode.

The difference of the arrival time at the ends of the anodes

determines the hit position. Thus, the in-plane components of

the momentum in any direction and the energy of the elec-

trons are obtained. In the center between the spectrometers,

the excitation source is mounted. Our signal processing is per-

formed differently as compared to a typical time-of-flight

photoemission spectroscopy setup that uses time-to-digital

converters. The amplified time-of-flight signals are further

processed to filter the coincident events on both detectors.

They are fed to constant fraction discriminators for signal

shaping and then to an AND logic unit that triggers data
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acquisition when the time-of-flight signals arrive within a

time interval of 100 ns. This logic triggers data acquisition

only if coincident hits occurred. Data acquisition is carried

out by a 12 channel digitizer (Aquiris DC282 ASbus2). The

device samples synchronously at 2 GS/s all time-of-flight sig-

nals, the start time signal from the excitation source and both

delay line detector signals. The sampled waveforms of the

delay line pulses are evaluated with a dynamic threshold peak

detection algorithm to calculate the hit position. The determi-

nation of the hit position is twice as successful as compared to

a conventional time-to-digital converter with a fixed threshold

due to the higher sensitivity. To retrieve momentum and

energy of electrons, the software SIMION was used to calcu-

late the electron trajectories in the spectrometer. This provides

the conversion matrix for transformation of arrival location

and time (x,y,t) to (kx,ky,E). In coincidence, both spectrome-

ters analyze the three dimensional coordinates of each

detected electron of the acquired electron pair.

For coincidence spectroscopy from valence states, a ToF

spectrometer setting with a wide energy range is favorable

because it allows to investigate the energy sharing between

the electrons in a pair. A lens setting with wide energy range

and acceptance angle has a high transmission which is crucial

for a reasonable high detection efficiency. Such setting is

comparable to a high pass energy mode of a hemispherical

analyzer that reduces energy resolution. Also the performance

of a ToF spectrometer depends not only on the lens setting

but also on an accurate model for the conversion from the hit

coordinates (x,y,t) to (kx,ky,E). For a reliable measurement, a

precise calibration of the spectrometers for the anticipated

operation mode is required. To obtain the resolution of the

instrument, the excitation pulse length should be at least in

the range of the time resolution of the MCP that is about 150

ps. Due to the lack of the availability of short-pulsed electron

or light sources in the energy range between 25 eV and

50 eV, there were no reference data for the spectrometer per-

formance available from the manufacturer. Here, we used the

single-bunch mode at the BESSY II synchrotron radiation fa-

cility (beamline UE112-PGM1) to calibrate the angular and

energy resolution of the spectrometers. As a reference fea-

ture, we analyzed photoelectrons from the Shockley surface

state on a clean Cu(111) surface with a well defined disper-

sion.14 With a photon energy of 17 eV, the ToF spectrometers

could be set to identical settings as for coincidence measure-

ments for valence bands. The inset in Fig. 1 shows the paral-

lel momentum distribution of the Shockley surface state

within an energy interval between EF and EF� 0.1 eV. We

obtained with our coincidence spectroscopy setup in a wide

energy window from 6 eV to 18 eV a momentum and energy

resolution of Dkk ¼ 0:01 Å
�1

and DE ¼ 180 meV, respec-

tively. A wide energy window results in a smaller ToF disper-

sion, therefore, these values are not representative of the

ultimate resolution of the instrument. For the application of

high-resolution photoemission, it has been shown that the

spectrometer reaches an energy resolution better than

4.7 meV.13

After the calibration of our instrument, we performed

coincidence spectroscopy in the laboratory. For excitation, a

pulsed low energy electron gun (Kimball EGPS-1022C) was

used that was driven by a pulse generator (HP 8131A) for

electron pulses with 2 ns length at a repetition rate of 1 MHz.

A primary electron energy (Ep) of 27 eV was chosen and one

expects the onset of emission at Esum ¼ Ep � / ¼ 22:1 eV

with a work function / ¼ 4:9 eV. Hence, we chose a spec-

trometer setting with a wide energy range from 6 eV to

18 eV for each ToF. The primary flux was adjusted to give a

count rate lower than 3000 counts/s on a single detector that

results in a coincidence intensity of 2 counts/s. In Fig. 2, the

energy distribution of the emitted electron pairs is displayed.

The axes are the energies of individual electrons in a pair

indicated as Eleft and Eright. The sum energy of an electron

pair is Esum¼EleftþEright which is constant parallel to the

dashed diagonal line in the plot. Three diagonal features at

different Esum and an onset in intensity indicated by the

dashed lines can be distinguished. The onset corresponds to

the maximum energy that an electron pair can have due to

energy conservation which is located at Emax
sum ¼ Ep � /, with

Ep being the primary energy and / being the work function

for a single electron. Events with higher energies are

FIG. 1. Sketch of the experimental setup. The two ToF spectrometers are

aligned coplanar 645� with respect to the sample normal. Here, for (c,2e),

the HHG light source is driven by a 1040 nm laser that is focused in a gas

jet. The generated high-order harmonics passes through a monochromator

for photon energy selection. Inset: Parallel momentum distribution of pho-

toelectrons from the Shockley surface state as calibration of the ToF

spectrometers.
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FIG. 2. 2D energy distribution obtained with Ep¼ 27 eV on Cu(111). The

dashed white line marks the onset of pair emission. Three features emerge at

0.5, 2.4, and 4.8 eV below the onset. The inset shows the parallel momentum

distribution for pairs between Emax
sum and Emax

sum � 200 meV. The corresponding

state is marked with the dashed ellipse in the energy distribution.
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accidental coincidences where excitations from two or more

primary electrons occur. Three intensity peaks can be distin-

guished at pair energies 0.5, 2.4, and 4.8 eV below Emax
sum . The

intensity distribution shows a maximum if the energies of

the electrons in a pair are equal. Our observation is in good

agreement with results from Schumann et al. for (e,2e) on

Cu(111) excited with 29.2 eV primary electrons where also

three intensity peaks were observed.15,16 It was concluded

that a theoretical framework of (e,2e) on Cu(111) starting

from an effective single-particle description of the valence

states is a satisfactory description. The reproduction of this

result proves that the instrument is capable of coincidence

spectroscopy. With our energy resolution, we could also

resolve the energy-momentum dispersion of these three fea-

tures. While the states at 2.4 eV and 4.8 eV below Emax
sum

appear flat, the feature 0.5 eV below the onset shows a para-

bolic dispersion as displayed in the sum energy (Esum) versus

sum momentum (ksum,x) plot in Fig. 3. It has a similar shape

and size as the well-known Shockley surface state. From the-

oretical calculations of Giebels et al. for (e,2e) on a single

surface layer of Cu(111) with emission at a fixed angle of

30� and excited by electrons with 30 eV energy, three inten-

sity peaks are expected at 0.5 eV, 2.5 eV, and 5.2 eV below

the onset.11 Thus, our results with a slightly different geome-

try and excitation energy reveal the predicted features quali-

tatively. Moreover, we were also able to resolve the parallel

momentum distribution of the electron pairs. The momentum

distribution of the pairs can be plotted as ksum,x vs. ksum,y

with ksum¼ kleftþ kright. The inset in Fig. 2 shows the

two-dimensional momentum distribution of electron pairs

for energies between Emax
sum and Emax

sum � 200 meV, which

shows a circular intensity distribution with an estimated ra-

dius of kk ¼ 0:15 Å
�1

.

For the (c,2e) experiment, we used a compact high-order

harmonic generation (HHG) laboratory source for pulsed ex-

citation with vacuum ultraviolet. The setup was described

previously.10 However, here we use alternatively an all-

fiber-based laser (Clark-MXR Impulse) that delivers pulses

at 1.2 eV with 200 fs pulse width and up to 14 lJ pulse

energy. These pulses are focused in a 4 bar Ar or Xe gas jet

in a vacuum chamber to generate light pulses with energies

between 13 eV and 45 eV. After the generation process, a to-

roidal monochromator allows to select the photon energy for

excitation. The monochromator chamber has entry and exit

pin holes that work as slits and allow differential pumping

towards the photoemission chamber. The bandwidth of the

generated light pulses is 150 meV and the repetition rate can

be tuned between 200 kHz and 25 MHz.

In the past, only synchrotron radiation sources operated

in single-bunch mode could provide pulsed light with suffi-

cient high repetition rate. However, coincidence experiments

require long acquisition times and beamtime at synchrotron

radiation sources is limited. From this aspect, this HHG light

source allows ToF-based (c,2e) spectroscopy in the labora-

tory. It is not suited for coincidence spectroscopy with hemi-

spherical analyzers where for efficient spectroscopy the

source repetition rate has to be in the range of the flight time

dispersion of the electrons in the pair which is in the range of

10 ns. Therefore, a HHG light source with a repetition rate

greater than 100 MHz would be required.15,17,18 Here, we

utilized the light source in combination with the ToF spec-

trometers to investigate (c,2e) from NiO(001). On a Ag(001)

crystal, 15 monolayer thick NiO(001) films were prepared by

evaporation of Ni in an O2 atmosphere of 1� 10�6 millibar

for 10 min.19 The surface cleanliness and ordering were

checked by Auger electron spectroscopy and low energy

electron diffraction. The pulsed HHG light source was set to

a photon energy of 30 eV, p-polarized, and at a repetition
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below the emission onset, a feature with parabolic dispersion appears. The

offset to zero in kx is due to a small sample misalignment.
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FIG. 4. (a) 2D energy distribution obtained with h� ¼ 30 eV on NiO(001).

The diagonal dashed line marks the expected onset of pair emission. The in-

tensity does not reproduce that but increases slowly towards lower pair ener-

gies. Also no preference for a specific energy sharing can be distinguished.

(b) Intensity depending on Esum along the white rectangle in (a).
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rate of 1 MHz. The light intensity was tuned so that the count

rate on a single detector was about 1000 counts/s. The coin-

cidence count rate was 0.2 counts/s. The two dimensional

energy distribution of the electron pairs is presented in Fig.

4. As for (e,2e), the axes are the energies of the single elec-

trons Eleft and Eright and parallel to the dashed diagonal line

is the sum energy constant. From sum energies of 7 to 21 eV,

the intensity monotonically decreases as shown by the line

profile in Fig. 4. This is in strong contrast to the (e,2e) case

from Cu(111) where an onset of intensity was observed. At a

fixed sum energy, the intensity is constant independent of

how the energy is shared between the two single electrons.

The maximum sum energy for (c,2e) that an emitted pair can

have is approximately Emax
sum ¼ h� � 2/ which is indicated by

the dashed line. In addition, the energy of the pair is shared

uniformly between the two single electrons. To understand

the observed intensity distribution, further studies using dif-

ferent photon energy and geometry for angle-resolved mea-

surement as well as support from theories would be required.

In a simple picture, the (c,2e) spectrum could be approxi-

mated by the self-convoluted band structure which broadens

intensity features strongly.

To summarize, we present a double ToF spectrometer

setup for coincidence spectroscopy which was calibrated and

applied for (e,2e) from Cu(111). The energy distribution of

pair emission from Cu(111) shows three intensity peaks with

a preference for equal energy sharing between two electrons.

The electron pair momentum distribution shows a parabolic

dispersion for the state 0.5 eV below the intensity onset. This

is in agreement with previous (e,2e) studies on Cu(111) and

demonstrates the capability of the instrument for coincidence

spectroscopy. In combination with a high repetition rate

HHG light source, we achieve (c,2e) experiments in the labo-

ratory. Results for (c,2e) on NiO(001) excited with 30 eV

photon energy are shown. The two dimensional energy

distribution of the electron pairs yields an increase in inten-

sity towards lower sum energies and a broad and structure-

less energy sharing between electrons. Our work extends

spectroscopy on electron pair emission with momentum re-

solution and initiates (c,2e) experiments in the laboratory.
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Correlated valence electrons in Ag and Cu are investigated using double photoemission spectroscopy
driven by a high-order harmonic light source. Electron pairs consisting of two d electrons as well as pairs
with one sp and one d electron are resolved in the two-dimensional energy spectrum. Surprisingly, the
intensity ratio of sp-d to d-d pairs from Ag is 3 times higher than in the self-convoluted density of states.
Our results directly show the band-resolved configurations of electron pairs in solids and emphasize a band-
dependent picture for electron correlation even in these paradigmatic metals.

DOI: 10.1103/PhysRevLett.118.136401

Since the discovery of magnetism and superconductivity,
studying electron correlation has become an indispensable
field of physics [1,2]. Because of the central role of the
electron-electron interaction in strongly correlated materi-
als [3] as well as its impact on molecular and single-
electron devices [4,5], varieties of spectroscopies have been
devoted to measure correlated electrons in solids. Among
them, double photoemission (DPE) experiments analyze
pairs of interacting electrons directly and have been
developed progressively over several decades [6,7].
Generally, DPE on solids is challenging due to the

coincidence detection of two photoelectrons. This explicitly
involves a reduced joint acceptance of two spectrometers
and a compromised energy resolution due to a broad,
simultaneously detected energy range up to few tens eV.
Moreover, to suppress accidental coincident events, the
incident photon flux must be kept low [7] and the meas-
urement time becomes long, up to several days. With a
laboratory high-order harmonic light source and a pair of
time-of-flight spectrometers, we recently constructed a new
DPE setup [Fig. 1(a), inset] [8,9]. It allows us to reveal the
band-dependent signatures of the two-particle valence
spectra of Ag and Cu. Pairs of interacting valence electrons
are identified according to their sum kinetic energies (Esum)
and specifically related to the number of participating d
electrons. These two-electron Esum features constitute a
more intricate structure than the self-convoluted single-
particle density of states and provide evidence for a
distinctly band-dependent electron correlation even in these
conventional metals. Because Esum is a good quantum
number for an electron pair instead of their individual
energies, our DPE results provide valuable information
regarding the electron pair configurations which go beyond
the capabilities of single-particle spectroscopies.
DPEexperimentswere performedwith s- andp-polarized

light with photon energies (hν) of 32.3 and 25.1 eV,

respectively. The photoelectron pairs were analyzed by a
pair of TOF spectrometers, each having a �15° acceptance
and oriented at �45° to the sample surface normal [8,9].
Figure 1(a) shows the raw two-particle DPE histogram
from Ag(001) as a function of kinetic energies E1 and E2 of
the individual photoelectron within a pair. For each E1;2, we
integrate over the detected angular distribution of photo-
electrons. To separate the true DPE signals from a back-
ground of accidental coincidence events, a second set of
experiments with a 30 times higher photon flux is used.
These reference spectra are dominated by the accidental
events and serve as the background spectra. The raw and
the background spectra are compared in Fig. 1(b) along
Esum, with the latter scaled down to the former in the region
of Esum > 29 eV, where DPE is prohibited [10]. For clarity,
only DPE spectra after this background subtraction are
presented subsequently. A DPE cutoff at Esp-d

sum ¼ 18.9 eV
can be clearly seen in Fig. 1(b), which represents photo-
emission of the most energetic correlated electron pairs
in Ag.

FIG. 1. (a) Histogram of two-electron photoemission coinci-
dence events (raw data) on Ag(001) at hν ¼ 32.3 eV. The setup
is shown schematically in the inset. (b) Raw and scaled back-
ground (bg) Esum spectra.

PRL 118, 136401 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

31 MARCH 2017

0031-9007=17=118(13)=136401(5) 136401-1 © 2017 American Physical Society

5.8 Band-resolved double photoemission spectroscopy 87



The detailed energy hierarchy of correlated electron pairs
is revealed in Figs. 2(a) and 2(b), which are derived from
the raw data in Fig. 1 [11]. Below Esp-d

sum , we observe two
stepwise intensity increases at 14.7 (Ed-d

sum) and 9.3 eV
(Ed-d-d�

sum ). Moreover, the DPE spectrum in Fig. 2(c) at
hν ¼ 25.1 eV shows two steps at Esp-d

sum ¼ 12.0 eV and
Ed-d
sum ¼ 7.3 eV. Since both hν − Esp-d

sum and hν − Ed-d
sum are hν

independent within �0.5 eV [12], we assign Esp-d
sum and

Ed-d
sum as well as Ed-d-d�

sum to features of occupied two-electron
states that can be specified only by their total energy as a
proper quantum number of a two-particle system.
As shown in Figs. 2(b) and 2(c), these two-electron

features are located at pair binding energies EB;sum ¼ 4.6,
8.8, and 14.2� 0.7 eV. These values are compatible with
1, 2, and 3 times the minimum binding energy of electrons
within the Ag 4d bands of 4 eV [14]. Therefore, we
attribute the first two energies to the onset of pair emission
with sp-d and d-d electron-electron assignments, respec-
tively. As an example, we illustrate in Fig. 2(d) the sp-d
pair emission process with one sp electron from the Fermi-
level (EF) and one d electron from the top of the d bands.
This sp-d process results in the pairs with a maximum
kinetic energy of Esp-d

sum and is indicated by the dashed line
in Figs. 2(c). In analogy, the emission of two electrons from
the d bands has a maximum energy of Ed-d

sum (dashed-
dotted line).
Moreover, the spectra in Figs. 2(a) and 2(b) have an

intensity increase below Ed-d-d�
sum , which corresponds to

about 3 times the minimal binding energy of the Ag d
bands. Therefore, we explain the marked area d-d-d� as a
lower bound for the emission process of a d-d pair
accompanied by another d electron excited up to
EF (d�) as shown in Fig. 2(d). The labeled d-d-d� intensity
amounts to 40% of the d-d pairs, one order of magnitude
larger than conventional shake-up satellites [15], and it
overlays on a sizable background [16]. Both these proper-
ties are consistent with the known low-energy electron pairs
in coincidence Auger spectra on metals, which result from
decay processes with at least three valence electrons
[17,18]. Because of the characteristic onset Ed-d-d�

sum , it is
possible to identify the d-d-d� pairs from other underlying
multielectron events. Here we also tentatively exclude d-d
pairs with an atomically localized two-hole final state
(d−2), since they would contribute a sharp spectrum with
a narrow width of about 1 eV [19]. An alternative
explanation for d-d-d� pairs may be the excitation of
transient excitons during the d-d pair emission [20,21].
In Fig. 3(a), we compare the DPE spectra of Ag with the

self-convoluted density of states (cDOS, dashed line) [22],
which is scaled to match the d-d pair intensity. The cDOS
gives an estimation for the two-electron DOS as a function
of the binding energy of the pairs (EB;sum) and is derived

FIG. 2. (a) DPE data at hν ¼ 32.3 eV on Ag(001).
(b) Esum spectrum from (a) integrated over Ediff ¼ �1 eV.
(c) The same as (b) for hν ¼ 25.1 eV. (d) DOS of Ag [13] with
DPE processes. EV labels the vacuum level.
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from the Cini-Sawatzky model for two valence holes at the
weak correlation limit [23,24]. As one can see, the clear
DPE feature from sp-d pairs of Ag is surprising. First of all,
its intensity amounts to a factor of 3 higher as compared to
the cDOS at EB;sum ¼ 5–8 eV. Second, with more than
20% variation in hν, this enhancement exists persistently.
Therefore, significant hν-dependent final state effects act-
ing only on sp-d or d-d pairs can be excluded. Possible
candidates for such effects are pair diffraction and shake-off
[25,26]. Furthermore, identical experiments on Cu(111)
give the DPE spectrum in Fig. 3(b) in comparison with the
cDOS. There, the sp-d pairs are merely visible, despite the
d-d and d-d-d� features that can be identified similarly as
for Ag [27]. To explain all these observations qualitatively,
either the two-particle DOS of sp-d electron pairs in Ag
must be enhanced relative to the d-d pairs due to corre-
lation, or the DPEmatrix element for the sp-d pairs must be
significantly larger than for the d-d pairs. Since the DPE
matrix element is also linked to the strength of correlation
[28–30], our results provide in either case an indication for
significant electron correlation between the 5sp and 4d
electrons in Ag.
Since an ab initio DPE calculation for Ag does not exist

yet, we discuss qualitatively two aspects regarding the sp-d
and d-d pairs. The first one is the existence of an electron
correlation between sp and d electrons that is stronger in
Ag than in Cu. The sp-d electron-electron interaction in
transition metals has been postulated to explain itinerant
magnetism [31] and the Kondo effect [32]. This interaction
is strengthened in solids due the compression of the
extended sp wave function towards the d electrons in
atomic cores [33]. As a consequence of the larger volume
fraction occupied by the 4d electrons in comparison to the
3d electrons [34], the sp-d interaction can be stronger in

Ag than in Cu, therefore explaining our observation of sp-d
pairs in DPE only on Ag. Additionally, this stronger sp-d
interaction in Ag also leads to a larger sp-d hybridization at
EF [35]. Moreover, the Agþ 4d10 shell has a significantly
higher polarizability than the Cuþ 3d10 shell [36]. As a
result, the surrounding 5sp electrons in Ag could influence
the 4d electrons more actively and lead to a significant DPE
of 5sp-4d electron pairs. This perspective is furthermore
consistent with previous band structure calculations, where
the different impact of electron correlation on sp electrons
in Ag as compared to Cu was implied [37].
A second aspect is the lower strength of electron

correlation between the d electrons in the detected d-d
pairs than that between the sp and d electrons. Since the
on-site Coulomb interaction Uon site between d electrons is
usually large up to several eV [38,39], only interacting d
electrons at different atomic sites may have a lower strength
of correlation than that between the sp and d electrons near
the same atom (Uintersite < 0.5Uon site for Ag [40]). This
consideration suggests that the observed d-d pairs are a
result of the interatomic correlation and leave two photo-
holes at separated atomic sites (d−1 þ d−1). These d holes
can propagate through the lattice with energy dispersion
and give rise to a width in the Esum spectrum comparable
with the cDOS. It is, however, not straightforward to
separate according to DPE spectra the on-site from the
band correlation effects, with the latter conventionally
assigned to a shift between experimental and theoretical
band energies.
In the DPE spectra of both Ag and Cu in Fig. 3, we

observe a generally dominant intensity of the d-d and
d-d-d� electron pairs. In strong contrast, vanishing DPE
intensity is observed for pairs with both electrons from the
bulk sp bands or from the sp-derived Shockley surface
state [41]. The observation of electron pair emission as
soon as d bands are considered clearly suggests that a band-
resolved picture is required for electron correlation, in
general, even for metals like Ag and Cu. The vanishing
intensity of sp-sp pair is attributed to their low cDOS
(Fig. 3) and the less dominant role of electron correlation in
the electron gas of the sp electrons [42].
A closer look at Fig. 3(b) reveals a small but observable

energy shift between the Esum spectrum and the cDOS of
Cu for d-d pairs. However, for Ag in Fig. 3(a), they
coincide reasonably. We ascribe this difference to the
influence of the stronger Coulomb interaction between d
electrons in Cu than in Ag [38,39], which contributes to the
repulsion between the two photoholes in the DPE final state
and triggers the relaxation of the whole electronic system
[43,44]. Because the itinerant nature of correlated valence
electrons is unavoidably related to a site-dependent
Coulomb interaction [19,45], the atomic models conven-
tionally used for core-valence Auger decays may not be
directly applicable to describe the shifted onset observed in
our DPE experiments. Therefore, we consider the

FIG. 3. Comparison of DPE spectra with the self-convoluted
DOS adapted from Powell (cDOS) [22]. The constituents of
electron pairs are labeled near the upper scale. (a) DPE spectra of
Ag(001) at hν ¼ 32.3ð25.1Þ eV with empty (solid) symbols from
Figs. 2(b) and 2(c). The threefold higher intensity of sp-d pairs
compared to cDOS is highlighted. (b) DPE spectrum of Cu(111)
with hν ¼ 32.3 eV integrated over all Ediff for better statistics.
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difference between the observed Cu d-d onset from the
cDOS as an upper bound for the correlation energy of the
valence bands DPE process [46], which awaits theories
including a refined exchange correlation for a quantitative
comparison [33].
The pairs of interacting valence electrons not only have

band-specific total energies but also share the exciting
photon energy in distinct ways. This can be clearly
quantified in terms of the experimentally accessible, kinetic
energy difference (Ediff ), which corresponds to the intensity
distribution perpendicular to Esum direction in the DPE
histogram as shown in Fig. 2(a). In Fig. 4, the Ediff spectra
are shown, classified according to the pair configurations
discussed above. The Ediff spectra for Ag d-d and d-d-d�

pairs show higher intensity at Ediff ≈ 0. In contrast, sp-d
pairs from Ag as well as d-d pairs from Cu are less
favorable around Ediff ≈ 0 when compared to jEdiff j ≫ 0.
These results show a clear partition of hν over the two
interacting electrons within a pair and its dependence on
their valence band character. Moreover, going from d-d to
d-d-d� pairs measured at the same hν, we observe a more
enhanced signal near Ediff ≈ 0 comparing to larger jEdiff j
for both Ag and Cu, which reveals the influence of the
additional d� excitation to the energy distribution within the
d-d pairs.

A closer look at the Ediff spectrum of sp-d pairs of Ag
shows a roughly constant intensity beyond jEdiff j ≥ 2ℏωp,
with ℏωp ≈ 3.8 eV as the bulk Ag plasmon energy [47].
This observation implies that the electrons with otherwise
equal energy in an sp-d pair may additionally exchange
energy via a plasmon and end up as a pair with a larger
jEdiff j. In contrast, the observed intensity of Cu d-d pairs
increases up to a much higher jEdiff j ≈ 10 eV. This value is
comparable to a broad plasmonlike energy-loss resonance
[47] as well as to the on-site Coulomb repulsion Uon site ≈
9–11 eV [48,49]. The former is excluded because an
energy-loss process also alters the total energy (Esum) of
an electron pair. Therefore, we attribute the latter as a
possible origin for the increasing DPE intensity at larger
jEdiff j for Cu d-d pairs, which involves an additional DPE
pathway via a reconfiguration of the d shell related to
Uon site.
In summary, DPE spectroscopy resolves band-specific

electron pairs in Ag(001) and Cu(111). In spite of the
isoelectronic single-particle band structure of Ag and Cu,
they show remarkably different response in the two-particle
spectrum. We identify distinct two-particle energy features
in the pair sum kinetic energies and relate the energy
thresholds according to the number of d electrons involved.
Besides electron pairs consisting of sp-d and d-d electrons,
we provide indications for processes with three d electrons.
The emission of sp-d electron pairs is enhanced on Ag
whereas barely observable on Cu due to the weaker sp-d
interaction. Moreover, the energy sharing within a pair
depends sensitively on the constituent valence electrons
and provides hints of energy exchange between electrons
via a plasmon in Ag or via the on-site Coulomb interaction
in Cu. Our results reveal a clear band dependence in the
pairs of mutually interacting electrons in solids, which may
pave a way to systematically analyze quasiparticles by
multidimensional photoelectron spectroscopy [50].
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Supplemental material: Estimation for the background of d-d-d∗ events on Ag

In Fig. S1a the simplified, model density of states
(DOS) for sp and d electrons in Ag are shown, and in
Fig. S1b to Fig. S1d the convoluted DOS (cDOS) for
different combinations of sp and d electrons are derived.

In the total contribution from all the cDOS of sp-d,
d-d and d-d-d∗ pairs (ΣcDOS, Fig. S2a), we multiply the
cDOS of sp-d pairs by a factor of 5.5 and that of the d-d-
d∗ pairs by 0.4. The former factor takes into account phe-
nomenologically the enhanced sp-d pair intensity relative
to the d-d pairs as discussed in the main text. Because of
the simplified shape of DOS here, this value is larger than
the factor 3 obtained from the comparison with a realistic
cDOS (Fig. 3a of the main text). As shown in Fig. S2b
below, the weighted sp-d and d-d pairs in ΣcDOS reason-
ably estimate the double photoemission (DPE) spectrum
at the photon energy hν= 25.1 eV.

In Fig. S2c the DPE spectra at hν= 32.3 eV is com-
pared with the ΣcDOS, and a reasonable agreement
(ΣcDOS+LEP) is reached when a smooth distribution
of low-energy electron pairs (LEP) is added. In accor-
dance with literature reporting large low-energy tails in
coincidence core-valence electron pair spectra, we ascribe
the LEP to excitation processes where at least three elec-
trons are involved (Ref.[17,18] of the main text). Those
reported low-energy tails in electron pair spectra are
dominant below the onset of two-electron excitations,
which is in qualitative agreement with the onset of LEP
in Fig. S2c near the onset for the cDOS of d-d pairs.

The d-d-d∗ events here can be identified separately
from the LEP due to its characteristic onset at around
three times the minimal binding energy of the d bands.
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An approximation method for electrostatic time-of-flight (ToF) spectroscopy on photoelectrons
distributed over a wide energy range is presented. This method is an extension of conventional anal-
ysis and aims at specific energy and angular regions, where distinctly different emission angles and
energies are mapped to the same ToF and detector position by the spectrometer. The general formu-
lation and the systematic errors are presented, and a practical example is demonstrated for photoelec-
trons from Ag(001) with kinetic energies of 0.5–25 eV. © 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5048515

I. INTRODUCTION

Time-of-flight (ToF) spectroscopy of charged particles
allows the detection of many spectroscopic channels in paral-
lel. In ion mass spectroscopy, a wide range of charge to mass
ratio of ions is analyzed simultaneously,1,2 and in electron
spectroscopy, a large phase space of emission angle and
kinetic energy can be acquired at the same time using
angle-resolving detection.3,4 Recently, due to the importance
of angle-resolved photoelectron spectroscopy (ARPES) on
studying electronic properties of novel materials, ToF
spectroscopy of photoelectrons has been developed
remarkably.5–12

In contrast to conventional hemispherical energy analyz-
ers, in ToF-based ARPES, the two-dimensional (2D) emis-
sion angular distribution (θ, f) and the corresponding energy
(E) spectra are measured in a single experiment.3,4 Generally,
a ToF spectrometer acquires the hit position of an individual
photoelectron (x, y) on a 2D detector and its ToF from the
sample to the detector (t). In an ideal case, the spectrometer
should perform a one-to-one mapping from (θ, f, E) to
(x, y, t), which allows (θ, f, E) to be retrieved from the
detected (x, y, t) coordinates as shown in Fig. 1(a).

However, the one-to-one forward mapping can only be
guaranteed in a limited energy and angular range,13,14

beyond which the ToF spectrometer performs a many-to-one
forward mapping from (θ, f, E) to (x, y, t) such as in
Fig. 1(b). The restricted energy range of the one-to-one
mapping not only puts an upper bound for the efficiency of
ToF spectroscopy but may also inhibit advanced experi-
ments, where a wide energy range is especially desirable. An
example for such experiments is coincidence photoelectron

spectroscopy,15–19 where the total detection efficiency scales
quadratically with that of the individual spectrometer.20

In this paper, we present a general extension of the
conventional method to analyze the photoelectron events
in a ToF-based spectrometer. This analysis includes the
many-to-one forward mapping such as in Fig. 1(b) and
allows one to extend the available angular and energy
range. The method is based on assumptions for the distribu-
tion among the multiple (θi, fi, Ei) events that are mapped
to the same (x, y, t) detector coordinates by the ToF spec-
trometer. The resultant systematic error in the retrieved
emission coordinates of photoelectrons (θ, f, E) can be
quantified according to the imaging properties of the spec-
trometer. In the following, we describe this approximation
and illustrate it with a commercial ToF spectrometer.21 As
an example, we apply this analysis to ARPES on a Ag(001)
with photoelectrons distributed over a kinetic energy range
from 0.5 to 25 eV.

II. FORMULATION OF APPROXIMATION

In conventional analyses, the one-to-one mapping in
Fig. 1(a) is considered as a transformation between an infini-
tesimal volume Δx� Δy� Δt around the detector coordinates
(x, y, t) to a volume element Δθ � Δf� ΔE in the photo-
emission configuration space (θ, f, E). The analyses rely on
a grid in the (x, y, t) space consisting of contours with cons-
tant θ, f, and E, which are calculated beforehand by simula-
tions of electron trajectories. For each individual
photoelectron, the event detected with its (x, y, t) coordinates,
an interpolation between the contours of the grid is per-
formed in order to obtain the corresponding (θ, f, E) values.
The work flow of the conventional analysis is shown by the
left side of Fig. 2 (black), and its precision can be estimated
from experiments, where the resolutions of the spectrometers
are examined in detail. Typical values of optimal resolutions
can be better than 0.2� and 5 meV with spectrometer settings
of low kinetic (Ekin) and pass energies (Epass).

4,11 These
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settings are specifically chosen for high energy resolution
whereas the available energy window is only of few eV
wide. For wide energy applications, settings with a higher
Epass need to be applied, resulting in an inevitable trade-off
to a lower energy resolution. In this paper, we will demon-
strate an application of wide energy range, which will have
an energy resolution of about 180 meV in the conventional
analysis22 and will be discussed in detail later.

Whereas conventional analyses do not introduce addi-
tional uncertainties formally, in practice their accuracies are
limited by the precision of the electron trajectory simula-
tions as well as the spatial and time resolutions of the

detector. For example, considering two individual events
which are detected in proximity much closer than the
spatial and time resolutions of the detector, their detector
coordinates (x, y, t) cannot be distinguished from each other
despite of their distinctly different emission coordinates
(θ, f, E). As a result, these two events are apparently
related to the same detector coordinates due to the limited
detector resolutions, as if they would be mapped by the
spectrometer in a two-to-one forward mapping as in
Fig. 1(b). Therefore, in spite of the formally well-defined
boundary between the one-to-one and the many-to-one
mappings as shown in Fig. 1, in practical analyses, this
boundary is determined by the detector resolutions and the
precision of the trajectory simulations.

For cases where the different (θ, f, E) coordinates in a
many-to-one mapping have only small discrepancies as
compared to the spectrometer resolution, they can be
evaluated without a significant degradation of the overall
resolution. To perform such an evaluation, an assumption
regarding the distribution among the different (θ, f, E)
coordinates in the many-to-one mapping is required.
For clarity, we illustrate our approximation for the back-
ward mapping of the two-to-one mapping in Fig. 1(b)
as follows:

With weighting w1:

Δx� Δy� Δt ! Δθ1 � Δf1 � ΔE1

(x, y, t)! (θ1, f1, E1):

With weighting w2:

Δx� Δy� Δt ! Δθ2 � Δf2 � ΔE2

(x, y, t)! (θ2, f2, E2):

In this approximation, we assign the detected event at
(x, y, t) with a weighting factor w1 to the emission coordi-
nates (θ1, f1, E1), and with a factor w2 to (θ2, f2, E2).
Assumptions of factors w1 and w2 need to be made, which
should not generate features only at some specific energy or
angular coordinates. Moreover, these factors need to be nor-
malized by w1 þ w2 ¼ 1 since the number of events should
be conserved in both the forward and the backward map-
pings. In a general case of an n-to-one forward mapping,
where n different (θi, fi, Ei) with i ¼ 1 to n are mapped to
the same (x, y, t), n different weighting factors are needed
with a constraint

Pn
i¼1 wi ¼ 1. In Fig. 2, this work flow for

the many-to-one mapping is shown (blue).
The systematic error due to this approximation can be

quantified by considering an incident photoelectron with
emission coordinates (θin, fin, Ein) that arrives in the spec-
trometer at the detector coordinates (x, y, t). In case (x, y, t)
do not allow a one-to-one backward mapping, this event
must stem from n different emission coordinates with n . 1.
The approximated backward mapping will deliver these n
different emission coordinates (θi, fi, Ei), each with a corre-
sponding weighting factor wi. Since only one set of the n dif-
ferent (θi, fi, Ei) coordinates matches (θin, fin, Ein), the
difference between (θin, fin, Ein) and the other n-1 sets of
(θi, fi, Ei) leads to errors in the approximated backward

FIG. 2. Work flow of conventional analysis for one-to-one mapping (black)
and the approximated method to analyze the many-to-one mapping (blue).
Detected photoelectrons are registered in the photoelectron spectrum by the
event counter.

FIG. 1. (a) One-to-one mapping from the photoelectron emission angles
(θ, f) and kinetic energy (E) to the hit position on the 2D detector (x, y) and
ToF (t). For small regions in the θ-f-E configuration space, multiple θ-f-E
combinations lead to identical detection events as illustrated by the
two-to-one mapping from (θ, f, E) to (x, y, t) in (b). The approximated
backward mapping is indicated by the dashed arrows. The inset exemplifies
the polar (θ) and the azimuthal (f) angles with respect to the spectrometer
axis (dotted) in the case of a cylindrical ToF spectrometer.

164504-2 Huth et al. J. Appl. Phys. 124, 164504 (2018)
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mapping. The resultant systematic error in energy and emis-
sion angles due to the approximated backward mapping can
be evaluated as

σE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

wi � (Ei � Ein)2
s

,

σθ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

wi � (θi � θin)2
s

:

(1)

Similarly, the systematic error for the emission angle f can
be calculated. These errors have an upper bound as given by
the maximum difference between the n different values of
(θi, fi, Ei). Take σE for the case of n ¼ 2 as an example, its
upper bound is σmax

E ¼ Emax � Emin according to Eq. (1),23

where Emax and Emin are the maximum and the minimum,
respectively, among the two different values of Ei. Generally,
the errors σE, σθ, and σf depend on wi. Often the possible
photoemission events that are mapped to the same (x, y, t)
are rather close to each other in the (θi, fi, Ei) configuration
space, and the formal ambiguity might introduce only a
small error.

III. PRACTICAL EXAMPLE

In the following, we demonstrate a practical example for
the approximated backward mapping in Sec. II using a com-
mercial ToF spectrometer.11,21 The settings of the spectrome-
ter are wide-angle-mode with a nominal kinetic energy (Ekin)
of 8 eV and a pass energy (Epass) of 60 eV. Due to the cylin-
drical symmetry with respect to the optical axis of the spec-
trometer, the three-dimensional (3D) emission coordinates
(θ, f, E) can be reduced to (θ, E) and displayed on the 2D
plane as shown in Fig. 3(a). Correspondingly, the 3D volume
Δθ � Δf� ΔE is reduced to an area of a triangle
Δθ � ΔE=2. Here, we intentionally use a triangular grid

instead of a rectangular grid, since only a triangle can be
mapped to the detector space in general without producing
any additional crossing between its edges. As shown in
Fig. 3(a), the triangles are defined by neighboring (θ, E)
points and cover the spectrometer acceptance range. In
Fig. 3(a), a low resolution of Δθ and ΔE is selected for better
visualization.

The emission coordinates (θ, E) are connected to the
detector coordinates (r, t) by the forward mapping according
to the electrostatic model of the spectrometer.24 Here, the
radial position r appears instead of the 2D coordinates (x, y)
due to the cylindrical symmetry, and its origin is located at
the spectrometer axis.25 As a consequence, the forward
mapping transforms the (θ, E) grid in Fig. 3(a) to the (r, t)
grid in Fig. 3(b).

A. Two-to-one forward mapping

To illustrate a practical example of the two-to-one
forward mapping as formally outlined in Fig. 1(b), we con-
sider two triangular elements on the (θ, E) plane in Fig. 3(a)
(filled) and their corresponding triangles on the (r, t) plane in
Fig. 3(b). As shown in the insets of Fig. 3(b), these two trian-
gles have an overlap on the (r, t) plane. As a consequence,
detected events in this overlapping (r, t) region can originate
from either of the two triangles on the (θ, E) plane. As an
example, two independent events with different emission
angles and energies are indicated by the blue dots in the inset
of Fig. 3(a), which arrive at the same detector coordinates as
indicated in the inset of Fig. 3(b). Consequently, a two-to-one
forward mapping occurs within this overlapping (r, t) region
and it corresponds to the formal situation in Fig. 1(b).

B. Error estimation

The error estimation in the approximated backward
mapping is a crucial aspect to judge the usefulness of the

FIG. 3. (a) Grid of the (θ, E) emission coordinates of photoelectrons entering the ToF-spectrometer21 and (b) the corresponding grid of the (r, t) detector coor-
dinates after the forward mapping. The insets (yellow boxes) show two simulated events (blue dots) with different (θ, E) arriving at the same (r, t). Such a
two-to-one forward mapping is indicated by the overlapping region between the filled triangles (colored) in (b). Solid and dashed arrows indicate exemplary
contours with a constant E and a constant θ, respectively.
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extended analysis. Ideally, the backward mapping should
transform the detector coordinates (r, t) in Fig. 3(b) to the
emission coordinates (θ, E) in Fig. 3(a) without introducing
any error. However, since in the forward mapping an
n-to-one mapping with n . 1 can occur as shown in
Fig. 1(b) and described in Sec. III A, the approximated back-
ward mapping as formulated in Sec. II is required. In
Fig. 4(a), the order n for the spectrometer settings in Fig. 3 is
shown. Note that in a practical application, mainly regions
with n � 3 will be used. In the approximated backward
mapping, we assume a distribution of the weighting factor wi

proportional to the solid angle Ωi in the proximity of the
(θi, Ei) emission coordinates and inversely proportional to its
corresponding area Ai on the (r, t) plane,

wi ¼
Ωi=AiPn
i¼1 Ωi=Ai

: (2)

Here, the normalization condition
Pn

i¼1 wi ¼ 1 is fulfilled by
the summation in the denominator. With this choice of wi,
the original distribution of photoelectrons can be retrieved if

it is homogeneous over the angular and energy range of the
many-to-one mapping. For the same spectrometer settings as
in Fig. 4(a), the systematic errors σE and σθ are derived
according to Eq. (1) and displayed in Figs. 4(b) and 4(c).

The maximum of the systematic error in energy σE for
the specific spectrometer settings21 in Fig. 4(b) is up to
0.45 eV in the region around 2 eV and around 22 eV for a
small range of small emission angles. This value is only
about a factor of 2 worse than the energy resolution in the
conventional analysis of the spectrometer settings for a wide
energy range,22 which may be acceptable for experiments
aiming only at a moderate energy resolution. The angular
error σθ in Fig. 4(c) is smaller than 7� except in the low
energy region near E ¼ 2 eV or at large entry angles θ �14�.
The large σθ in these regions can be understood by consider-
ing the focus of the ToF spectrometer, where photoelectrons
with largely different emission angles are mapped onto a
small area near the center r � 0 of the 2D detector.26,27

For application to other energy ranges, a similar pattern
as in Fig. 4(a) needs to be used according to the different
kinetic (Ekin) and pass energy (Epass) settings of the spec-
trometer.11,21 When increasing Ekin, the middle n ¼ 1 region
in Fig. 4(a) will shift towards higher energies. In addition,
the ratio between its energetic extension to the value of Epass

will increase as the ratio Ekin=Epass increases. As an example,
the central n ¼ 1 region for (Ekin, Epass) ¼ (8, 60) eV has a
width of about 15 eV at θ ¼ 0� as can be seen in Fig. 4(a),
and it expands to about 24 eV for the settings of Ekin ¼ 16 eV
at the same Epass. Accordingly, the many-to-one regions on
the lower and higher energy sides will be shifted in energy.
Moreover, as shown in Fig. 3(a), the many-to-one mapping
occurs between (θ, E) coordinates with comparable energies
but different angles. Therefore, we may expect that σE in
Fig. 4(b) would scale with the energy width of the
many-to-one regions when varying Ekin and Epass, whereas σθ

could remain sizable as in Fig. 4(c). As shown in Fig. 4(b),
the maximum of σE for (Ekin, Epass) ¼ (8, 60) eV is about
0.45 eV at E � 2 eV, and it increases up to about 1.3 eV at
E � 7 eV for the settings (Ekin, Epass) ¼ (16, 60) eV.

C. Photoelectron spectroscopy (ARPES) on Ag(001)

The approximated backward mapping is demonstrated
and compared with conventional one-to-one backward
mapping in Fig. 5 for ARPES experiments on a Ag(001)
surface. The photoelectrons are excited by a high-order har-
monic light source28 and analyzed by the ToF spectrometer
presented in Secs. III A and III B. The settings of the spec-
trometer were a wide-angle-mode with a nominal kinetic
energy (Ekin) of 8 eV, a pass energy (Epass) of 60 eV. The
corresponding energy and angular acceptance ranges are dis-
played by the grid in Fig. 3(a) as well as by the filled area in
Fig. 4(a), having a central one-to-one mapping region within
E ¼ 9+ 4 eV for θ ¼+15�. The photon flux was estimated
as 3�105 photons/s, with a pulse duration of around 2 ps, an
estimated bandwidth of 70 meV at the 32 eV photon energy,
and a spot size measured on the sample of 100+ 30 μm.
The total acquisition time was 11 min. In Fig. 5(a), only
photoelectron events at the (r, t) detector coordinates with a

FIG. 4. (a) Order n of the forward mapping,21 which transforms events from
(θ, E) in Fig. 3(a) to (r, t) in Fig. 3(b). In (b) and (c), the systematic error in
energy (σE) and angle (σθ) according to Eq. (1) due to the approximated
backward mapping are shown, respectively. In conventional analysis, only
regions with n ¼ 1 are considered.
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one-to-one correspondence to the (θ, E) emission coordinates
are considered. In Fig. 5(b), the approximation method in
Sec. II is additionally applied on the same measured dataset
with the weighting factors in Eq. (2) in order to retrieve
events from the n-to-one forward mapping by the spectrometer.

By comparing Figs. 5(a) and 5(b), we can clearly see
that more photoelectron events are analyzed when the
approximated backward mapping is used. More specifically,
in the comparison in Fig. 5(d), a fourfold intensity increase

at the Ag 4d bands can be clearly seen when using the
approximated backward mapping. Therefore, the approxi-
mated backward mapping provides an opportunity to analyze
more photoelectron events in an extended energy range as
detected by the ToF-spectrometer.

In addition, the angular distributions of Ag d electrons
from 22 to 24 eV are shown by the filled spectra in Figs. 5(a)
and 5(b), with a corresponding error in Fig. 4(c) up to 5�.
This sizable error is due to the focusing of electron trajectories
with various emission angles near t ¼ 170 ns as can be seen
in Fig. 3(b). Furthermore, in Fig. 5(c), we show the change in
the case of more simplified weighting factors wi ¼ 1=n instead
of Eq. (2). This change may be viewed as an estimation for
the systematic error in the intensity.

Last but not least, we discuss the influence of the detector
resolution to the spectra in Fig. 5(b). As an example, we con-
sider the energy broadening (ΔE) due to the detector time reso-
lution, which dominates over the contribution of the detector
spatial resolution for our settings. From the forward mapping
in Sec. III A, we can extract the dependence of the kinetic
energy of electron (E) on the time-of-flight (t) as quantified by
(@E=@t)r. This quantity provides an estimation for the energy
broadening due to a given resolution of the time-of-flight mea-
surement. With an assumed time resolution Δt � 0:24 ns in
the experiments, we estimate an energy resolution by
Δt(@E=@t)r � 180 meV at around 25 eV. This value is in
agreement with our previous experiments with similar set-
tings22 and can be compared with the systematic energy error
due to the approximated backward mapping in Fig. 4(b).

IV. SUMMARY

To summarize, we demonstrate an approximation
method to extend the energy and angular range of photoelec-
trons that can be analyzed using time-of-flight (ToF) spectro-
scopy. Our approximation allows one to analyze
photoelectron events whose emission coordinates (θ, f, E)
are mapped to the detector coordinates (x, y, t) in a
many-to-one mapping. Conventionally, these events are
detected in parallel with the events in the one-to-one
mapping, but they are abandoned in the data analysis. In the
approximation, we assume a given distribution among the
multiple emission coordinates (θi, fi, Ei) that correspond to
the same (x, y, t). The resultant systematic errors in the
retrieved energy and emission angles have upper bounds, and
they are given by the maximum difference between the emis-
sion coordinates (θi, fi, Ei) that are mapped to the same
detector coordinates (x, y, t) by the spectrometer. As a practi-
cal example, we measure photoelectrons from a Ag(001)
surface using a commercial ToF spectrometer and analyze
them with the approximated backward mapping. As a result,
the photoelectrons distributed over a kinetic energy range
from 0.5 to 25 eV can be analyzed in parallel. In combination
with conventional ToF analysis, our approximation method
assists to characterize photoelectrons more efficiently and
is important for advanced spectroscopies with demanding
statistics, such as coincidence electron spectroscopies at sur-
faces.22,29 In addition, our method may be extended to spec-
trometers with non-cylindrical symmetries.

FIG. 5. Distribution of photoelectrons from Ag(001) excited by s-polarized
light with 32 eV photon energy. Light incidence is parallel to the surface
normal, and the entry angle 0� into the spectrometer corresponds to an emis-
sion angle of 45� from the surface normal. In (a), only the one-to-one back-
ward mapping is used, and in (b) the approximated backward mapping is
additionally applied. In (c), the change in the approximated backward
mapping due to a more simplified weighting factor wi ¼ 1=n is shown.
Angle-integrated spectra from (a) and (b) are shown in (d). The dashed line
indicates the onset of emission from the Ag d bands about 4 eV below the
Fermi-level. Filled spectra (blue) in (a) and (b) show the angular distribution
integrated from 22 to 24 eV, with an error bar σθ in (b) up to 5 � according
to Fig. 4(c).
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[135] C. W. Nicholson, A. Lücke, W. G. Schmidt, M. Puppin, L. Rettig, R. Ernstorfer, and M. Wolf.
Beyond the molecular movie: Dynamics of bands and bonds during a photoinduced phase transition.
Science 362, 821 (2018).

[136] M. Puppin, Y. Deng, C. W. Nicholson, J. Feldl, N. B. M. Schröter, H. Vita, P. S. Kirchmann,
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Generation of µW level plateau harmonics at high repetition rate. Opt. Express 19, 19374 (2011).

[139] J. Boullet, Y. Zaouter, J. Limpert, S. Petit, Y. Mairesse, B. Fabre, J. Higuet, E. Mével, E. Constant,
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