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Coherent Ultrafast Spectroscopy of Noble Metal Surfaces
Andi Li, PhD

University of Pittsburgh, 2022

| investigate the coherent ultrafast nonlinear photoexcitation spectra and dynamics of noble
metal surfaces by angle- and interferometric time-resolved multi-photon photoemission (mPP)
spectroscopy. By tuning excitation photon energies, exploring wider Brillouin zone areas, and
measuring coherent polarization signals excited in the sample, | find a plethora of interesting
features, which are compiled in this dissertation.

The anisotropic Ag(110) surface is studied with mPP spectroscopy, which enables the
surface band structure of its unoccupied states to be recorded over a wider energy-momentum

range than has been available to linear photoemission spectroscopy. | observe rich spectroscopic
features which | assign to excitations involving two Shockley-type surface states at the Y point,

one strongly anisotropic surface state at the T point, image potential state series, and the bulk
bands.

The tunability of excitation photon energies enables studies on the bulk plasmon response
of all three low-index silver surfaces. By tuning the photon energies through the epsilon near zero
region, | observe signals that represent the excitation of the bulk plasmon of silver. Under intense
laser field, I record that the decay of this plasmon mode excites electrons nonlinearly from the
Fermi level. Such mode of plasmon decay into nonthermal electrons is important for many
plasmonic applications.

| investigate the principles of mPP excitation dynamics by studying the non-resonantly

excited Shockley surface (SS) state on Ag(111) surfaces with two to up to five photons. By Fourier

iv



transformation of the interferometric mPP spectra, | discover the correlation between the
polarization field excited in the sample and the final photoelectron distribution. I also identify the
coherent excitation nature of the above-threshold photoemission process.

Lastly, | analyze the mPP excitation dynamics of a three-photon resonant transition from
the SS to first image potential (IP1) state on Cu(111) surfaces. By Fourier filtering the excitation
interferogram according to different order polarization fields, | discover signatures of optical
dressing, where the optical field induces shifts and splitting of the surface eigenstates. By realizing
dressing of solid-state matter, I can manipulate material band dispersions by laser fields, and

change corresponding material properties on ultrafast timescales.
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1.0 Introduction

Ever since the Bronze Age when human first constructed metallic mirrors ¢, they started to
involuntarily deal with its electronic response to optical fields, which is encoded in the atomic and
electronic structure of the metal surfaces, to be studied by their descendants thousands of years
later. Even after decades of evolution of the experimental techniques, however, high electron
density metals like noble metals (silver, copper, and gold) still serve as fertile soil for researchers
to explore. In surface science, they are model systems for studying electronic band structures,
many-body screening effects, and linear and non-linear light-matter interactions 2. Upon
chemisorption of atoms or molecules, metals acquire even more complex properties leading to, for
example, interfacial charge transfer, thermionic and photoelectric emission, and catalysis 81°. They
are also employed as substrates for atomic or molecular orbital alignment, imaging, nanostructure
growth, and photocatalysis *®. The understanding and design of such properties enables
contributions to science and technology, for example, via plasmonic chemistry or solar energy
harvesting * 17 8 Thus, a thorough understanding of the pristine, atomically-defined metal
surfaces is a prerequisite for exploring and manipulating their electronic and dynamical properties,
which is the goal of this dissertation.

In this chapter, I will discuss the electronic band structures of three low-index silver
surfaces as a representative of single crystal noble metal surfaces. Since the (111) and (100)
surfaces are widely studied by spectroscopies, | will briefly introduce their band structures and
focus more on the (110) surface, which is hardly explored and present new phenomena. | will also
introduce the background of photoemission, the nonlinear photoemission approach, and the

organization of this dissertation.



1.1 Characteristics of Noble Metal Surfaces

1.1.1 Surface Projected Band Structures of Ag(111)

I will first introduce the surface projected band structures taking the example of Ag(111)
surface, which includes bulk bands and surface states, to be discussed sequentially.

Noble metal single crystals have face-centered cubic (fcc) crystalline structures. Their
reciprocal space structures are described by their first Brillouin zone, which is a truncated
octahedron. The high symmetry L-point is at the center of (111) planes (Figure 1.1). For Ag(111),
the silver bulk bands are projected along the momentum direction perpendicular (k) to the (111)
surface (I'L) and form the surface projected bulk bands, shown as brown and blue shaded areas in

Figure 1.2(a), and labelled as the lower Ls, and upper Usp sp-band. The surface projected sp-band

gap on Ag(111) extends from -0.4 eV below Fermi level Er to 3.9 eV above Er at the T point *°.

The d-bands of Ag(111) start from ~-4.03 eV below Eg 222,
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Figure 1.1 Real and reciprocal space lattice structures of fcc crystals. (a) Unit cell of the fcc crystal. The blue
and red shaded areas represent the (111) and (110) crystalline planes. (b) The first Brillouin zone of an fcc
crystal. In the reciprocal space, the hexagon (blue), square (purple), and rectangle (red) regions designate the

(111), (100), and (110) planes, respectively.

The surface states appear where periodic crystal structures terminate at vacuum. The
surface state wave functions are mainly localized in the surface region and their amplitudes decay

exponentially both into the vacuum and the bulk. For noble metals, the surface states can be

hzkﬁ

described by parabolic dispersion curves with E = E, + . , Where Eo is the band minimum

Meff

relative to Er at the T point, mes is the effective mass of the band or the curvature of the band
dispersion curve, and kj is the parallel momentum of electrons. k; is a good quantum number,
which labels the band states. | will introduce the two types of surface states which are involved in

my research.



The first type of surface states is the Shockley surface (SS) state on Ag(111) surfaces as
shown in Figure 1.2(a), which exists on surfaces because they break the lattice periodicity of the
bulk 22 2, It arises as a solution of the Schrédinger equation in the framework of the nearly free

electron model considering the boundary conditions of a semi-infinite crystal. The SS state of the

Ag(111) surface stays in the band gap and is partially occupied, lying at -0.063 eV below Er at T
point with an effective mass of 0.4 me where m is the free electron mass *.

The other type of surface states that | study is the image potential (IP) states 4. They
originate from the Coulomb interaction of an electron with its image charge in the material bulk.
The presence of an electron in front of a metal surface induces a screening image potential in the
surface, which can be solved by the method of image charges 2. Solution of the image potential

term in the Schrd&linger equation gives rise to a series of Rydberg-like states E,, = Ey,c —

0.85 eV
(n+a)?

(n=1,2,3...), where Evac is the vacuum level, n is the integer order of IP states, and a is

the quantum defect 2. For Ag(111), the first and second IP states (IP1, IP2) lie ~0.8 and ~0.2 eV
below Evac, with nearly free electron dispersions (IP1: mes~1.3me) 2. Their wave functions are
localized in vacuum several angstroms above the topmost atomic layer.

Different noble metals share similar band structures with slightly different energy positions

and dispersions of the states.
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Figure 1.2 Surface projected band structures for (a) Ag(111) and (b) Ag(100) surfaces. The brown- and blue-
shaded areas represent the lower and upper sp-bands, respectively. The brown solid line in (a) represents the
Shockley surface state and the brown dashed line in (b) represents the surface resonance. A series of image

potential states (IP1, IP2, IP3) is colored in cyan, blue, and magenta.

1.1.2 Surface Projected Band Structures of Ag(100)

Unlike the Ag(111) surface, the surface projected bulk bands of Ag(100) comprise the bulk
bands of Ag along the I'X direction. The Lsp bands extend to ~1.6 eV above Er from where the
band gap extends to ~6.6 eV above Er at the T point %°. The corresponding Shockley surface state,
in this case, broadens into a surface resonance (SR), because it is degenerate with the bulk bands
from which it derives its bulk character. The IP state series also converges to the vacuum level and

IP1 and IP2 state lie at ~0.5 eV and ~0.2 eV below Eyac 2.
5



1.1.3 Surface Projected Band Structures of Ag(110)

Compared with the extensively studied Ag(111) and Ag(100) surfaces, the Ag(110) surface
structure is much less well-known. Therefore, | will introduce it in detail based on previous
experiments by conventional photoemission (1PP), inverse photoemission (IPE), surface second
harmonic generation (SSHG) spectroscopy, and scanning tunneling microscopy (STM) 283,
Results from a theoretical parametrized model of Ag(110) surface by Tsirkin et al. ** 3> and a band
structure calculation [shown in Figure 1.3(b)] by our theoretical collaborators Novko % ¥ are also
included.

As discussed above, the Ag(111) and Ag(100) surfaces have inverted sp-projected band

gaps centered at the T point that separate the nearly free electron conduction bands from their

Mahan cones, which are derived by translating the dispersing bands from the Brillouin zone

boundaries by reciprocal lattice vectors G 3 The reciprocal vector translation enables interband
excitations to occur within the sp-conduction band. The projected band gaps support surface states
that penetrate evanescently into the bulk, and consequently have relatively long phase and energy
relaxation times >3-4 The Ag(110) surface occurs at junctions of (111) and (100) surfaces, where
their corresponding band gaps project in the off-normal L and X directions. This construction from
pairs of proximate crystallographic planes defines the electronic anisotropy of the (110) surface,
as illustrated in Figure 1.3(a) and (b). Moreover, the sp-band of the Ag(110) surface disperses in
the bulk T'K direction without opening an evident gap at the T point. Therefore, the image potential
and other surface states become broad resonances at energies and parallel momenta where they are
degenerate with the bulk sp-band. The wave functions of such surface resonances propagate into

the bulk where they can scatter with the bulk bands, which causes their broadening. Hence, the



resonance decay rates are enhanced with respect to the evanescent surface states ® 42 45,

Consequently, the fast decay and resonance broadening lessens their impact as bright intermediate
states in two-photon photoemission (2PP) spectra “°. This anticipated lack of sharp surface state
structure at the T point has discouraged the studies of unoccupied surface electronic structure of
the Ag(110) surface. The only historical 2PP study of the Ag(110) surface at the T point reported
the hot electron lifetimes for excitation below the interband threshold of 3.87 eV ¢ involving
primarily what was considered to be the intraband Drude absorption #’, but in reality coincided
with excitation of the bulk plasmon resonance, as will become evident in Chapter 4. No 2PP

spectroscopic study of the Ag(110) surface had been reported prior to my research.

(@) ' x E-Ec=0eV

@
=
2
o

A-1
kmol (A7)

=~

k[om] A7 X r

Figure 1.3 Electronic structure of Ag(110) and accessible in-plane momentum range with 3.72 eV photon in
2PP spectroscopy. (a) Two-dimensional cut through the surface projected Brillouin zone of Ag(110) at Er; the
grey region represents surface projected occupied bulk bands of the first Brillouin zone. At the Y point, the
S1 state (red circles) is found in the surface projected band gap (white semicircle). The green circle depicts
the photoelectron horizon, i.e., the maximum accessible in-plane momentum that can be photoemitted by two
3.72 eV photons from the Fermi level. (b) Surface projected band structure of Ag(110) calculated by our

theory collaborator Novko. Grey lines represent bulk bands, while red bands are surface states, as well as



bulk bands with large surface density. Blue arrows indicate excitation of S1 and S2 states with 3.72 eV
photons. Brown arrows indicate the plasmonic photoemission pathway terminating in the surface state S3.
With two 3.72 eV photon excitation, only excitations above the photoemission horizon (green parabola) can
be recorded. (c) The atomic structure of Ag(110) surface formed at a junction of two (111) surfaces. The blue

(high) and green (low) balls emphasize the ridges and troughs of the anisotropic (110) surface.

The (110) surface is also formed by slicing the apex from a junction of two proximate (111)
surfaces of an fcc lattice. The surface structure, as depicted in Figure 1.3(c), is serrated consisting

of close-packed rows of atoms that belong to the two joining (111) planes and propagate in the
TX, or the [110] direction. The two contributing (111) surfaces form serried two-atoms wide
upper ridge and lower trough corrugations. The corrugation of these ridge-and-trough close-

packed atomic rows runs in the TY, or the [001] direction “¢. These features define the Ag(110)
surface structure, which has made it an epitome for its anisotropic dielectric response to polarized
optical fields 4°-°*. The two (111) plane junctions support two Shockley surface states within a

band gap that, according to our DFT-based calculation, extends from -0.4 eV to 3.8 eV similar to

the one on the (111) surface, but with band minima at the Y point (0.75 A™) [right part of Figure
1.3(b) where the surface states are colored red]. The lower energy one is the partially occupied
Shockley surface state (S1) with its band minimum at -0.1 eV below Er and a nearly isotropic band
mass of 0.26 me 2°, which has similar characteristics to that of the (111) plane, and is localized
predominantly within the corrugation troughs . The upper one is an unoccupied surface state (S2)
running on top of the Ag atom ridges 8, and with a band minimum at ~1.7 eV above Er and mass
of ~0.7 me 3. Despite the surface atomic and electronic structure being anisotropic, the surface

state band masses are isotropic with our ability to measure them.



The surface states at the Y point have been investigated by 1PP, IPE, and mPP 2% 30. 33,55,
They also resonantly enhance the SSHG signal and can be imaged as tunneling resonances in STM
28,31, %6 The S2«-S1 transition, which is one-photon resonant for photon energy swi~1.7 eV,
enhances the nonlinear SSHG as well as four-photon photoemission (4PP) spectra 285, An unusual
aspect of this transition is that it is excited by the in-plane optical field polarized in the [001]
crystalline direction. Although the surface parallel optical fields must nominally pass through zero
in the near-surface region 2, the spatial separation of S2 and S1 at single-atom-high ridges and
troughs on the Ag(110) surface *® requires their coupling by in-plane surface fields that are
orthogonal to the serration 23, This optical transition thus entails charge transduction both normal
and parallel to the surface.

In the less investigated orthogonal [ﬁO] direction, according to our calculation, the X-
point band gap extends from 1.6 eV to 7.0 eV above Er and hosts two surface states at 1.8 eV and
4.4 eV 3%, While the latter has been confirmed in the IPE spectra °, the former has not been

reported. We have also found a new surface state S3 located at an energy of ~7.6 eV above Er at

the T point within a previously unknown minigap in the sp-band. The minigap is confirmed by our
electronic band structure calculations. | will describe this previously unknown aspect of the
Ag(110) band structure in detail in Chapters 3 and 4. These are some of the established, but in

many respects uncommon or previously unknown features of the Ag(110) surface.

1.2 Multi-Photon Photoemission Background

Angle-Resolved photoemission spectroscopy (ARPES; often referred to as 1PP) is an

effective and conventional technique of mapping occupied electronic structures of solids and solid
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surfaces °"%°, Because the energy and parallel momentum of primary excited electrons are
conserved during photoemission processes, information from photoelectron spectra can be
converted to the energy and k; dispersions of bands in the electronic structure. By increasing the
power of the laser and decreasing the photon energies to below Evac, nonlinear photoemission
processes such that electrons absorb more than one photon guanta to overcome work function can
occur. We refer to such processes as mPP (m = 2, 3, 4...), where m indicates the nonlinear order
or the number of photon guanta absorbed to induce photoemission. Among different nonlinear
order mPP processes, 2PP spectroscopy is widely applied to study the unoccupied band structures
and interband transitions [e.g., bulk transition from Lsp to Usp bands on Ag(111)] *° 6163, Moreover,
by changing the relative delay time between two pulses and conducting time-resolved
measurements, 2PP can also be applied to study excitation dynamics of the system, including
lifetime of the intermediate states - %57, dephasing of polarization fields ® , and so on. An
example is that, on Ag(111) surfaces, IP1 state has been measured to have ~30 fs lifetime **.

In Figure 1.4, | show a typical energy- and kj-resolved 2PP spectra of Ag(111) taken with
hw =3.32 eV ultraviolet photons. 2PP spectroscopy of Ag(111) in this energy range is well
documented in literature > 3, The 2PP spectra are dominated by the SS state and the sp-band,
which are, respectively, detected by non-resonant and resonant (Lsp to Usp) coherent two-photon
absorption. The SS state is occupied in a narrow kj-range where it exists below Er [excitation
diagram in Figure 1.4(b)] %3; the kj asymmetry of the surface and bulk photoemission intensities
are discussed in Ref. 63. The IP1 state is detuned from resonance with SS, and hence, appears with
a low intensity; significantly, it appears only in the kj-range where SS state is occupied, which

indicates that it is populated by non-resonant one-photon excitation from SS 7, rather than by
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resonant two-photon excitation from the bulk Lsp-band, which is possible, but as an inelastic

process would not limit kj-range.
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Figure 1.4 2PP excitations of the Ag(111) surface. (a) Ag(111) 2PP spectrum taken with p-polarized hwi=3.32
eV photons. The normalized color intensity scale is based on photoelectron counts. The SS state and the bulk
sp-transition are observed. A weak IP1 signal is also observed with 1000 times magnified intensity (the
intensified signal shows mostly single or no counts). (b) The excitation diagram of the three excitation
channels in (a). The dashed line, solid line, and dash-dotted line represent excitations from IP1, SS, and bulk

transitions, respectively.

Higher nonlinear order photoemission processes (3PP, 4PP) can be excited by lower energy
photons (e.g., visible to infrared energy range) and higher laser power because electrons need to
absorb more photon quanta to overcome the work function. For example, a report from our group

studied 3PP excitation from the SS and IP1 state of Ag(111), and described the formation of an
11



excitonic state following the two-photon resonant excitation from the SS to IP1 state °. Moreover,
above-threshold photoemission (ATP) can also occur when electrons are excited above the work
function by absorbing more photons than the minimum amount needed. ATP is the solid-state
analogue of above-threshold ionization (ATI) of atomic and molecular gases. It will appear as

replicas of the lower order signals and stay at one or more photon energies above them 74,

1.3 Organization of the Dissertation

Based on the kind of spectrum discussed in Figure 1.4, my dissertation concerns similar
measurements on different sample surfaces. | tune the excitation photon energies and multiple
photon orders to explore different unoccupied electronic structures and to study their electron
dynamics. The next chapters of this dissertation is organized as follows.

In Chapter 2, I will first introduce the instruments used throughout the experiments at the
University of Pittsburgh, including the ultrafast laser and the ultrahigh vacuum ARPES systems to
perform angle-resolved mPP spectroscopy. Then the time-of-flight momentum microscope system
| used at the University of Gdtingen for part of the research is also discussed briefly. I will also
introduce the optical Bloch equation (OBE) model I used to simulate the experimental data.

My research falls into two parts: studying the electronic structure and excitation pathways
of surfaces under optical excitation, and studying the coherent dynamics of those excitations. | will
introduce the results that belong to the former part in Chapters 3 and 4, and that to the latter part

in Chapters 5 and 6.
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In Chapter 3, | will discuss the nonlinear excitation spectra of an anisotropic Ag(110)
surface where I systematically recorded 2PP-4PP spectroscopic features that are assigned to either
the single particle band structures or collective responses of the surface.

In Chapter 4, I will report the plasmonic photoemission response of three low-index silver
surfaces and show that except for the Einsteinian single particle excitation pathways, light can also
excite the bulk plasmon modes of silver, which contributes to photoemission spectra in a surprising
non-Einsteinian manner. This plasmonic photoemission can also occur through final states of
single particle origin.

In Chapter 5, | will discuss the coherent excitation dynamics of non-resonantly excited
Shockley surface states on Ag(111). I will combine experiment data with OBE simulation to
showcase how the polarization field excited in the sample coherently correlates to the final
photoelectron distributions in 2PP-4PP. | will also show how this correlation improved our
understanding of the mechanism of above-threshold photoemission.

In Chapter 6, | will discuss the effect of time periodicity of optical field on surface
excitation dynamics. By analyzing Fourier-filtered coherent dynamics signals of a resonant
IP1+SS transition, | found signatures of optical dressing of surface states on Cu(111) surface,
which can be explained by Floquet theory and Autler-Townes splitting. Such dressing can tune the
electronic band structure of surfaces with external optical field, thereby enabling us to control the
electronic properties of materials.

The last Chapter 7 will summarize the results of this dissertation.
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2.0 Experiment and Simulation Techniques

In this chapter, | will introduce the photoemission apparatus for conducting experiments
and the OBE models for simulating the nonlinear optical excitations. The photoemission apparatus
consists of two parts, the excitation laser source, and the ultrahigh vacuum (UHV) photoemission
spectroscopy system. To excite photoemission, | use a femtosecond laser system, which is broadly
tunable in the ~270-900 nm wavelength range with 20~30 fs pulse durations working at a 1 MHz
repetition rate. By producing delay-scanning of pump-probe pulse pairs with a Mach-Zehnder
interferometer (MZI), | am able to temporally resolve the coherent nonlinear dynamics in the
sample under photoexcitation. To detect and analyze photoelectrons, a hemispherical electron
energy analyzer ARPES system is integrated in an UHV chamber where the in situ sample cleaning
and preparation is performed. | will also introduce the momentum microscope setup for collecting
photoelectrons at the University of Gdtingen in Germany where | was invited for a research visit.
Concerning the interferometric time-resolved measurements, | will describe the OBE methods to

simulate and interpret the experimental results.

2.1 The Ultrafast Laser System

2.1.1 The Non-collinear Optical Parametric Amplifier (NOPA) System

The schematic of our femtosecond laser system is shown in Figure 2.1. The fundamental

laser source is a Yb-doped fiber laser (Impulse, Clark-MXR), which can operate at a variable

14



repetition rate, but in my experiments, | typically used 1 MHz repetition rate. The fiber laser
produces a train of 250 fs duration pulses at 1035 nm wavelength (fundamental frequency, wo)
with an energy of 1 uJ per pulse. The output is used to pump the NOPA system, which produces
broadly wavelength tunable and intense ultrafast laser pulses.

The NOPA is constructed based on design of Dr. Eberhardt Riedle at the University of
Munich . To operate the NOPA, the fiber laser output is directed into three separate beams. A
polarized beam splitter (BS) sends 80% of the total power to two B-barium borate (BBO) crystals
to generate second (2wo; second harmonic generation, SHG; A=517 nm) and third (3wo; third
harmonic generation, THG; A=345 nm) harmonics of pump light, while the remaining 20% is
focused onto a sapphire single crystal plate for white light generation (WLG). The white light
continuum spectrum is split into two colors by a dichroic mirror that transmits (reflects) above
(below) 650 nm. These two colors provide seed pulses for the NOPA processes using SHG and
THG pumps. The choice of 650 nm is determined by the fact that both SHG and THG can amplify
this color, but it can be inconvenient when light in this transition region is necessary. The dichroic
mirror can be changed to a different transition color or removed to generate light in this transition
region. The longer wavelength part (>650 nm) is overlapped in space and time with the SHG 2o
beam in another BBO crystal. The phase matching condition of the BBO crystal which is
established by requirement to conserve the pump, seed, and the output light momenta is set so that
a portion of the white light is parametrically amplified by the 2o pump beam. The wavelength of
the output signal light is tuned by the spatial and temporal overlap of the pump and white light
beams, ranging from 650-900 nm (1.91-1.38 eV) for the 2wo beam line. Similar process also
amplifies the shorter wavelength part of white light (<650 nm) by nonlinear interaction with the

THG 3wo pump light to generate output in the 500-650 nm (2.48-1.91 eV) range. These
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interactions are referred to as the NOPA processes > ’®. At the output of the NOPA system, the
frequency chirp of these pulses is set to compensate for the dispersion of the optical system to
thereby achieve the minimum pulse duration of ~20-30 fs at the point of their nonlinear interaction,
which usually occurs at the sample, or at an additional external SHG nonlinear crystal. These
dispersion-compensating mirrors are set as matched pairs because their design dispersion has a
wavelength dependent oscillation, which can be minimized by using in pair. If necessary, the
NOPA output can be further frequency-doubled by appropriate SHG-BBO crystals to extend the

accessible laser wavelength range to 270-450nm (4.59-2.76 eV).

rotating
sapphire

Vb fiber

oscillator-amplifier
1035 nm, 250 fs
200 kHz-2 MHz

Figure 2.1 Schematic of the NOPA laser system. 3/2: half waveplate; BS: beam splitter; DM: dichroic mirror.

2.1.2 The Mach-Zehnder Interferometer

Electronic measurement devices are not sufficiently fast to resolve electron dynamics on
the femtosecond (fs, 10°%° s) or attosecond (as, 108 s) time scales. Therefore, to achieve fs- or

even as-resolution, | make use of the optical autocorrelation method, which employs a mechanical
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scanning of an optical delay line to scan delay between pump and probe pulse pairs that excite and
probe nonlinear interactions in the sample to perform time-resolved measurements. The delay is
established by setting separate optical pathlengths for the pump and probe pulses within an MZI.
The laser light is directed through the MZI (shown in Figure 2.2), where the first BS splits
incoming optical pulses into two paths, and the second BS recombines them to proceed collinearly
at its output. One of the paths has retroreflecting mirrors on a translation stage. Piezoelectric
scanning of the mirror stage scans the relative path length and therefore the experimental pump-
probe pulse delay time. The MZI has two nearly identical outputs, which produce pulse pairs,
whose relative intensities oscillate with a n-phase shift when the two pulses overlap in time. In
other words, when the two pulses are in-phase, they interfere constructively, and their combined
output is directed to the sample. When they are out-of-phase, however, the reflected pulse
experiences a m-phase shift, such that both pulses are combined and directed towards the
calibration system. The calibration signal is sent through a monochromator, where the wavelength
narrowing of the output spectrum at the center wavelength of the laser pulse generates a
sinusoidally oscillating interference signal over the time duration of the delay scan. This
interference signal whose intensity is detected by a photodiode, has a sharp profile with maxima
arriving periodically at the center wavelength of the pulse. This comb of intensity maxima is used
to calibrate time delay between pump and probe pulses. Although the pump-probe delay scan can
be nonlinear, particularly due to nonlinearity of the piezoelectric actuator scanning, the recorded
interference pattern provides a frequency comb for calibrating and linearizing the time delay scan.
The MZI delay scan calibration defines the pulse delay to <50 as resolution for typical delay scan
conditions. By measuring the photoelectron spectrum as a function of the pump and probe delay

time, we can record the coherent polarization and population dynamics leading to a nonlinear
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multiphoton photoemission process. This is referred to as the interferometric time-resolved mPP

(ITR-mPP) method ’’.
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Figure 2.2 Schematic of the MZI. The blue lines indicate the optical pulse pathways.

2.2 The Ultrahigh Vacuum Chamber and Electron Detection System

2.2.1 The UHV System

Photoemission experiments are performed in UHV environment to keep sample free of
contamination and electronics to operate without environmental perturbation. The UHV system
for photoemission experiments consists of a load-lock chamber for introducing and storing
samples under UHV conditions, and an analysis chamber for conducting photoemission
experiments. The UHV conditions are sustained at a pressure of <1.0x1071° mbar by a pumping

system consisting of a rotary vane roughing pump and a turbomolecular pump for achieving high
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vacuum, and an ion pump which attains the ultimate vacuum to enable studies of clean surfaces.
In addition, periodic operation of a titanium sublimation pump helps to remove residual impurities
that accumulate over time to maintain the necessary vacuum.

The analysis chamber is the locus of experiments, where most functional components of
experiments are located. The sample is held in place for various experiments by a sample
manipulator. The manipulator is located on the top of the chamber and is equipped with the sample
ion bombardment heating and liquid N2 cooling. It provides 4-dimensional sample positioning
including 3 dimensions of translation and 1 dimension of azimuthal rotation around the axis of the
manipulator. The manipulator can locate the sample at different positions for transferring, sample
preparation, adsorbate deposition, and photoelectron emission. On the chamber circumference,
several viewports hold evaporators for deposition of different kinds of adsorbates onto the sample,
a sputter gun for cleaning the sample by ion ablation, a thin-film thickness monitor for deposition
calibration, and other instrumentation for the sample preparation or evaluation. One of the
viewports holds a plano-convex lens, which both forms the vacuum barrier, as well as acts to focus
the excitation laser onto the sample. It is made of CaF, to maximize transmission bandwidth from

infrared to vacuum ultraviolet light, and to minimize dispersion.

2.2.2 Sample Preparation

Samples used throughout this dissertation are single crystal noble metal surfaces with
different crystal facets, including Cu(111), Ag(111), Ag(100), Ag(110), and Au(111). They are
prepared by repeated cycles of sputtering and annealing. Ar* ion bombardment of sample surface
sputters material to expose clean surface. Typical ion sputtering conditions expose the surface to
3 pA emission current with 1500 V acceleration voltage for 20 min. Subsequently, the surfaces are
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annealed by electron-beam bombardment heating at 550 K (all Ag and Au surfaces) or 800 K
[Cu(111)] for 10 min to remove the sputtering damage and embedded Ar atoms, and restore the
surface crystallography. Repeated cycles of cleaning and annealing can prepare a well-ordered
atomically clean and flat surface. The surface quality can be judged by the correct work function
energy, low signal of secondary electrons at the work function edge, and sharp surface state

features in mPP spectra.

2.2.3 The Angle-Resolved Photoemission Spectroscopy System

The ARPES system is the essential part of the photoemission experiments. It consists of a
hemispherical electron energy analyzer and a two-dimensional (2D) delay line electron counting
detector that records photoelectron counts and for each, the x and y coordinates, for the analysis of
its energy and parallel momentum.

The working principles of our PHOIBOS 100 hemispherical electron energy analyzer, from
SPECS GmbH, is shown in Figure 2.3. After photoexciting the sample, the emitted electrons with
a wide angular distribution are focused into the lens system. The analyzer electron lens has an
angular acceptance angle of 13< The collected electrons are imaged onto the entrance slit of the
hemispherical electron analyzer, and the electrons with different photoemission angles () are
focused along the slit. The slit width can be set mechanically to define the instrument energy
resolution. Reducing the slit width improves the energy resolution, but also decreases the signal
intensity. For high electron density materials like metal surfaces, the narrowest 0.2 mm>20 mm
entrance slit is typically used. The hemispherical lens of the analyzer acts as an energy filter. The
static electric potential difference between inner and outer hemispheres deflects electrons
according to their kinetic energies. Lower energy electrons (red arrows in Figure 2.3) are deflected
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to the inner hemisphere while higher energy ones (blue arrows in Figure 2.3) towards the outer
hemisphere. Electrons with energies out of the preset energy range cannot pass through the energy
filter. Under the 0.2 mm>20 mm entrance slit width and also considering the photoelectron energy
range of interest (which is usually 4-6 eV in my experiments), the energy resolution of the analyzer
is ~0.1-0.2 eV. Thus, electrons with different energies and photoemission angles (parallel
momenta) are dispersed to land in different regions of a 2D microchannel plate image intensifier
to record energy-kj dispersion spectra. The intensified pulses from each photoelectron, which are
amplified by at least 107, are counted by pulse counting electronics (detector). The detection
system can count at most one photoelectron per pulse pair. Thus, high laser pulse repetition rate is

necessary to obtain high signal-to-noise spectra.
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Figure 2.3 Schematic of the hemispherical electron energy analyzer.
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The two-dimensional delay line detector (2D-DLD) consists of two sets of overlayered
meandering wire delay lines (X and Y) where one set is rotated by 90 degrees with respect to the
other (Figure 2.4). The electronic signal that is captured by the 2D delay line grid travels to both
ends of the wires. By recording the relative time delay Atx and Aty of the pulse arrival for
photoelectron hitting at position (X, y), the spatial coordinates can be determined, to define its
energy and photoemission angle 4. The photoemission angle is converted to the parallel

V2meEgin
h

momentum kj through k;, = sin 6, where Exin is the photoelectron kinetic energy and 4 is

the angle between photoelectron momentum direction (or the direction of the analyzer optical axis)

and surface normal.
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Figure 2.4 Schematic of the 2D-DLD structure.
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2.2.4 The Momentum Microscopy System

Part of my research (Chapter 3) was performed with a METIS time-of-flight (TOF)
momentum microscope from Surface Concept GmbH at the University of Gdtingen. | measured
the anisotropic band structure of Ag(110) by recording three-dimensional (3D) 2PP data consisting
of energy vs. in-plane kx and k, parallel momenta 8 ., Here, | briefly explain the principles of
momentum microscopy measurements (Figure 2.5). At the University of Gdtingen, the ultrafast
laser excitation pulses are directed onto the sample at an angle of incidence of 68 from the surface
normal. To collect photoelectrons from a solid angle of up to 2z centered on the surface normal,
an extractor voltage of 10 kV is applied with respect to the sample. This collects all of the
photoemitted electrons within the full photoemission horizon "8 8,

The photoemission horizon refers to the kinetic energy that is tied in the surface parallel

motion, so that it cannot do work against the work function because the k|, of electrons passing

. . . . w2 [ kg \% _ Rh%kj
through a solid-vacuum interface is conserved * 8, Since Ey;,, = (A) > — to detect
2me \sin 6 2me

2PP or mPP, photoelectrons must possess kinetic energy which is larger than their kinetic energy
components tied in the surface parallel motion to be detected. It will cause photoemission signals
to have a parabolic low-energy cut-off, as predicted in Figure 1.3, and will be shown in Chapter 3.

The long TOF drift tube enables measuring electron energies defined by the time it takes
them to reach the delay line detector. As explained already, the DLD records the arrival time and
the (x, y) position of each photoelectron, from which one obtains its kinetic energy and 2D parallel
momentum information (kx, ky) "® 8. The energy- and momentum-axes are calibrated as explained

in Ref. 78.
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Figure 2.5 Schematic of the TOF momentum microscope.

2.3 The Optical Bloch Equation Simulation

In photoemission experiments, many mPP processes involve interband transitions between
different energy eigenstates in the surface band structure. This can make such processes suitable
to model and analyze their excitation dynamics by OBE method, which originates from research
on optical transitions between atomic eigenstates 4% 43 688285 Here | will introduce the approach
based on a 4-level system applied to 3PP study of Ag(111). Applying the method to fewer or more
levels can be generalized straightforwardly.

As shown in Figure 2.6(a), 3PP can excite electrons from SS state to vacuum continuum
via nonresonant excitation, or via IP1 state. In the OBE model that | employ, the excitation
proceeds from the initial state, which is typically the SS state, via real intermediate state (e.g., IP1),
and terminates in the final state (FS) that exists in photoemission continuum [Figure 2.6(b)]. To
construct the 3PP OBE model, however, we need to include a virtual intermediate state (VS) to
describe the multi-photon transition process. The distinction between the real and virtual
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intermediate states will be discussed later. Excitation of this four-state system by light fields is

described by transition dipole coupling between the neighboring states; the deexcitation of states

is described phenomenologically, as will be discussed later.
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Figure 2.6 (a) The energy level diagram for 3PP excitations, shown for Ag(111). (b) The corresponding four-

level system adopted in the OBE model.

OBE is based on the density matrix formalism [Equation (2.1)] where the diagonal density

matrix elements p,,,, represent the population of each energy eigenstate (states |m), m = 0-3) and

off-diagonal elements p,,,, im=n) represent the coherences between states |m) and |n). Coherence

between each pair of states is induced by the light field and leads to population transfer between

them. Because density matrix is Hermitian, the symmetric off-diagonal matrix elements are
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complex conjugates, p,n = Pnm - Thus, for a 4-level system, the density matrix has 10
independent elements.

Poo Po1 Po2 Pos

_ [P0 P11 P12z P13
p P20 P21 P22 P23

P30 P31 P32 P33

(2.1)

Time evolution of a density matrix is described by the Liouville-von Neumann equation

(2.2)

op i

= =~ H©,p] (22)
where

H(t) = Hy + H'(t) (2.3)

H, is Hamiltonian of the unperturbed system with

Hy|m) = hw,,|m), (2.4)
and H'(t) is the perturbation of the system by the interaction with the optical field. The
interaction is approximated as dipole coupling

H'(t)=—-p-E®) (2.5)
where p = —er is the dipole moment. External field E (t) that causes the interaction is assumed

to have Gaussian envelope with

2 t—1

Et) = "2 cos(ayt) + AT cos[w,(t — )] (2.6)
where Ty, is the pulse duration (full width half maximum, FWHM), wi is the field frequency, and
7 is the delay between otherwise identical pump and probe pulses. Such field will describe
interferometric two-pulse excitation, where the delay z is scanned interferometrically and

variation of the final state population is recorded.
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Exponential decay terms are added empirically in Equation (2.2) to get the Liouville-von
Neumann equation with dissipation terms (2.7) to describe the deexcitation of populations and
coherences that usually occur through interactions with the environment bath states that are not
included in the simulation. The relaxation is described by a matrix, where T,,,, is the decay time
of state |m) population representing, for example, inelastic electron-electron scattering process,

and Trmp (m=ny IS the dephasing time of the coherence between two states, which also involves

interactions with the environment. Because dephasing can include inelastic scattering processes as

well as quasi-elastic electron-photon and defect scattering, the total dephasing time consists of two

parts — = — + —— + —

Tmn Tmn 2Tmm 2Than

, Where T,,,, is referred to as the pure dephasing time (quasi-elastic

scattering processes) > &, For real states, depopulation times T,,,, are set to infinity for the
occupied ground state and the final state, while for the real intermediate state, it is their lifetime,
which can be extracted from experiment data. For example, a lifetime of the IP1 state on Ag(111)
of 30 fs has been determined in two-color 2PP time resolved measurements *X. The pure dephasing
times T,,,, between real states are set to be in a range between 15 and 1500 fs. For virtual states, a
very fast 1 fs depopulation time and a very long pure dephasing time (>> 1) are used since their
only role is to enable the ladder climbing process in OBE. In actuality, the ladder climbing process
involves nonresonant interaction with higher lying states. Such interactions occur on short time

scales that are defined by the energy-time uncertainty.

ap i p
o= - [H®.p -7 @7

The OBE calculation is usually simplified by transforming to the rotating frame where only
the terms evolving with an angular frequency w) are kept, and terms evolving at 2w, are set to zero,

because they do not have measurable effects on the final state excitation. After the rotating wave
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approximation (RWA\) that retains only the slowly varying components of the density matrix, we

get the final OBE expressions given in equations (2.8) and ((2.9) for the off-diagonal and diagonal

terms.
0Pmn [ 1
= —|i(wy —w —(m—n)a))+—]p
ot m n l Tmn mn
. _ (2.8)
l / ilm—-Kk)w;t l 1, —i(n—k)w;t
- E Hmke Pin + ﬁ ane Pmk
k k
ap :0 l 12 i1 (n— —ji(n—
Fraiit ek Ez Hyye (€' 001t pyyy — e~ iRt (2.9)
nn
k

Although OBE is a simple model which does not account for collective effects, e.g., many-
body screening of metals to the optical field, solving OBE can still qualitatively simulate the mPP
process and extract the effective population and coherence information to interpret signatures of
coherent excitation as well as excited state population decays in the experiment data. Note that for
surface states OBE is a reasonable approach because k; is a good quantum number, meaning that
the dipole transitions of each state in a band can be treated independently, but for bulk states, where
ko is not conserved in an optical transition, it is difficult to capture the inhomogeneous broadening

of the interacting bands by the OBE method.
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3.0 mPP from the Anisotropic Ag(110) Surfaces

Interrogating the different excitation pathways in a sample is a fundamental goal in
photoemission experiments. In this chapter, | investigate the strongly anisotropic near-surface
electronic structure of Ag(110) by multidimensional momentum microscopy and explain the origin

of different spectroscopic features in mPP spectra (m=2), comprehensively. These mPP features

arise from surface-surface, surface-bulk, and bulk-bulk optical transitions, and their assignment to
either single particle band structure or collective excitation modes of silver will be discussed
specifically. The content in this chapter is based on publications in Physical Review B and New

Journal of Physics %,

3.1 Overview of the Photoemission Data

Among the data of pristine Ag(110) surfaces, 2PP spectra are taken with a time-of-flight
momentum microscope ' & to gain access simultaneous to 3D information on photoelectron

energy and 2D parallel momenta (k[ﬁo] and kpoo17)- These measurements are augmented by 2D

energy-momentum 3PP/4PP spectroscopy taken with a hemispherical electron energy analyzer
with the Ag(110) surface aligned such that its ko4 direction is in the optical plane.

2PP data taken with the momentum microscope is excited with #wi=3.43-3.86 eV, p-
polarized, ~40 fs light pulses. Figure 3.1 shows the 2PP momentum microscopy data of the pristine
Ag(110) surface with p-polarized, w1=3.72 eV excitation. In normal emission, the accessible final
state, Er, range of the 2PP measurements is limited by the work function of Ag(110) of ®~4.25 eV
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on the low end, and E=2kwi+Er = 7.4 eV by 2PP from the Fermi level at the high end . The
momentum microscope collects the entire k; photoelectron distribution for energies and momenta
above the photoemission horizon, which is discussed in Chapter 2. The effect of photoemission
horizon is evident in the data as the parabolic cut-off photoemission signals at low-energy
boundaries in Figure 3.1(b, d); below this threshold no momentum conserving photoemission can
occur %, Figure 3.1(a) shows selected energy slices of data from a 3D spectrum, where the color
scale expresses the photoemission yields at several final state energies, Es, relative to Er for the

accessible in-plane momenta k[ﬁo] and kpqo1; (directions are indicated). In Figure 3.1(b, d), the
3D data are presented as E¢ (k) 2D cross sections through fixed k[ﬁo]zo Al and kio011=0 Al

respectively. The recorded data terminate above the Es=2Aw+EF [Figure 3.1(c)].

The spectra in Figure 3.1(b, d) show evidence of one feature at T point, which is assigned
to plasmonically excited surface state S3 %% 37 8 and seven additional transitions involving
strongly dispersive bands that extend over the entire accessible Brillouin zone. As we will show,
four of these features (B1-B4) involve transitions between the bulk sp-bands of Ag(110), whereas
the remaining ones are assigned to S1 and S2 surface state excitations, in some cases involving
optical transitions from or to the bulk bands in the mPP process &, The bulk bands that optically

couple to surface states must have a large spatial overlap with the latter.
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Figure 3.1 2PP momentum microscopy of Ag(110) with p-polarized Awi=3.72eV light. (a) 3D data stack
illustrating the photoemission yield (color-coded) as a function of energy (bottom to top slices are cut at 4.25,
4.85, 5.65, 6.5, and 7.35 eV final state energy) and in-plane momenta. Solid blue arrows indicate laser
propagation direction and dashed blue arrow indicates electric field direction of p-polarized light. (b)
Ef(k[om])—resolved spectra cut at k[ﬁo]= 0+ 0.07 A-* window. (c) (Kjo01]» k[ﬁo])—resolved spectra cut at

ErF+2hw), or Er =7.44 30.04 eV window. (d) Ef (k[ﬁo])—resolved spectra cut at Kjgpq)=0 + 0.07 AT window.

Purple and red text labels indicate transitions assigned to specific bulk and surface states, respectively.

To further characterize the optically coupled transitions, I increase the nonlinear order of
photoemission process by tuning the photon energies between Zwi=1.47-2.28 eV. These
excitations in the visible region cannot excite one-photon momentum conserving bulk interband
transitions in silver, which become available at ~3.88 eV 2. Instead, the high fluences available
from ultrafast lasers can excite interband transitions in higher order 3PP and 4PP processes 8.

However, as discussed in Chapter 2, our ARPES system has a limited angular acceptance range
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which can only collect photoelectrons from a certain range of Brillouin zone. Thus, to measure
additional features across the Brillouin zone, we need to rotate the sample around the axis normal
to the optical plane to collimate electrons with different photoemission angles towards the
analyzer. We can get a full Brillouin zone mapping by combining photoelectron spectra taken at
different sample rotation angles. To eliminate the discontinuous jumps due to the assembly of
spectra, we can normalize each spectrum to its background noise level before assembling.

Such kind of assembled spectra taken at #wi=2.09 and 1.72 eV are shown in Figure 3.2(a,
c) and the extracted peak dispersions are plotted in the band structure as thick colored solid lines
in the left (3PP) and right (4PP) parts of Figure 3.2(b). In addition, in Figure 3.2(a, c), red and
orange dashed parabolas, representing S1 and S2 states, respectively, are plotted using the
parameters extracted from the 2PP momentum microscopy data; they are plotted at the 3PP and
4PP final state energy positions, showing a good agreement in band dispersions between data
obtained from photoemission processes of different nonlinearities.

Furthermore, in 3PP and 4PP, we detect spectral densities belonging to the image potential
state series (IP1, IP2) centered at the T point [blue and brown dashed parabolas in Figure 3.2(a,
c)]. The IP states are resonant with the bulk sp-band at the T point, leading to their broadening,
and therefore, weak signal strengths *°, but become surface states at larger kj, where they gain

intensity because they enter into the projected band gaps.
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Figure 3.2 Ef(koo1))-resolved 3PP and 4PP spectra of Ag(110) excited with (a) hw=2.09 ¢V and (c) hwi=1.72
eV light. Surface state dispersions in (a) and (c) are extracted and plotted in the left and right parts of (b) that
contains the calculated Ag(110) surface and bulk band structure in TY direction. Specific assignments are
indicated in the figure. Green solid lines in (a) and (c) represent photoemission horizon. Discontinuous jumps
in the mPP intensity [(a) and (c)] are caused by the assembly of multiple Ef(k[(,m]) measurements at different

sample angles with respect to the electron analyzer optical axis. The signal below 5.16 eV in (c) is from 3PP

and above is from 4PP excitation (amplified by five times).

In the following sections, | will elaborate assignments of the observed transitions involving
the surface states S1-S3, the image potential states IP1 and IP2, and the bulk bands B1-B4 in

different orders of excitation.
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3.2 Surface States Response

3.2.1 The Partially Occupied Shockley Surface State S1

The Shockley surface state S1 is occupied in the range kjgo;) ~ 0.75 £0.08 A1, from its

band minimum at the Y point up to Er. Therefore, it can act as an initial as well as an intermediate
state in a nonlinear photoemission process, depending on the k|, of detection. In Figure 3.1(b),
two-photon absorption lifts the electrons from the occupied range of the S1 state [S1¢9] to Es ~
7.3 eV. The effective mass of the band S1©% around 0.2-0.4 me is consistent with its literature
value of 0.26 me from a 1PP study 2°. The unoccupied part of the S1 band [S1U"°¢9)] also participates
as an intermediate state in mPP processes when it is excited from the bulk sp-band continuum.
This will be discussed further in conjunction with the 3PP and 4PP measurements.

The S1 state can be detected in the photoemission experiment only when electrons are
excited above the photoemission horizon [compare blue arrows and green parabola in Figure
1.3(b)]. Consequently, in the constant energy cuts through the 2PP spectra [Figure 3.1(a, c)], it
appears as concentric circles or circle arcs centered at the Y point (0.75 A™%). The abrupt constraint

of the photoemission horizon allows S1©% to appear entirely as a complete circle, whereas S1(n°)
appears as an arc centered on kpqo4; at a larger distance from the Y point [Figure 3.1(a, ¢)]. As the
final state energy increases, the arc diameters increase towards the T point.

Similar excitations as in 2PP also occur in higher order 3PP and 4PP processes with
infrared to visible light. The S1(°°® state can be excited by absorbing 3 or 4 photons, labelled as
‘S10%943 7" and ‘S10)+4hw)’ features at the Y point in Figure 3.2(a) and (c), respectively. Note

that in 1.72 eV excitation data [Figure 3.2(c)], 3 photons is enough to excite electrons in S1©¢
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above vacuum level, but it cannot be detected because of the photoemission horizon unless it
undergoes momentum scattering within the sample to transfer kinetic energy from the surface
parallel to normal motion, and thereby alter their photoemission angle >. We also emphasize that
the enhancement of ‘S1©+44w)’ signal results from the 1-photon resonance between S1©° and
S2 states at ~1.7 eV excitation . Thus, in this way, spectroscopic information on surface bands
that are otherwise hidden below the photoemission horizon, become accessible in higher-order
mPP processes. Instead of the conventional way of using extreme ultraviolet photons to explore
features deep in the sample Brillouin zone which requires more complicated instruments, we can

exploit the non-linear response of the sample with lower energy photons.

Once the S1 band crosses the Fermi level, the S1¢"%) state between the Y and T points can
be populated through one photon absorption from the sp-band and then be detected in 3PP and
4PP. Similar to the 2PP case, however, it requires absorption of two more photons to overcome
the work function and thus is labelled as ‘S1U"°9+2hw,> in Figure 3.2(a, c). Moreover, its
corresponding ATP signal, ‘S14"°9+37w,>, where it is excited above @ by absorbing an extra
photon, is observed in 1.72 eV excitation data [Figure 3.2(c)] above the 3PP Fermi level edge
signal. We mention here that a 2-photon resonant transition from S1"* to [P1 states resonantly
enhances the ‘S1""°*+37¢)’ signal, as will be documented later. Furthermore, the IP2 state can
also come into a 2-photon resonance with the S1"°® state, but the contribution of this process is
considerably weaker such that it is not clearly evident in the color scale display in Figure 3.2(c). A

similar excitation process is more evident from the S2 state, as we show next.
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3.2.2 The Unoccupied Shockley Surface State S2

Similar to the unoccupied part of the S1 state, the S2 state contributes to 2PP signal only
as an intermediate state dispersing upward from the band minimum at ~1.6 eV above Er [Figure
3.1(b)]; its recorded effective mass 0.7 me matches the literature value from scanning tunneling
spectroscopy 3. In Figure 3.3(b), we plot the photon energy dependent data of the S1 and S2 states
from two-photon momentum microscopy. In agreement with an Einsteinian photoemission
process, the slope of Er with respect to the 4w at a constant k; depends on the number of photons
needed to photoemit from the last real state that is populated in an mPP process, instead of the total
number of photons that excite it. Thus, the S1©¢° state, serving as an initial state, and the S1(n°c)
and S2 states, serving as intermediate states in 2PP excitation, appear with slopes of 2.11, 1.35,
and 1.15, respectively, as shown in Figure 3.3(b). The deviations from integer slope values may
indicate that other unknown states participate in the multiphoton process, or simply reflect the

uncertainties of determining the slopes from narrow spectral ranges.
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Figure 3.3 Photon energy dependent Es-energies of (a) the IP states and the Fermi level in 3PP and 4PP and
(b) the surface states S1 and S2 in 2PP. 3PP and 4PP peak energies are extracted at kjgo,)=0 A= (T point).
S1(neee) and S2 energy positions are extracted at an intermediate momentum of kjgg1;=0.37 A~1 while S10¢)

energy positions are extracted at the Y point (K0011=0.75 A~1). The slope m values given in the figure report

the number of photons needed to photoemit electrons from specific states.

In the 2wi1=2.09 eV 3PP excitation data [Figure 3.2(a)], different momentum regions of the
S2 state are excited with the same order 3PP process, but involving different excitation pathways.
For instance, the component of the ‘S2+14w:’ signal, which is located at a smaller ko947 and a

higher energy is populated by 2-photon absorption from the bulk sp-band, and detected by
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photoemission of one more photon, while in the case of ‘S2+24w)’ signal, S2 is populated by one
photon absorption from the sp-band followed by two-photon photoemission. The ‘S2+14w,” 3PP
signal is also observed in 2wi=1.72 eV excitation data [Figure 3.2(c)], and at one photon higher
energy, the ‘S2+2hw)’ feature appears once more as a 4-photon ATP process where S2 is emitted
by 2 photons. The 2 photon excitation from S2 is enhanced when it involves one-photon resonant
transitions to the IP states ’*, but in this case it does not involve ATP. For example, a 1-photon
resonant transition between IP1 and S2 states at kjgoq) ~ 0.3 A enhances the signal intensity at
the crossing point of blue and orange dashed parabolas in Figure 3.2(c). Similar enhancement also

occurs for the S2 and I1P2 resonance, but with lower intensity.

3.2.3 The Anisotropic Surface State S3 at the T Point

Contrary to S1 and S2, the S3 state exists at the I point at an energy of ~7.6 eV above Er
within a minigap in the sp-band in the final state energy region, with a highly anisotropic
distribution that is derived from the real space anisotropy of the Ag(110) surface *. The density
functional electronic structure calculation *” predicts such a state at E-Er ~ 7.14 eV within a mini
gap spanning the interval of 7.0-7.3 eV [S3 in Figure 1.3(b)].

In Figure 3.1(c), S3 appears as a bright, narrow rectangle. In the serrated T'Y direction the
calculated band structure of Ag(110) surface predicts the S3 band to be highly dispersive with a
band mass of 0.11 me %. The consequence of the strong dispersion is that it limits the S3 spectral

density to a narrow |keq)| < 0.05 A~ region of high density-of-states (DOS) near its band

minimum. In the smooth T'X direction, however, it is much less dispersive with a calculated band

mass of 1.75 me, which gives it a large DOS over a larger k[ﬁo] range. Ergo, it appears as an
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elongated rectangle in the momentum microscope images in Figure 3.1(c). DFT calculations in
Figure 3.4 of 2D DOS reproduce this unusual rectangular-shaped high DOS region at E,=7.2 eV,
which confirms the highly anisotropic S3 state dispersions. Further orbital analysis shows that the
S3 state has mainly contributions from the s and d atom-projected states (not shown). The charge
density calculation also shows that the S3 state mostly locates in the first two atomic layers (Figure
3.5), and electrons occupying this state can either decay from the surface into vacuum, or decay
into the bulk, where they have a small but finite density. The calculated S3 state density shows that

it overlaps with the near-surface bulk bands.
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Figure 3.4 kjgo4; and k[ﬁo]-resolved momentum microscope spectrum cut at E+=7.2 eV from Figure 3.1(a).

The superposed black dots with different radii represent the calculated 2D (kgo1), k[ﬁo]) DOSat7.2eV
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above Fermi level. Areas with large DOS, therefore, cause the black dots to overlap. The calculated DOS

dispersion reproduces the rectangular shape of the S3 state.
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Figure 3.5 The calculated charge density of the S3 surface state. (a) Atomic structure of Ag(110) surface

indicating the trough (y1) and ridge (y2) atom rows. (b-d) Charge density calculations in the x-y plane

(integrated in first two layers in the z direction) and in the z-x plane cut at y1 (troughs) and y- (ridges),

respectively. The blue (high) and green (low) balls indicate ridge and trough atom positions of the anisotropic

(110) surface. The gray balls indicate the bulk atoms.

The excitation mechanism of S3 state involves the bulk plasmon response of the Ag(110)

surface, which is the focus of Chapter 4, so I only describe the S3 state characteristics here and

will elaborate on the excitation mechanism later.
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3.3 Image Potential States Excitation

The IP states or resonances of Ag(110) have only been reported in inverse photoemission
39, not in mPP experiments. In 2PP momentum microscopy data shown in Figure 3.1, we do not

observe spectroscopic signatures of these states, even though the excitation light in the 7w=3.43-

3.86 eV energy range is sufficiently energetic to excite them from the sp-bulk bands at the T point.
By contrast, in Figure 3.2, the IP states do appear as the penultimate intermediate states in the 3PP

and 4PP processes, where their nearly free electron dispersions are represented by the blue and

brown dashed parabolic lines in Figure 3.2(a, ¢). The band minima at the T point, the free electron-
like band masses 1.1-1.2 and 0.8 me, and the binding energies -0.5 and -0.1 eV identify them as

the IP1 and IP2 states %°. Note that the recorded IP state intensities are strongly momentum

dependent and are particularly weak near the T point where they are resonances.

In Figure 3.3(a), we plot the zw) dependent Er data of IP states detected in 3PP and 4PP
spectra. In addition, we plot the 3PP Fermi level, which has a slope of 3.26 expected for an initial
state in a 3PP process. By contrast, the IP1 and IP2 states appear with slopes of 1.14 and 0.97, as
expected for the penultimate states in the excitation processes. The binding energies of IP1 and
IP2 states relative to the vacuum level are comparatively small, which suggests a large quantum
defect for the (110) surface that could result from their interaction with the bulk ’.

As explained above, the resonance character of the IP states due to their interaction with
bulk sp-band limits their participation in the 2PP excitation at the T point of Ag(110). Moreover,

in 4PP measurements at the T point [Figure 3.6(b)], the IP states hardly emerge from the

continuous background, but their participation is confirmed by their dispersions. Therefore, in
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Figure 3.6(a), the relatively strong IP state contrast at the T point in 3PP measurements is

surprising.
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Figure 3.6 IP states excitation of Ag(110) at T point when sample TX direction is in the optical plane. The
Ef (k[ﬁO]) spectra are collected for (a) 2.28eV and (b) 1.67eV photon energy, and the IP states are detected in

3PP and 4PP, respectively. The black solid lines represent line profiles taken at the T point. IP1 and IP2 states

and Er signals are visible. (c, d) Photon energy dependent energy line profiles taken at the T point. Note that
in (c) the intensities are normalized at the work function edge, which suppresses the Er edge amplitude for
the highest Aw data because the work function edge signal is enhanced by onset of the signal from 2PP. In (d),
the intensities at selective Awi are normalized by the photoemission yield in the Er range of 4.6-7 eV to avoid

the large work function signal onset by 2PP as shown in (c). The spectra are taken with the sample aligned in
the TX direction to eliminate the contributions from other surface states; otherwise, they have the same

appearance.

Additional photon energy dependent data at the T point in Figure 3.6(c, d) show that below
~2 eV photon energy, the 3PP Fermi level signal is abnormally elevated, forming a peak-like

structure instead of an expected shoulder representing the occupied Fermi-Dirac DOS that is
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commonly observed in photoemission spectra of metals °°. Above 2 eV excitation, this elevated
signal evolves into a separate shoulder-like Fermi level and a peak which we attribute to IP1 state.
This structure may be interpreted as an enhanced Fermi level excitation promoting 3PP by two-
photon excitation via the IP state. Note also that the #wi=1.9 eV excitation is special for silver,
because it is not only one-half of the bulk plasmon frequency, and as such could enhance nonlinear
processes, but it also corresponds to the energy where the transient exciton feature appears in two-
photon resonant transition from SS to IP1 state on Ag(111) 1% 28:%1, We note that there is no surface
or bulk band structure in the single particle Ag(110) spectra that could explain the intensification
of the Fermi edge. The reason for the enhancement of the Er edge in 3PP is robust and requires
further scrutiny. Nevertheless, we speculate that these circumstances enhance the visibility of the
IP states in 3PP over 2PP and 4PP.

Apart from the nonlinear order intensity differences, the IP state signal intensifies as kg1

moves from a resonance at the T point to a surface state within the projected band gap in the TY
direction; this is evident in 3PP and 4PP spectra in Figure 3.2(a) where the IP1 state signal is
enhanced between k[p91;~0.2 and ~0.4 Al Besides the role of the band gap, this intensity
enhancement can also be attributed to resonant transitions from the S1/S2 surface states to IP states.
For instance, the IP1 state appears with high intensity at the crossing with the ‘S2+2%w,’ signal
where it participates in a one-photon resonant transition from the S2 band, as already discussed.
Moreover, at larger k[qoq], the 2-photon resonant IP1<+-S1n°¢®) transition can also enhance the
signal. The P2 has similar resonances but with less intensity, probably because of a smaller wave

function overlap.
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3.4 Bulk Band Transitions of Ag(110)

After accounting for the known surface states, the remaining photoemission spectral
features in the 2PP momentum microscopy data in Figure 3.1 must involve transitions from the
occupied to the unoccupied sp-bands. Such transitions have been extensively studied for the (111)
oriented Ag surface % 2 63.92.93 \where below the bulk plasmon frequency they are promoted by
the dynamical multipole plasmon screening response of silver; they, however, have not been
investigated for the (110) crystal orientation 32 36. %4,

To define where the bulk band transitions may occur, we use the calculated k, bulk band
structures by plotting E-Er vs. k| dispersions at equidistant k, -intervals along the bulk I'K
direction. These calculations allow consideration of how the bulk band structure of Ag(110) is
involved in photoexcitations. The relevant bulk band structure profiles at three different k, = 0.82,
0.93, and 0.77 A* regions are plotted separately in Figure 3.7(a, b, c), where, in the following, the
B3, Bl1, and B2 excitations in 2PP are assigned to the respective B«—A, D<A, and C—A

transitions. These transitions can also be excited with s-polarized light (not shown).
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Figure 3.7 Bulk band transition assignments from 2PP spectroscopy plotted relative to the calculated Ag(110)
k/ -resolved bulk band structure at different k. The panels (a), (b), and (c) show I'X and TY cuts for selected

k, -momenta along the bulk I'K direction. The calculated sp-bulk bands are labelled with upper-case letters
(A, B, C, and D). The spectroscopic features B1, B2, and B3 identified in Figure 3.1 are plotted as solid purple

lines.

The B1 band [Figure 3.7(b)], whose dispersion is shown for the TY direction, involves a 1-
photon transition from band A to band D and appears over the photon energy ranging from %w
=2.83 eV to above 4.15 eV (not shown). Varying the excitation energy defines different k, and

k) in Bl that satisfy the energy and parallel momentum conservation in resonant optical
transitions. Due to the different k|| dispersions of bands A and D, the resonant transitions between

them are excited over a limited energy range (~1 eV).
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The B3 band [Figure 3.7(a)] in TX direction involves a similar excitation mechanism, but
disappears for 2wi<3.5 eV excitation because of a larger gap between bands A and B, which shows
good agreement between the experiment and theory.

The B2 band [Figure 3.7(c)], involving a 2-photon resonant transition between bands A
and C near the Y point, corresponds to the well-known two-photon transition between the lower

and upper sp-bands of Ag(111) that is centered at the T point, which will also be discussed in
Chapter 4 ®3 % on the (110) surface, however, it is observed normal to the (111) planes that form
it. Although the sp-band signal appears for excitations ranging between 2.6 eV and 3.9 eV for
Ag(111) %% the B2 band on Ag(110) disappears below hwi=3 eV excitation at large k;, because
it is cut off by the photoemission horizon. A common feature of both surfaces is that the bulk 2PP
signals disappear for #w>3.9 eV excitation, although the transition is allowed from a pure band
structure perspective, as will be shown in Figure 4.3(a). We attribute the vanishing of B2 signal to
the multipole plasmon response of Ag, which becomes ineffective above the bulk plasmon
frequency of ~3.9 eV, which will be discussed in detail in Chapter 4.2.1 3793 %597 Moreover, this
C«<—A bulk band transition can also be excited by 3- and 4-photon resonance with a weaker
intensity because the resonant transition involves the unoccupied part of band A, which must be

populated first by absorbing an additional photon (Figure 3.8).
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Figure 3.8 Bulk excitations between bands A&C measured as resonances in (a) 2PP, (b) 3PP and (c) 4PP with

hwi=3.72, 2.28, and 1.72 eV, respectively. Corresponding peak dispersions are plotted in (d) k;-resolved bulk

band structure at k, = 0.77 At in purple, orange, and red color. 3PP and 4PP peaks appear with a weaker
intensity because the resonances initiate from the unoccupied part of band A which needs to be populated by

absorption of an additional photon such that these processes are actually 4PP and 5PP.

We note that transitions between the initial and final bulk bands can occur between states
of different k,, which is not conserved in photoemission. Our analysis, which considers fixed k
for resonant transitions, however, already has a good match to experiments. The matching could
be improved by considering the 3D bulk band structure, but because the calculated electronic band
structures are not exact, this is unlikely to generate more accurate assignments.

Finally, there is a very weak feature B4 in Figure 3.1(a, c) which we assign to a one-photon
photoemission from the upper sp-band gap edge of Ag(110) around the Y point, which must be
populated from the lower sp-band. The photon energy is insufficient for one photon excitation, so

such transition must involve either a two-photon excitation, or promotion of hot electrons from
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above Er. The detection of electrons in the upper sp-band has been previously proposed %, and it

also occurs weakly in 2PP spectra of Ag(111) at the T point. There, an additional dispersive feature
clearly separates from that of the IP1 state at parallel momentum kj~0.15 A™* above the IP1 state,
which can be seen in Figure 4.2(d); this feature, however, is not the focus of this work.

Although we attribute these features to the bulk bands, we note that their appearance is
promoted by a strong surface character arising from several factors. Because light cannot penetrate
deeply, and more pertinently, because the multipole plasmon response screens its penetration by
generating intense surface local fields for excitation below the bulk plasmon frequency 7 %9 100,

the bulk bands that have large transition moments must also have a large near-surface density %.

3.5 Comparison between Momentum Microscopy and ARPES

In conclusion, | have described and assigned the 3D non-linear photoemission momentum
microscopy energy-k; images of anisotropic electronic bands of the Ag(110) surface. Specifically,
I have identified three surface states (S1, S2, and S3), the first and the second image potential
states (IP1 and IP2), as well as four bulk interband transitions (B1, B2, B3, and B4). All the band
dispersions are plotted in Figure 3.9 as thick solid lines at energies where they appear in 2PP
spectra as the initial, intermediate, or final states, giving a comprehensive understanding of the
possible electronic transitions taking place at the pristine Ag(110) surface. Before finishing this
chapter, 1 want to discuss some points regarding (i) implications of using higher-order
photoemission spectroscopy for mapping complex band structures and (ii) strength of momentum

microscopy and ARPES techniques in studying mPP.
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Figure 3.9 Summary of the experimental results and comparison to the calculated surface and bulk band
structures of Ag(110) in the TX [110] and TY [001] directions. The color scale shows their bulk/surface
character determined by the atomic-projection method which uses atomic orbitals to project the bands to
determine their bulk or surface characters. State dispersions (S1-S3, B1-B3) are extracted from momentum

microscope data in Figure 3.1.

First, 1 have employed photon energies ranging from infrared to ultraviolet to excite
electrons above the work function, and in some cases even above threshold, in the non-linear orders
of m=2, 3, and 4. Depending on the photon energy, my measurements are distinctively sensitive
to different dipole transitions in the photoexcitation process. This is most evident in my ability to
detect the IP states prominently in 3PP, whereas they are dark in 2PP even though the bulk sp-

bands must act as initial states for their population in either case. I surmise that this happens
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because of distinct resonances that potentially enhance the photoexcitation process, but such
interpretation requires further scrutiny. Thus, to obtain a more comprehensive band mapping of a
complex electronic structure | propose that it can indeed be helpful to investigate the electronic
bands of a solid in multiple nonlinear orders in the perturbative regime.

As for the second point, | note that my results showcase the strength of two-photon
momentum microscopy experiments. This has already been established in several selected
examples 19193 particularly for investigation of exciton structure and dynamics in 2D materials
104,105 My data however, notably make it evident that this approach is especially well suited for
anisotropic surfaces. The full anisotropic electronic band structure and all the (non-)linear optical
transitions that occur within it can be accessed simultaneously without concern on how light’s
incidence affects its interaction with a solid. In the case of Ag(110) surface, this is especially
advantageous, because it is not necessary to consider how the measurements depend on the relative
electric field polarization through the field polarization and sample orientation dependence of
dipole matrix elements. Such effects play a significant role in photoemission involving the
S2+-S819) resonance on Ag(110) 2% 3> 7 One can also envision that because momentum
microscope measurements provide information on the real space distribution of the electronic

wave functions '> 13106

and their electron dynamics '®, one may be able to achieve similar real
space resolved imaging of electronic bands and their dynamics.

Compared with momentum microscope which can measure photoelectron information in
3D, ARPES can only measure signals in 2D but has a more restricted energy-momentum window
which is especially suited for higher order photoemission experiments, e.g., ATP %, | can

selectively define the energy range of interest, which is very important in measuring higher order

signals because mPP signal intensity is usually ~1000 times stronger than that of (m+1)PP. To
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measure the (m+1)PP signal, I need to block the lower order signal to avoid saturating the detector.

Moreover, a more restricted energy-momentum window can also enhance the spectral resolution.
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4.0 Plasmonic Photoemission Response of Low Index Silver Surfaces

Photons can excite single-particle and collective excitations in metals. Previous chapter
introduces how I analyze the photoemission spectra to trace the origin of different mPP features
where most of them can be classified as Einsteinian photoemission in single particle picture. By
studying the spectra of three low index silver surfaces [Ag(111), Ag(100), Ag(110)], I found
signatures which involve excitation of the bulk plasmon mode of silver, which decays in an
unconventional way to excite non-Einsteinian photoemission. Thus, in this chapter, I will introduce
this novel non-Einsteinian photoemission excitation channel where photoelectrons are excited by
the secondary plasmon field, instead of the external photon field. The content in this chapter is

based on publications in Physical Review Letters and ACS Photonics 3 %,

4.1 Introduction to Plasmons

The collective plasmonic excitations are of broad interest in physics, chemistry, optics, and
nanotechnology because they enhance coupling of the electromagnetic energy and can drive
nonlinear processes in electronic materials 117107120 For example, the collective response of Ag
can be defined by morphology-derived surface plasmon polariton and Mie plasmon modes. Such
modes are intensely studied for possible applications ranging from quantum computing to energy
and medicine % 19119 However, the intrinsic bulk plasmon responses of crystalline Ag has hardly
been explored by electronic, photoemission, or nonlinear-optical spectroscopy, which motivates

this work °*. Moreover, the collective plasmon-mediated excitations have large cross sections for
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harvesting optical energy and transferring it to hot electron excitations, which are considered to be
key intermediates of energy transduction in optically induced chemical and physical processes at
metal surfaces 1" 121136 Byt how energy flows from the optical, to the collective plasmon, and
eventually to the hot electron excitations is unclear. Instead of the common belief in the plasmonics
community that plasmon decay produces a hot electron and hole distribution defined by their joint
DOSs spanning energies between -Awp and +hawp with respect to the Fermi level Er (wp: bulk
plasmon frequency), | found that the bulk plasmon decay preferentially excites photoelectrons
from Er, leading to a high plasmon-to-hot electron energy transduction efficiency.

The complex dielectric response function, £(w:), encodes the electronic response to optical

excitation among transmission, reflection, or absorption 2> 37140 An example of silver dielectric

function is shown in Figure 4.1. The classical Drude dielectric function, e(w;) = ¢, [1 —

4mtne?

2
(—w” )] is defined by the longitudinal plasmon frequency w, =

P ey (n: electron

EoMe

density), and its dephasing time t >%. The epsilon near zero (ENZ; Re[s(w1)]=0) condition defines
the bulk plasmon frequency, wp, and designates a frequency region where the reflectivity drops to
a minimum and the dielectric response at surfaces is nonlocal # %143 and dominantly nonlinear
91,144-146 Below ENZ (Re[s(wi)]<0), free electron plasmas responds collectively intensifying the
surface field opposing (screening) the optical one’s penetration by reflection, but above, the
response becomes retarded and nonlocal allowing the optical penetration in form of a longitudinal
charge density wave 41 %°_ This collective oscillation of electron plasmas at the frequency of wp

is the bulk plasmon mode.
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Figure 4.1 (a) The negative real part and (b) the imaginary part of dielectric function of Ag. A (red), B
(green), and C (blue) are data measured from three different samples. Other data is from different literature
for comparison. Inset in (a): the negative real part of dielectric function of Ag near 3.8 eV shown in linear
scale, where g(wi) transitions from positive to negative values due to the interband transition. Figures are

reused from Ref. 147 under permission. URL, http://dx.doi.org/10.1103/PhysRevB.91.235137.

In alkali metals and free electron metals like Al and Be, the modulation of spectral
intensities when Zw; is scanned through the ENZ region reveals the plasmonic participation in 1PP

9. 148155 For pure alkali atoms films, it has been established that their bulk plasmon decay

preferentially excites photoelectrons from the Ep 14810 154 gych preferential excitation of
electrons from Er by decay of plasmons was explained by Hopfield as a consequence of dynamical

screening %, However, for Ag, a widely investigated plasmonic material, its work function of
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®~4.5 eV exceeds its 7wp=3.7-3.9 eV, thus blocking observation of such a response. Berglund and
Spicer were first to show that when @ of Ag films is reduced by Ba chemisorption to below ENZ,
linear photoemission spectrum is peaked at Er indicating that the energy of a full plasmon quantum
is transferred to single electrons preferentially at the top of the Fermi surface 3. Later, Horn and
coworkers, investigated photoemission spectra of single crystalline Ag films with ® reduced by
alkali atom chemisorption 7 18 to establish definitively that the decay of the longitudinal bulk
plasmon mode of silver preferentially excites single electrons at Er. The significance and
implications from these studies of evidence for plasmonic photoemission in metals to the
transduction of optical energy into hot electron excitations, however, has been overlooked.

Here, instead of depositing adsorbates to lower the ®, we use the nonlinear 2PP
spectroscopy to circumvent the work function impediment. Scanning of the excitation light
through the ENZ region enables the nonlinearly excited electrons to overcome the work function
and communicate information on their plasmonic origin. We analyze the 2PP spectra of three low-
index silver single crystal surfaces [Ag(111), Ag(100), and Ag(110)] and discuss the plasmonic

photoemission channels shown below 363793,

4.2 Plasmonic Photoemission Pathways on Ag(111) and Ag(100) Surfaces

4.2.1 Multipole Plasmon Enhancement in Ag(111) Spectra

Figure 4.2 and Figure 4.3 show photoelectron energy- and kj-momentum-resolved 2PP
spectra for different 4w and line profiles for normal emission (k; = 0 A™) extracted from them,

respectively. Figure 4.4 plots the final state energy Er and intensities vs. #wi for the detected
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spectral features. The E(k;) resolved 2PP spectra below [Figure 4.2(a, b)] and above [Figure 4.2(c,
d)] ENZ are dramatically different. For zwi<fhwyp, as discussed in Chapter 1, the main feature in
the spectra is the two-photon resonant Usp«<—Lsp bulk inter-sp-band transition which appears with
far higher intensity than that of the nonresonant two-photon excitation of the SS state. Increasing
hw to above Awp, however, causes the bulk sp-transition to disappear, even though it dominates
the linear 1PP spectra 92, The SS and the IP1 states remain and pass through resonance at ~3.9 eV,
and above Awp, the surface states dominate the 2PP spectra [Figure 4.2(c), Figure 4.3(b)]. The Es
vs. hwi values of the SS and IP1 peaks vary with a slope of 2.1 and 1.1, respectively [Figure 4.4
(a)], as expected for the initial and intermediate states in 2PP spectra 3°. The slope of the bulk
Usp—Lsp transition on Ag(111) is intermediate between 1 and 2, because as #wi Is varied, its Es

follows the two-photon resonance condition at different k, 5 %. The pronounced intensity

variation of the bulk sp-transition and appearance of a new spectral feature at Ex~ 7.75 eV,

however, herald plasmonic responses of the Ag(111) surface.

(a) #0,=3.32eV (b) #0,=3.77 eV (c) #w,=3.92 eV (d) fw=4.16eV
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Figure 4.2 Energy and k-momentum resolved 2PP spectra of Ag(111) for increasing excitation energies Aw.

(a, b) For hwi <hwp, the sp-transition intensity dominates that of the SS state. (c, d) For Awi Ay, the SS and
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the IP1 states dominate the spectra, but the sp-transition vanishes. An additional feature appears at Es=
2hwp=7.75 eV. (e) Enlarged Et(kj)-spectra from the dashed box in (d) showing the 2hwy feature, as well as the

IP1 and SS states (the color-scale is expanded four times).

We first consider the nonlinear coupling of the bulk sp-bands of Ag, which can be excited
by a two-photon transition in the entire investigated %zw, range. The sp-transition is the dominant
spectroscopic feature in 2PP spectra for awi<hwp with a maximum for Awi=3.4-3.5 eV, it is
drastically suppressed at zwp and vanishes above it [Figure 4.4(b)]. This drastic intensity variation
cannot be attributed to transition moments, because in linear 1PP spectra for 2wi=6-10 eV, the sp-
transition varies by only ~50% with respect to the SS photoemission %. Instead, we attribute its
dramatic intensity variation to screening of the surface fields, to which 2PP, being proportional to
the fourth power of electric field strength, is exceptionally sensitive. The near surface field in a
metal below 7wy is defined by the external field and the multipole plasmon (MP) nonlocal
screening response 1°% 155:159.160 The MP resonance of Ag(111) has been reported at Zwmp=3.74
eV in electron energy loss spectroscopy (EELS) by Rocca and coworkers 61, but it is expected to
enhance the near-surface fields over a broad frequency range 160162 Qur finding of the strong
sp-transition intensity modulation is consistent with the near-surface field enhancement by the MP

screening below Awy.
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Figure 4.3 2PP spectra and photoexcitation pathways in the 3.4 to 4.5 eV energy range for Ag(111) surface.
(a) The single-particle band structure of Ag along the I'-L (k1) direction; the indicated optical transitions
connect the free-electron like Lsp and Usp, sp-bands as well as surface states (SS, I1P1). (b) 2PP spectra obtained
by tuning Aw: through the ENZ range. The spectral kj = 0 A profiles from data like in Figure 4.2 are
normalized at the work function edge and shifted vertically according their Aw: (indicated in the legends).
The green shading in (b) highlight the ENZ excitation, where the 2Aw, peak intensity is maximum. The

purple shading emphasizes the 2hwy peak.
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Figure 4.4 Quantitative evaluation of 2PP spectra of Ag(111) from Figure 4.3 for 2.6< hwi <4.5 eV (k=0 A);
the brown shading highlights the ENZ region. (a) Es vs. Aw and (b) peak intensities vs. kw for the major
spectroscopic features: the 2hwy feature is only observed at and above hwi=3.9 eV and its Er vs. Aw shifts with

a slope of 0.08.

The MP field enhancement can also be confirmed by comparing 2PP spectra of Cu(111)
and Ag(111) surfaces; both metals have very similar band structures, electron escape depths, etc.,
except for their plasmonic responses, which is at a higher frequency and less well defined for Cu
163 Because Cu(111) experiences less pronounced MP response than Ag(111), its sp-transition is

barely detected in Figure 4.5 and Ref. 164.

The MP response is known to enhance 1PP yields from surface states of free electron

metals over a broad energy range (Ahwi=5 eV) 152 155165 \Whether it also affects the 2PP from SS
of Ag(111) is not clear, because our measurements cover a limited range (Ahwi<2 eV), where its

intensity is affected by resonance with the IP1 state, in near-coincidence with ENZ.
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Figure 4.5 2PP spectra of Cu(111). (a) Ef(ky)-distribution of Cu(111) as excited with 3.41 eV photons, the
spectrum is composed of the coherent non-resonant 2-photon SS state excitation and the resonant sp-
transition [the excitation diagram as a function of kv is given in (c)]. (b) Line profiles taken at ky=0 Al in a
photon energy range between 2.88 and 4.22 eV. The spectra are normalized at the work function edge and

shifted on the vertical axis by Ahw:.

4.2.2 Bulk Plasmon Excitation in Ag(111) Spectra

The characteristics of the spectral feature at E=7.75 eV~2hwy are that it appears only for
hwi>3.9 eV with gradually decreasing intensity [Figure 4.3(b), Figure 4.4], its line shape is skewed
[Figure 4.2(c, d)], and it disperses over the accessible k-range. Most significantly, the Es vs. fw
of the 2Awp feature increases with a slope of 0.08. Giesen et al. reported the same feature in one-
color 2PP spectra of Ag(111) excited with a tunable nanosecond laser *°. A 2PP peak that is nearly
independent of Zw; is exceptional; it could signify a two-photon excitation to a final state at a fixed

Es, or a process where excitation at 4w, creates a field at zwp. The only final state at E~7.75 eV is
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the three-dimensional Usp, band, but there is no reason for photoemission from Usp to localize at
this Er [cf. band-diagram in Figure 4.3(a) and Ref. 58, 92, 157]. Instead, Giesen et al. attributed
the Er~ 7.75 eV peak to an Auger process where a pair of electrons populating the IP1 state scatter
deactivating one and causing the other to be photoemitted at approximately their combined energy.
Because our laser pulse duration is comparable to the IP1 state lifetime %!, and six orders-of-
magnitude shorter than that of Giesen et al., the putative Auger process, which should depend
quadratically on the IP1 state population, is inconsistent with it appearing in both experiments with
comparable intensity relative to the IP1 state. Moreover, in Figure 4.6, we can also exclude the
Auger process by depositing organic molecules onto Ag(111) surface, which quenches the SS and
IP1 state signals differently from the 2Awp feature, indicating that they are unrelated resonances at
the Ag(111) surface 1. Instead, we attribute the 2kwp-feature to decay of two bulk plasmon

quanta, which can be excited for w1 = hwp and must excite single photoelectrons from Er to Es =

2hwp. In EELS spectral of Ag(111) with >70 eV electrons, a 2zwp loss peak has also been reported

at 7.6 eV 1¢7:168 approximately where we detect the 2w, decay.
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Figure 4.6 2PP spectra for different PTCDA molecule coverages on Ag(111) (hwi = 4.58 eV, k; = 0 A, 300 K).
The spectra are normalized at the work function edge. In the inset, the signal is normalized on the IP1 state
intensity and offset by an arbitrary amount on the vertical axis. With increasing PTCDA coverage, the
initially occupied SS state disappears and the unoccupied Shockley-type metal-organic interface state (IS) is
formed. The SS state intensity drops significantly faster than the 2hwp-feature. The IP1 and 2Awp intensities

appear uncorrelated, contrary to expectation if the Auger decay of IP1 is the source of 2Awy.

Why the 2Awp-feature appears at twice the bulk plasmon frequency needs to be addressed.
Screening of the transverse p-polarized optical field by the nonlocal dielectric response induces a
surface charge density, including the longitudinal bulk plasmon, to be excited at the Ag surface.
This response has been calculated to decrease above Awp because the longitudinal plasmon cannot

respond sufficiently fast as Aw is scanned in energy 2, as is observed in our experiment. The
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bulk plasmon is a polarization field at wp that can act as a secondary excitation to excite additional
e-h pairs. The decay of plasmons into single particle excitations is thought to excite electrons from
Er-hwp up to Er, to final states from Er up to Er+/Awp, with only the density-of-states determining
the hot electron energy distribution %, In the 2PP experiment, however, we measure the peak at
Ef =2xhwp where plasmon-excited electrons must have been preferentially excited from initial
states near Er. Such photoemission scenario is unconventional, in the sense that it does not follow
theoretical predictions of plasmonically generated hot electron distributions 34, but has precedent
in photoemission spectra of alkali atom covered thin Ag films as discussed in Chapter 4.1 7. We
note that single-particle 2PP from Er at ky = 0 A is not possible as a direct photoexcitation,
because the band gap of Ag(111) extends from E-Er=-0.4 to 3.9 eV ?°. The SS state just below Er
is also unlikely as the initial state, because (i) its kj-dispersion and occupation range does not match
the 2Awp-feature [Figure 4.2(e)]; and (ii) it is quenched more rapidly by molecular adsorption
(Figure 4.6). In a many-body process, however, electrons from Er can be photoemitted at k; = 0
AL, if multiple particles scattering conserves momentum. The bulk plasmon response involves
electron charge-density fluctuations at Er, and thus it may induce photoemission of the same
population. Moreover, the preferential excitation of electrons from Er by decay of plasmons was
explained by Hopfield for alkali atoms as a consequence of dynamical screening 1. He further
posited that the same process might occur in Ag, based on the photoemission spectra of Berglund
and Spicer and their interpretation by Phillips 153 170. 171

To test our hypotheses, and confirm that in the linear response, wp decay excites electrons
to Es~1hwp, as has been reported for Na/Ag(100) films ', we lower the work function of Ag(111)
by sub-monolayer chemisorption of Rb, which only modifies the surface electronic structure of

Ag 2. Indeed, 1PP spectra of Rb/Ag(111) with Hg-lamp excitation (hAwi~ 4.86 eV; Figure 4.7)
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reveal that besides the single particle features of Ag(111), a broad peak appears at E«~3.7 eV
consistent with the bulk plasmon decay exciting electrons from Er to E1Awp. Thus, the 2Awp-
feature of Ag surfaces 373 is a robust nonlinear counterpart where two Awp quanta excite single
electrons from Er, which is consistent with the previous 1PP spectra of Ag films 7. A theoretical

model that explains this bulk plasmon decay process has been proposed by Gumhalter et al. ¥'.
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Figure 4.7 Photoemission spectra for different Rb coverages on Ag(111). (a) E«(ky)-distributions as excited
with a Hg-lamp (hw: = 4.86 eV) of the pristine Ag(111) (left) and the Rb/Ag(111) (right) surface. (b) Energy-
resolved 1PP spectra of Rb/Ag(111) for k; = 0 AL; the Rb coverage is increased progressively to lower the
work function. For the pristine Ag(111) surface (black spectrum), only the SS state is recorded. As the work
function decreases from ~ 4.5 eV (clean surface, black spectrum) to = 3.1 eV (purple spectrum), the resonant
1-photon transition between Lsp, and Usp becomes apparent at a final state energy of Er~ 4.2 eV. At a final
state energy of Er= 3.7 eV = lhwp, electrons emitted from Er by the decay of one bulk plasmon are detected.

The lhwy—features has a broad line shape in energy and momentum space. (¢) ki-resolved band structure in
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the I'-L direction indicates the 1-photon sp-transition (dashed line) and SS state excitation (solid line) (Evac =

3.1eV).

4.2.3 Comparison with Ag(100) Spectra

As discussed in Chapter 1, for Ag(100), projected band gaps of the bulk band structure
exist at the I'-point from 1.6 to 6.6 eV and SS state appears as broad surface resonance at 1.3 eV
above Er. The IP1 state still lies in the band gap of Ag(100), similar with that of Ag(111).

Figure 4.8 shows the corresponding 2PP spectra of the Ag(100) surface for excitation
through ENZ. For hwi<hwp, the main feature of the spectrum is the Er signal which is a two-
photon excitation from the Fermi level and the intermediate SS resonance signal which must be
excited from the bulk Lsp band. Like the Usp<—Lsp transition of Ag(111) which diminishes above
ENZ, the intensity of SS resonance on Ag(100) is substantially suppressed above ENZ, where the
plasmonic response no longer intensifies the surface fields. Moreover, the IP1 state remains for

both surfaces.
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Figure 4.8 2PP spectral profiles of Ag(100) surfaces at k=0 A with different fw: through the ENZ region.
The spectra are normalized at their work function edges, and offset vertically according their A (indicated
in the legends). The blue shading highlight the ENZ excitation, where the 2Aw, peak intensity is maximum.
The purple shading emphasizes the 2hwp peak, and how its energy shifts modestly while its intensity

decreases as hwi tunes above ENZ.

Except for the bulk bands, similar with Ag(111) surfaces, tuning the zw) through ENZ on
the Ag(100) surface also marks the sudden onset of the 24w, peak of the plasmonic origin at the
Er edge (high energy limit in Figure 4.8 highlighted by purple shading). Above ENZ, the 2iwp
peak persists with diminishing intensity; moreover, it modestly shifts to higher energy, which is
much less than an integer factor of #wi, which portends its non-Einsteinian character. The

observation of the 2zwp peak on both surfaces is striking, as especially the surface projected band
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structure is significantly different. The 24wy peak is resolved, irrespective of the disposition of SS
with respect to the surface projected band gap, or the IP1 state populations, indicating that it is
independent of the surface electronic structure, as originally proposed in Ref. 39. This is next
further substantiated for the Ag(110) surface, for which the 24wy peak is prominent, but the IP1

state, which is expected to be a broad resonance at the T point *°, is not observed.

4.3 Atomic Structure Mediated Plasmonic Photoemission on Ag(110) Surfaces

As discussed in Chapter 3, the spectroscopic feature of the S3 state in Ag(110) 2PP spectra
has been attributed to its participation as the final state in the non-Einsteinian plasmonic
photoemission . In the remaining sections of this chapter, I will address its plasmonic excitation

mechanism.

4.3.1 Plasmonic Photoemission on Ag(110) Surfaces

In Figure 4.9, | present 2PP spectra at the T point of the Ag(110) surface for excitation
geometry where the sample [001] or [110] crystalline axes lie in the optical plane, respectively,
with p- and s-polarized excitation in the 2wi=3.41-4.15 eV range. The 2PP spectra peak at the work
function edge and decrease in intensity towards the Er edge, mirroring the Drude and secondary
electron contributions of the (111) and (100) spectra #6290 174175 "On top of this unstructured
signal, the only sharp feature is the 24wy peak because the Ag(110) surface has no interband bulk
transitions or unoccupied surface states at the T point, as discussed in Chapter 1. This 2PP signal

response in Figure 4.9 causes the Er edge of the spectra to persistently be elevated for excitation
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below ENZ, but for #wi>3.7 eV, it develops into a peak-like feature that localizes at 7.5-7.6 eV.
This change suggests that for 2wi<3.7 eV longitudinal bulk plasmon responds nonresonantly, and
only develops into a 2awp peak when on-the-energy-shell excitation becomes possible for zw=
3.7 eV. Alternatively, this elevated signal could also arise from the multipole plasmon screening
response of Ag %2, which could become apparent on Ag(110) surface, which lacks pronounced
transitions at the T -point. The superposition of the plasmonic signal on top of the Drude
background in Figure 4.9 is remarkably similar to that calculated in Figure 1 of Ref. 156 by
Hopfield, for the plasmonic excitation of electrons from Er through ENZ.

The fact that the 2Awp peak appears with both p-and s-polarizations, respectively, for the
[001] or [110] crystalline orientations is a manifestation of the dielectric anisotropy of the (110)
surface, which is significantly different from the isotropic Ag(111) and Ag(100) surfaces and will

be rationalized in the next two sections.
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Figure 4.9 The k=0 A profiles of 2PP spectra of Ag(110) surface recorded for Awi =3.41-4.15 eV with (a) p-

polarized light and sample oriented with its [001] crystalline axis in the optical plane, and (b) with s-
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polarized light and the [110] axis in the optical plane. The spectra are normalized at the work function edges
(not shown). The green shadings highlight the ENZ excitation, where the 2hwy peak intensity is maximum.

The purple shading emphasizes the 2hwy peak.

4.3.2 Effect of the Final State Dispersion on the Plasmon Peak

In the 2D 2PP spectra for excitation at ENZ in Figure 4.10, the 24wp photoemission appears
as k;; dependent bands for the two orientations of Ag(110) with energy minima Es~ Er+2Aw) at
k=0 AL, similar with the momentum microscope data in Chapter 3. The significant difference in
k; ranges for the two crystal orientations is attributed to a plasmonic excitation of electrons by
~2hwp from Er into a surface state at ~7.6 eV, which is referred to as S3 state in Chapter 3; it is
calculated to exist at 7.14 eV in a minigap within the bulk sp-bands [Figure 1.3(b)]. As discussed
in Chapter 3.2.3, the observed 2xw, peak dispersion with k; in the [110] crystal orientation is
similar to that recorded for the (111) surface *3, and appears to follow the calculated band mass of
1.75 me for the S3 state. By contrast, for the [001] orientation, the 2%y peak signal is limited to a
narrow kj range, which may also be defined by the S3 state. According to the band structure in
Figure 1.3(b), the S3 state is strongly dispersive in the [001] direction with a band mass of 0.11
me, Which appears to limit its contribution to a high DOS region at the band minimum. Because
the 2hwp peak on the (110) surface is modestly below those of the (111) and (100) surfaces, and
its energy and momentum distributions appear to be defined by the S3 state, we reason that two-

plasmon transitions terminates in it, and photoemission occurs from there.
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Figure 4.10 2D Ex(ky) spectra recorded for the Ag(110) surface showing 2PP signal for A =3.83 eV where
Drude absorption provides a featureless background starting from above Evac (~4.25 eV), on top of which sits
the 2hwy peak near Es= 2hwi+Er (~7.6 eV). (a) When the sample [001] crystalline axis in the optical plane, p-
polarized excitation excites the 2kwp peak such that its dispersion is truncated within a |k;|=0.05 A range. (b)

When the sample [110] crystalline axis is in the optical plane, however, s-polarized light excites the 24wy

peak such that it disperses through the entire detected region. The blue curves show the energy and

dispersions of the S3 state from a DFT calculated band structure of Ag(110).

4.3.3 Polarization Dependence of the Plasmon Excitation

The second noteworthy aspect of the 24wy plasmonic response of the Ag(110) surface is

its dependence on polarization of the excitation light. In Figure 4.11 we plot cross sections at k=0
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A* through the 2D data, such as in Figure 4.10, as the polarization is rotated from p to s. The 2PP
spectra for the [001] crystal orientation in Figure 4.11(a) show that both the Drude absorption,
and the 2hwp peak are maximized for the p- and minimized for the s-polarization, just as for the
(111) and (100) surfaces (not shown), and is consistent with screening of surface parallel fields.
Surprisingly, however, in the [110] crystal orientation of the Ag(110) surface [Figure 4.11(b)],
whereas the Drude signal varies in the same manner as for the [001] orientation, the 2xwy feature,
by contrast, is minimized for the p- and maximized for the s-polarization. Ergo, Figure 4.9(b)
reports the Aw dependence of the 2wy peak for the s-polarized excitation. Thus, s-polarized light
directed against the surface corrugation excites photoelectrons that disperse along the atomic rows
orthogonal to it, and p-polarized light propagating against to the surface corrugation excites

photoelectrons that are confined to a narrow kj range orthogonal to the corrugation.

(a)l""""'I""l""l""l""I""I""I(b)f"&\'\l""I""I""l'_"'I""I"“l""f
i Ag(110) I-Y,[001] 1 [ ANAg(110) I-X,[110] ]

hw,;=3.83 eV hw,;=3.71eV

5 - =

- 10 E 2105 E E
e
c
=
8.

10 F PP
o E E
i 310 E
N
8) " o [ s-polarization
Rt : O p-polarization P

;‘j o p-polarization

10 F
1A E s-polarization

4 5 6 7 8 4 5 6 7 8
Photoemission energy (eV) Photoemission energy (eV)

Figure 4.11 The polarization dependence of the 2PP spectra of Ag(110). 2hwp peak sits near E=2hwi+EF (~7.4
eV) and Drude absorption signal is maximum at Evac. The 2PP intensity is shown on a logarithmic scale. (a)
For the [001] crystalline orientation, the 2kwp peak at Er=2hwi+EF is maximum for p-polarization (blue

shading) and minimum for s-polarization (pink shading), just like the underlying Drude signal. (b) For the
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[110] crystalline orientation, the 2iw, feature signal is minimum for p-polarization and maximum for s-

polarization, opposite to the Drude signal.

Such polarization dependence is exceptional because the boundary conditions for a jellium
metal model demand that the surface parallel fields add up to zero 2. The dominant excitation of a
plasmonic mode by s-polarized light repudiates the canon that p-polarized light preferentially
induces photoemission 2 4% 138176, 177 "yt js not unprecedented. A pertinent antecedent is an
interband two-photon transition from the d-band that terminates in the counterpart of the Usp-
surface band of Cu(110), which also appears only for the s-polarized transitions '8, For the
Ag(110) surface, however, excitation to the S3 state has a plasmonic origin, because its d-bands
are too deep to play a role in the observed 2PP spectra.

A possibly related optical response of Ag(110) is the enhanced transition from S1 to S2
state by the surface parallel field which has a component in the [001] direction, as discussed in
Chapter 1. Since the S1 state is localized in the atomic troughs, and the S2 state is elevated onto
the ridges, such surface parallel fields at the Ag(110) surface couple the laterally displaced S1 and
S2 bands and contribute to the enhanced transition signal 6. However, in this plasmonic
photoemission case, the conundrum that remains is how a surface tangential field of s-polarized
light can excite the longitudinal plasmon mode. This is clearly an aspect of the anisotropic
dielectric response of the Ag(110) surface, because on the Ag(111) and (100) surface the 2/wp
peak is dominantly excited with p-polarization. Such coupling of the optical and the local surface
fields is not possible within Feibelman’s model for the nonlocal dielectric response of a jellium
metallic surface, that does not consider the crystal structure to vectorial electromagnetic fields 2.
The atomic scale anisotropy of the (110) surface provides insight into how the free electron

response may drive the longitudinal response. We conjecture that the atomic scale corrugation of
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the Ag(110) surface enables the unexpected excitation of the longitudinal plasmonic response by
the surface tangential field. Note, that for Ag(110) surface, the 2Aw, peak is the strongest when
the excitation field has a component that is orthogonal to the surface corrugation in the [001]
direction, and it is minimized when the field is parallel to it in the [110] direction. We conjecture
that a [001] directed field can drive charge from the occupied S1 to the unoccupied S2 state, or
from the grove to the ridge, enabling the tangential optical field to drive a normal polarization
component. The 2PP spectra suggest that the atomic scale surface polarization by the tangential
field is more effective than the surface normal field in driving the longitudinal plasmon excitation.
Such vectorial coupling of [001] directed surface fields can explain the nonlinear optical response
of Ag(110) %> %, as well as is supported by Rasing et al.’s conclusion that for the Ag(110) surface,
the excited in-plane response can occur in different directions than the driving field %*. Thus, the
plasmonic photoemission at ENZ reflects the atomic scale anisotropy of the (110) surface.

An alternative interpretation of the S3 feature that is under current consideration, is that it
is a nodal line that is generated from sp-bands of two proximate (111) crystalline directions, which
intersect at the (110) surface. The nondispersive character of S3 [110] direction and the strongly
dispersive character in the [001] direction is consistent with this interpretation '°. If this is the
case, it implies that any material could possess nodal lines far from Eg, which in the case of
Ag(110) surface, has remarkable properties that refute some expectations for optical excitation of
what have been derived for the (111) and (100) surfaces. This line of thinking is worthwhile to
explore, because any solid will acquire properties from intersections of electronic bands.
Moreover, nodal lines at the Fermi level are of significant interest for their topological properties
and as harbors of electron correlation 8% 181, Thus, being able to access such electronic structures

may advance our understanding of topology and electron correlation.
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Figure 4.12 summarizes the nonlinear plasmonic photoemission from the low index
surfaces of Ag; in addition to the known single particle interband and intraband excitations, the
four spectra for the three low index surfaces show robust evidence for plasmonic photoemission,
where at and above ENZ the optical field interacting with the surfaces induces excitation of the
bulk longitudinal plasmon, which decays by selectively nonlinearly exciting electrons dominantly
from Er. Observation of the 2Awp-feature on different crystalline planes of Ag is consistent with
the bulk plasmon excitation, which is the only electronic response to the applied optical field that
could depend weakly on the crystal orientation. By tuning %w through the ENZ region we can
conclude that the 24wy peak is an on-the-energy-shell response, which turns on and is maximum
at ENZ, suggesting that there is an intensification of surface fields causing electrons at Er to be
promoted in energy by Awp plasmon quanta. As Zw is tuned by more than 0.5 eV above ENZ, the
plasmonic nonlinear response appears to be defined by %wp rather than #wi, suggesting that the
external zw field generates the internal zwyp field, which drives the nonlinear photoemission, and

the energy difference between them must be taken up by additional electron-hole pair excitations.
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Figure 4.12 Dependence of the final state energy Er(k=0" A) of the single particle and collective spectroscopic
features on Awi. The Er values from 3 low-index silver surfaces are plotted together to enable their
comparison. Einsteinian, single particle photoemission follows the red and green lines representing one and
two photon processes. The onset of the 2Awp peak is Awi=3.7-3.9 eV (purple shading) coinciding with the
Re[&w)]~0], i.e., the ENZ condition. For Aw>3.7-3.9 eV, the 2Awp peak tunes with a slope of 0.29 (blue),
consistent with a non-Einsteinain, collective, process where the external field excites an internal field, which

drives the 2PP process.
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5.0 Coherent Non-Resonant Excitation Dynamics on Ag(111) Surfaces

| have discussed the spectroscopy part of my research in the previous two chapters. Starting
from this chapter, | will discuss the coherent dynamics of several nonlinear excitation processes
measured by the ITR-mPP method. In this chapter, | will establish the principles of nonlinear
coherent excitation dynamics by exploring the non-resonant excitation from SS state on Ag(111),
which is well known in 2PP spectroscopy but little is known from the perspective of mPP dynamics.
I will first examine this excitation using 2PP OBE simulation, and subsequently, address the
related coherent excitation dynamics in higher-order 3PP, 4PP, and even ATP (5PP) excitation
schemes. A correlation was found between the polarization field excited in the sample and the final
photoelectron distribution. This confirms our understanding of ATP as a one-step coherent mPP
process instead of a two-step sequential process, as it is described in literature with scant evidence
7174 " At the end of this chapter, | will also discuss the polarization beating pattern that can be
observed in inter-sp-band excitation on Ag(111). The content in this chapter is based on a

publication in Physical Review X * and preliminary results at the current stage of analysis.

5.1 Fourier Analysis of Non-Resonant 2PP SS State Excitation Dynamics

The energy- and kj-resolved 2PP spectrum of Ag(111) excited with 7w, =3.32 eV photons,
which has served as an example in Chapter 1, is shown again in Figure 5.1(a). The main 2PP
spectral features involve the non-resonant excitation from SS state and resonant two-photon

transition from sp-band. In this section, | will demonstrate the coherent dynamics of the SS state
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excitation by an OBE simulation instead of experimental data, because the OBE approach has

proven useful to analyze ITR-mPP data and depicts the key spectroscopic features

6, 68, 69, 82, 83, 182

In ITR-MPP data, 2PP signal is obtained as delay t is varied interferometrically between identical

pump and probe pulses [Figure 5.2(a)]. The calculation is based on a 3-level system as shown in

Figure 5.1(c), which qualitatively depicts the 2PP excitation pathway of SS state in Figure 5.1(a)

and (b). The surface and bulk states appear independently in the mPP spectra, and hence we do not

model the Usp«—Lsp transition, whose spectra have been modeled in published literature %2 3, These

prior studies, however, justify the approach taken here.
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Figure 5.1 2PP spectra and excitation model of Ag(111). (a) Energy- and kj-resolved 2PP spectra of Ag(111)

for excitation with swi = 3.32 eV; the spectral elements are identified in the line profile (right panel) taken at

ki =0 AL The color-scale above 7 eV is amplified by a factor 1000 to show the weak contribution of the IP1

state signal. (b) Surface projected band structure of Ag(111) with the corresponding excitation diagram of SS

and IP1 state '°. (c) Diagram of a canonical 3-level system used in OBE simulations applied to modelling of

2PP excitations in (a) and (b), which consists of the occupied initial state SS, the unoccupied intermediate

state IP1, and the final state FS in the photoemission continuum.

78



In the OBE calculation, the SS state is excited into the final state continuum by coherent
two-photon absorption in near resonance with the IP1 state [Figure 5.2(b)]. As the interaction
commences, the photoexcited bandwidth is wide and will encompass the IP1<SS transition. As it
evolves in time, it narrows through destructive interferences in its wings and constructive
interference at the driving frequency 8. Dephasing of the IP1-SS coherence can retain some
population in the IP1 state, as is observed in the 2PP spectrum of Figure 5.1(a). Thus, the final
state signal includes both the coherent two-photon absorption from SS state as well as
photoemission of the dephased population that is retained in the IP1 state. The photon energy is
set to separate the spectral features of the IP1 state from the SS state. For nonresonant excitation,
guantum interference caused by final state excitation through two different pathways is negligible
%9, Thus, the calculated 2PP signal predominantly reproduces the photoelectron current generated
by rectification of the two-photon coherence for excitation from the occupied SS state.

In Figure 5.2(a) (right), we show line profiles at constant energy [interferometric two-pulse
correlations (12PCs)] through the calculated two-pulse Es vs. T interferogram, for the final state
energies of the SS and IP1 states; similar correlation traces oscillating at the driving laser frequency
and its second harmonic were observed in the original ITR-2PP study of the SS state on Cu(111)
68 but the present measurements on Ag(111) are recorded with 2D Ex(k;) spectroscopic data
acquisition. The I2PC signal of the IP1 state has a slow component due to its incoherent population
decay of ~30 fs, as is measured in two-color 2PP #!, The inset of Figure 5.2(a) shows expanded SS
component of the ITR-2PP data for time delays that are comparable or longer than the laser pulse.
It is evident that the signal is composed of dominant coherent oscillations at the driving laser
frequency (Lan) and subordinate ones at its second-harmonic (2ar) ¢ . The 2 interferences are

particularly evident in the signal from SS, because its hole dephasing time is slow, and electron is
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excited to the vacuum continuum ¢ %8 In addition to these oscillations following external field,
the signal is also affected by the coherent polarization field, which is reflected by the tilt of
interference fringes towards z = 0 fs with increasing final state energy [inset of Figure 5.2(a)] ,
which we will show is the prima facie evidence for coherence in a 2PP process . We stress that
OBE simulations reproduce the energy- and phase-resolved mPP measurements of the coherent

electron dynamics in Ag(111), as will be evident in experimental results for higher order processes.
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Figure 5.2 OBE simulation of ITR-2PP spectroscopy. (a) OBE simulation of an energy- and phase-resolved
ITR-2PP interferogram for the nonresonant 3-level system shown in (b). The center plot in (a) shows the
calculated ITR-2PP interferogram, specifically population of the final state (color-coded) as a function of Es
and . Top: The final state energy spectrum consisting of the SS and IP1 states is a profile through the
calculated ITR-2PP data at =0 fs. Right: 12PC traces are profiles through the calculated ITR-2PP data at
energies of SS and IP1 states. The color-coded expanded inset of ITR-2PP shows oscillations at 1a and 2a,
and interference fringes tilting towards = = 0 fs with increasing final state energy (highlighted by the black
line at ~24 fs). (c) 2D-FT photoelectron spectra obtained by Fourier transformation of the delay axis in (a).

The polarization energies (the Fourier axis) induced in the sample at Owi, 1en and 2a are correlated with the
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final state energies. Top: Normalized Fourier filtered 2PP spectra at O, 1an and 2an (bottom to top). Right:

line profiles taken at the SS and IP1 state energies showing FT amplitudes of the O, 1an and 2ax oscillations.

To further analyze the calculated ITR-2PP data, we Fourier transform (FT) the delay axis
to generate 2D-FT photoelectron spectra, which correlate the polarization energies that are excited
in the sample, and appear as coherent oscillations, with final state energies where the 2PP process
terminates [Figure 5.2(c)]. Local FT features of the 2D-FT spectra occur at the Oan, 1an, and 2w
energies where the 1, and 2 represent the linear and second-order nonlinear polarization of
surface electrons driven by external field. For a three-level system, 1a and 2an coherences have
dominant contributions between the nearest neighboring pmm+1) and next-nearest neighboring
pmm+2) States, respectively. The Oai, however, represents the envelope function of the
interferogram, including the relatively slow incoherent population dynamics of the intermediate
state, which is integrated over time in recording the coherent and incoherent contributions to 2PP
signal 6 162,184,

Figure 5.3(a) shows enlarged elements of the 2D-FT photoelectron spectra of the SS state
in Figure 5.2(c). The polarizations that oscillate at the 1an and 2an frequencies are rectified to
produce the final states in the 2PP process. The polarization ranges cover widths of the driving
frequency an and its harmonics. The FT amplitudes of the linear (1) and the second-order non-
linear (2an) polarizations tilt up with increasing final state energy. This tilt is caused by the
coherent excitation from a discrete initial state by an ultrafast laser pulse with a broad frequency
spectrum, which induces primarily linear polarization oscillations over a broad frequency range
(~0.1 eV) centered on 1. Likewise, the nonlinear polarizations are also excited and oscillate at 2ax

and a perturbative series of higher-order harmonics. As sketched in Figure 5.3(b), the spectral
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frequency components of polarizations at 1 or 2 correlate with specific final states, satisfying
energy conservation and energy-time uncertainty. Thus, in a coherent m-photon excitation process
of a discrete state, slopes of the 2D spectral features are given by n/m, where m is the order of
photoemission (e.g., m =2, 3, 4, ...) and n is the order of polarization (nax; N =1, 2, ..., n<m)
contributing to the signal. For example, for the coherent 2PP process of the SS state of Ag(111),

the slopes of the 1a and 2@ FT amplitudes are n/m = 1/2 and 2/2, respectively [Figure 5.3(a)].
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Figure 5.3 Expanded 2D-FT spectra and polarization excitation schematic. (a) Expanded components of the
OBE calculated 2D-FT spectra corresponding to the SS state signal from Figure 5.2(c). The color table of
each polarization order (Om, 1, 2a) is scaled separately. The 2D spectra for the zero-order component Oax
is horizontal; the 2D spectra at the driving laser frequency 1 and its second-harmonic 2 e tilt with the final
state energy; the slopes for a coherent process are indicated by black lines and quantified by the ratios in the
white boxes. (b) Schematic illustration of how the induced polarizations produce the tilted FT amplitudes in
the 2D spectra: Each frequency component within the spectral range of the laser pulse terminates at a specific

final state energy; left: linear polarizations, right: second-order polarizations.
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The energy tilting of components of 2D-FT photoelectron spectra is an FT manifestation
of the tilting of interference fringes in the time-domain spectra. Specifically, the tilted
interference fringes in the inset of Figure 5.2(a) signify that each frequency component of
the broadband excitation pulse causes the induced polarization to oscillate at its
frequency. Thus, if each frequency component correlates with a specific final state energy, the
plot of the final state energy vs. the delay time will have tilted interference fringes since different
final state energy components will have different oscillation periods, resulting in maximum
signal of each energy component appearing at different delay time. The tilt of the fringes
gives insight into optical coherences induced by the laser field in the sample 2. Similar
fringe tilting is also observed in optical spectroscopies that involve interferometric scanning,
frequency resolved optical spectroscopic detection of coherent responses, such as frequency-
resolved optical gating or second harmonic generation, and coherent attosecond spectroscopic
studies 185188,

In photoemission spectroscopy, however, it is possible that the correlation between
the polarization frequency and the final state energy is erased. This happens when the
inhomogeneous broadening is large, because populations at different energies oscillating at
different frequencies can be excited to the same final state. This is observed in the experimental
ITR-mPP and 2D-FT data from polycrystalline Ta (sample holder; Figure 5.4). Likewise, if
dephasing is very fast, the polarization frequencies are poorly defined through energy-time
uncertainty, which broadens the FT spectral components. In such cases, the signal oscillates
with amplitude of the total electric field, rather than its frequency components, because final
state energies do not correlate with specific coherences excited in the sample. Consequently,
the ITR-mPP fringes do not tilt as is observed, for example, in inhomogeneously broadened

polycrystalline samples 3% 1°,
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Coherent spectroscopies often consider the loss of coherence due to inhomogeneous
broadening. In this thesis, however, for measurements on single crystal metal surfaces, this is not
necessary, because the spectroscopic features are primarily broadened by homogeneous processes
that cause phase and population decay through processes such as electron-electron and electron-
phonon scattering. Inhomogeneous broadening would become important if the intrinsic electronic

structure of a solid surface were modified by the presence of defects or impurities, or if surfaces

were polycrystalline.
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Figure 5.4 Exemplary (a) ITR-4PP and (b) 2D-FT spectra measurement from the sample holder
(polycrystalline Ta) , which serves as a fourth order autocorrelation of the laser pulse at A = 1.47 eV. The
interference fringes oscillate at the center frequency of the laser pulse and are not tilted with respect to final

state energy and delay. This indicates that the excitation is incoherent. The color-coded expanded inset shows
flat interference fringes compared with Figure 5.2 (highlighted by the black line at ~17 fs). The FT amplitude

in (b) is flat and shows no correlation between the polarization and final state energies.
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Next, | extend my discussion to experimentally observed and OBE simulated coherences
in the ITR-mPP (m = 3, 4, 5) measurements including their ATP components, and evaluate them

based on the insights from the calculated ITR-2PP data in this section.

5.2 SS State Excitation Dynamics in mPP

We measure 3PP and 4PP spectra of Ag(111) for photon energies of zw) = 1.40 and 1.60
eV (Figure 5.5). In both cases, the SS state is prominent though it is excited non-resonantly. In this
excitation energy range, the dielectric function and the band structure of Ag shows no onset of
inter-sp-band transitions which greatly modify its response 4% 147; the excitation energy dependent
electronic responses of SS states can thus be exclusively attributed to non-resonant photoemission
order m. Note that although Ag absorbs light weakly in this spectral region through Drude
absorption, this is a second-order process involving intraband carrier acceleration and scattering
to conserve momentum %, and thus it cannot contribute to the coherent response that we discuss.
The spectra are dominated by coherent multiphoton excitation.

For i = 1.60 eV [Figure 5.5(a)], photoelectrons are excited from the SS state by a
coherent three-photon process. At one photon higher energy (1.60 eV) above the SS peak in 3PP,
its replica with the same kj-dispersion range, but with >100 times weaker intensity, is also
observed. We assign this structure to 4PP, or ATP, of the SS state. In addition, we observe similarly
weak 4PP signals from the IP1 state and bulk excitation between the Lsp and Usp. The energies and
k-dispersions of the surface states are consistent with the 3PP and 4PP processes, as well as with
the 2PP data in Figure 5.1(a) and related 2PP literature 1% 3% 4163 64 Note that highly nonlinear

processes like 4PP are especially sensitive to electric field strength. By tuning the focal point of
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optical lens on the UHV chamber, I can excite these highly nonlinear processes in the sample with
different laser fluences. It will be shown in Chapter 6 that at higher laser fluence, the light field
can even modify the electronic structure of the sample, instead of simply interrogating its band

structure, like what I am discussing in this chapter.
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Figure 5.5 Energy- and kj-resolved mPP spectra of Ag(111) taken with (a) Awi = 1.60 eV and (b) hw = 1.40
eV. Photon energies are chosen such that nonresonant excitation of the SS state is detected by (a) 3PP and (b)
4PP; spectral features are labelled in the line profiles taken at k; = 0 AL ATP contributions show replicas of

states observed in 3PP and 4PP, but translated upward by one photon energy.

For ficor = 1.40 eV [Figure 5.5(b)], four-photon absorption is necessary to observe spectra
(4PP) of the SS and IP1 states, as well as the bulk excitation between Lsp and Usp. Again, their
replicas which have comparable dispersions as the 4PP processes are detected at 1.4 eV higher

energy, which is also attributed to ATP, i.e. 5PP spectra of the respective states. Significantly, the
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intensity ratios of the SS and IP1 states are reversed between the 4PP and 5PP-ATP processes.
This implies that in ATP, the highly non-linear 5-photon absorption process from the SS state is
more efficient than the (3+2)-photon process via the transiently occupied intermediate IP1 state.
Note that the IP1 state needs to be populated nonresonantly to undergo photoemission, while SS
is photoemitted directly by m-photon absorption.

Therefore, the non-resonant excitation of the SS state of Ag(111) using near-infrared
photons provides a simple system to systematically study the high-order, perturbative, coherent
ultrafast electron dynamics for different orders of mPP (m = 3, 4). In the following, | will describe
the experimental results for m = 4 in detail and support my conclusions with results for m = 3.

In Figure 5.6(a), | show the experimental ITR-4PP data taken with the same experimental
conditions used for the 4PP spectrum in Figure 5.5(b) (w1 = 1.40 eV, kj = 0 A'Y). The large peak-
to-baseline ratios in the 12PC scans at the SS and IP1 state maxima result from the high nonlinearity
of the excitation process. As in the calculated ITR-2PP data in Figure 5.2(a), tilting of the
interference fringes towards = = 0 fs with increasing final state energy is also observed in 4PP
[inset of Figure 5.6(a)]. The tilt angles of the interference fringes similarly correlate the induced

polarization energy with the detected final state energy.
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Figure 5.6 ITR-4PP experiment on Ag(111) at a photon energy of ki = 1.40 eV (k; = 0 A?). (a) Left bottom:
Color-coded photoelectron interferogram; top: energy profile taken at = = 0 fs. Right: 12PC cross sections at
the IP1 and SS final state energies. Inset: The enlarged interference fringes of the SS state; the tilt angle is
marked by the black line at ~42 fs. (b, ¢) 2D-FT photoelectron spectral components showing the SS state
signal generated by Fourier analysis of (b) the ITR-4PP experiment and (c) a 5-level OBE simulation. The
color-range of each 2D spectrum is scaled independently. FT amplitudes tilt is highlighted by black lines and

their slopes are quantified within the white boxes.

To analyze the coherent dynamics in more detail, Figure 5.6(b) plots the SS state
components of the 2D-FT photoelectron spectra obtained from the data in Figure 5.6(a). The FT
amplitudes for the O - 41 components again tilt, respectively, with slopes of 0, 1/4, 2/4 and 3/4

(4en signal is too weak to evaluate). By applying the same arguments as for the 2PP OBE
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simulation, we explain the slopes with the ratio n/m where now the order of the photoemission
process is m =4 and of the polarization is an integer multiple of the excitation frequency (n =0, 1,
2, 3). In other words, to achieve 4PP from the SS state, the coherent signal is driven at harmonics
of the driving frequency (numerator n), and different frequency components of the photoelectron
energy correlate with the order of the multi-photon process (denominator m). To further test this
interpretation, | performed an OBE simulation of the 4PP process for a 5-level system, which gives
comparable 2D-FT spectral components as the experiment [Figure 5.6(c)]. The larger widths of
the simulated 2D-FT spectra, as compared with the experiment, reflect faster dephasing 1/T mn
parameters used in the simulation.

To address the effect of the order m in mPP, we show 2D-FT data for ITR-3PP detection
of the SS state in Figure 5.7(a) for 7w = 1.60 eV and kj = 0 A’ [3PP spectrum in Figure 5.5(a)].
The ITR-3PP experiments as well as the corresponding 4-level OBE simulation [Figure 5.7(b)]
confirm again the n/m dependence of tilting of the 2D-FT spectra in a non-resonant, coherent
process, where now, m=3and n=0, 1, 2, 3. The 2D-FT photoelectron spectra of the SS state thus
systematically depend on the induced polarization signal (n<m) and order of the multi-photon

excitation process (m = 3, 4).
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Figure 5.7 2D-FT photoelectron spectral components showing the 3PP SS signal generated by Fourier
analysis of (a) the ITR-3PP experiment based on Figure 5.5(a) (hwi = 1.60 eV, kj = 0 A1) and (b) a 4-level
OBE simulation. The color-range of each 2D spectrum is scaled independently. FT amplitudes tilt is

highlighted by black lines and their slopes are quantified within the white boxes.

5.3 SS State Excitation Dynamics in ATP

The spectra in Figure 5.5 show clear contributions of non-resonant photoemission from the
SS state following m- and (m+1)-photon photoexcitation that produce the mPP and ATP signals,
respectively. The two signal components are recorded simultaneously in an ITR-mPP scan and

thus can be compared, even though they differ by a factor of >100 in intensity. Here, we present
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the first time-resolved measurement of ATP in a solid-state system; the coherent measurement
allows us to discuss how it occurs. We first focus on the (4+1)PP ATP process [ = 1.40 eV,
Figure 5.8(a, b)], and subsequently generalize our observations to the (3+1)PP ATP process [Aw)
=1.60 eV, Figure 5.8(c)]. In Figure 5.8(a), we show the ITR-mPP data for the ATP processes from
both the IP1 and SS states; the 12PC scan at the SS maximum shows a large peak-to-baseline ratio
(larger than the IP1 state) as expected for a fifth order non-linear process. Again, we highlight
coherence in the mPP process of the SS state by showing in the inset in Figure 5.8(a) that the
interference fringes tilt towards z = 0 fs with increasing final state energy. The time-domain
experiment thus shows that the 5-photon excitation of ATP starting from the SS state is a coherent
process.

(a) ITR-5PP, ATP
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Figure 5.8 ITR-mPP experiment for the ATP component of the IP1 and SS states that are excited inam =

(4+1)-photon process (i = 1.40 eV, kj = 0 A1), (a) Left bottom: Color-coded interferogram. Top: energy

profile taken for r = 0 fs. Right: The 12PC cross sections of the SS and IP1 states. Inset: tilting of the fringes is

highlighted by the black line at ~ 41 fs. (b) Components of 2D-FT photoelectron spectra of the SS state excited
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in m = (4+1)-photon ATP process [FT of the data in (a)]. FT amplitude is observed for 1an, 2an and 3an; the
slopes are marked with black lines and quantified within the white boxes. (c) Components of 2D-FT
photoelectron spectra of the SS state excited in the m = (3+1)-photon ATP process (hwi = 1.60 eV, k; = 0 A);
tilted FT amplitude is evident for 1an and 2 as marked with black lines and quantified within the white

boxes. The color-range of each 2D spectra is scaled separately.

To characterize this coherence, we generate 2D-FT photoelectron spectra of the ATP
component [Figure 5.8(b)]. FT amplitudes are well structured for Oa (not shown) to 3, but
higher-order components have insufficient statistics for analysis. The FT amplitudes show
characteristic tilting, which in analogy we analyze in Figure 5.8(b) with the slope n/m, where m =
(4+1) =5,and n=1, 2, and 3 for the 1a, 2an and 3 components.

As a confirmation, we evaluate the 2D-FT data of ATP from the SS state in the m = (3+1)
experiment [Figure 5.8(c), /o1 = 1.60 eV, k; = 0 A1]: FT amplitudes are well resolved for 0 (not
shown), 1, and 2a, and the slopes are described with n/m, where the order of photoemission is
m=(3+1) =4 and n =1, and 2; the FT amplitude of the 3a component is too weak to be evaluated.
The analysis of the 2D-FT spectra of ATP in fourth- and fifth-order photoemission are thus
consistent and establish the coherent nature of ATP.

The ITR-mPP data show tilted interference fringes and FT amplitudes in the time- and
frequency-domains, where it is evident that the dominant mPP and the accompanying (m+1)-ATP
processes arise from the same physics, but in different orders of nonlinearity. Although ATP is
usually described as occurring by a sequential process involving first generation of a photoelectron
through mPP, followed by it absorbing one or more photons before escaping from the surface '
74,98, 191 our measurements show no evidence of such sequential processes. We confirm this

conclusion by performing OBE simulations that explicitly distinguish coherent and sequential
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ATP shown in Figure 5.9. For coherent ATP, in agreement with the previous results, tilted FT
distribution is detected while a horizontal (flat) FT distribution would result for all orders of

polarization (O, 1an, 2a, ...) if ATP is a sequential (incoherent) process.
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Figure 5.9 2D-FT spectra generated by OBE simulation of (a) coherent and (b) sequential (incoherent) ATP
as modelled by a 3-level systems shown in (c)/(d). The m-photon process exciting population above the
vacuum level, Evac, is simplified to a non-resonant 1-photon transition from |1> to [2>; ATP is modelled by the
1-photon transition from |[2> to |ATP>. (a,c) In coherent ATP, the dephasing time between the neighboring
states i and (i+1) exceeds the duration of the excitation laser pulse To, i.e. T ig+1)= To. The 2D photoelectron

spectra show tilted FT amplitude, similar to that observed before. (b,d) In the sequential (incoherent) ATP,
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the polarization between the neighboring states dephases significantly faster than the excitation process from
|2> to |ATP>, i.e. ThiG+1) < To; for this process, a horizontal (flat) FT amplitude is observed in the 2D
photoelectron spectra for all orders. Parameters used in the simulation: Ej;>- =-0.1 eV, Ep> = 3.8 eV, Ejate> =
7.2eV, hw =3.40eV, To=20fs, Tj> = Ti> = Tjates » 1 fs, T psjate> = 15 fs. The pure dephasing times of next
neighboring states are chosen in (a) and (b) as T j1>2> = T 2sjate> = 20 fs and T 12> = Tesjates = 1 s,
respectively. The width of the FT amplitude on the final state energy axis in (b) is significantly broadened

compared to (a) because of the shorter dephasing times.

In the perturbative regime, the optical field thus drives SS state electrons to oscillate
nonlinearly at mar, (m+1)en and a perturbative series of higher frequencies. These coherent
polarizations can produce coherent light emission at the m and (m+1) harmonics of the driving
field 1°2, as has been observed from Cu(111) for m=2 at lower fluences **. The mPP and (m+1)PP
ATP signals can be produced by rectification of components of the induced polarization into
photoelectron currents at the m and (m+1) final state energies. They can also be thought of as a
consequence of the same Floquet engineering process 1%, where the applied 7w field generates a
Floquet ladder of quasi energy states (to be discussed in Chapter 6), which project SS electrons to
mhw+Ess and (m+1)%iwi1+Ess energies, where Ess is the SS state binding energy. In a nonresonant
process, these states must decay nearly instantaneously, unless they are able to undergo dipole
transitions or scatter from the virtual Floquet state into a real state, through a process that ultimately
conserves energy and momentum. The Floquet states at the mawi+Ess and (m+1)4wi+Ess energies
which are resonant with the photoemission continuum can decay into free electron vacuum states,
where they are detected as mPP or ATP emission 4% 88,

My data show that the (m+1)PP ATP signals being the rectification of (m+1)a coherent

polarization field is a more probable scenario than the m-photon final state absorbing an additional
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photon before departing from the surface. Of course, in a 5-photon process there are many other
excitation pathways to reach the final state, but only the rectification of the (m+1) polarization
would produce the observed FT amplitude slopes n/5 in Figure 5.8(b). That the ATP photoelectron
is generated preferentially by rectification of (m+1) polarization can explain why the intensities of
SS and IP1 state are reversed between the mPP and ATP orders in Figure 5.5(b). Whereas the ATP
signal from the SS state results from rectification of the (m+1) polarization, that for the IP1 state
first populates the intermediate state by the rectification of the 3a polarization followed by
rectification of the 2a polarization to generate the ATP signal. Because susceptibilities are time-
dependent 1°2, photoemitting an electron of the same order is probably less efficient by a cascaded
process of lower order coherent responses than the direct higher order process. Although both are
driven by an intense electric field, the ATP processes reported here should be contrasted with the
nonperturbative regime, where it involves the field-induced re-collision of electrons with their
atomic cores 19 1% \We again emphasize that under our experimental conditions, we observe no

spectroscopic evidence of field-induced nonperturbative dynamics.

5.4 Parametric Polarization Beating in sp-Band Excitation Dynamics

| have discussed the coherent 2PP-4PP and ATP excitation dynamics of the SS state from
Ag(111) surfaces. In this section, I will discuss the excitation dynamics of the other prominent
feature in the spectra, the Usp«—Lsp bulk-band transition. This transition has been mentioned in
Chapter 4 and previous sections in this chapter and is summarized in Figure 5.10.

Figure 5.10 shows energy and kj-momentum resolved 2PP and 4PP spectra as excited with
3.07 eV and 1.52 eV photons, respectively. The corresponding ki-resolved excitation diagram in

95



I'L direction is shown in Figure 5.10(d). The photon energies differ approximately by a factor of
two, so the photoemission spectral features can be expected at the same final state energy, however
being excited by either 2- or 4-photons. Specifically, the 2PP spectrum has contributions from the
resonant 2-photon Usp«—Lsp Sp-band transition, and the non-resonant 2PP of the SS state. The
Rydberg-like series of IP states is not prominent in 2PP, as the photon energy is far off-resonant
from the IP1<SS resonance and thus IP1 state population is negligible. In 4PP, the SS state is
observed at approximately the same final state energy with the same kj-dispersion as in 2PP. In
addition, the IP1 and IP2 states are detected in 4PP with 7w = 1.52 eV excitation. The IP2 is
excited near-resonantly by three photons from SS state leading to its intensity enhancement for the
occupied kj-range of the SS, which can be rationalized with its origin from the occupied part of
the SS state. The nonresonantly excited IP1 state, however, is much broader than the occupied k-
range of the SS state, suggesting that either energy conserving processes cause its population to
produce a broad k; distribution, or it is populated by the Lsp band, where the three-photon transition
from Lsp to IP1 is feasible above 7w ~1.4 eV from the perspective of their energy positions in the
band structure.

The appearance in 2- and 4-photon photoexcitation of the sp-transition is drastically
different. In 2PP, the sp-transition spans the complete kj-range, whereas in 4PP, it is strongly
limited in k;. In addition, the final state energy is slightly different in 2- and 4-photon
photoexcitation (AEs~ 0.1 eV). Note that this 0.1 eV energy difference is significant if we compare
it with the energy positions of SS state in 2PP and 4PP which are almost the same. Having
established (but no explained) these differences in energy and momentum space in 2PP and 4PP,

| study the coherent dynamics of the sp-transition using ITR-4PP and find unexpected polarization
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beating dynamics in the time- and frequency-domains. Note that the 4PP spectrum has a large

secondary electron background signal just above the Eyac.
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Figure 5.10 Energy- and kj-resolved 2PP and 4PP spectra of Ag(111) at (a) hw = 3.07 eV and (b) hw = 1.52
eV, respectively; spectral elements are labelled in the line profiles taken through the spectra at k= 0 A and
shown in (c). Excitation diagram of SS, IP states and sp-band is drawn in (d), with blue arrows representing

3.07 eV photons and red arrows representing 1.52 eV photons.

The ITR-mPP scan of the pristine Ag(111) surface shown in Figure 5.11 is excited with
hw) = 1.56 eV. The spectrum is composed of the SS and IP1 state as well as the sp-transition
excited in 4PP, sp®, and 5PP, sp®. Here, we use the I2PC of the SS state as an approximation of
the fourth-order autocorrelation of the laser pulses [Figure 5.11(b)]. Compared with the 12PC of
the SS state, in 4PP, as well as in 5PP, a complex beating structure is superposed on the Gaussian
shape signal induced by external fields that modulates the 12PC of the sp-transition. Interference
fringes are suppressed and enhanced with a sub-periods of 13 fs [sp®] and 16.5 fs [sp®)]. By

inspection of the ITR-mPP fringes of Figure 5.11(a) and the corresponding 2D-FT spectrum in
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Figure 5.12, tilted interference fringes can be identified in the complex structures, which indicate
coherence of the excitation process #3. Thus, a coherent polarization beating of the sp-transition is
observed. The polarization of the charge carriers is modulated by beating of frequency components
on a time scale, which is faster than the autocorrelation of the laser pulses, thus seemingly violating

the energy-time uncertainty.
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Figure 5.11 ITR-mPP interferogram of the pristine Ag(111) surface excited with Aw = 1.56 eV is shown in (a).
Spectral elements are labelled in the line profile cut at 7=0 fs as black solid lines. The enlarged inset shows the
sp®™ transition in 4.65-4.95 eV range. (b) 12PC cross sections at final state energies of SS state, sp® transition,

and sp® transition shaded in the interferogram.

To clarify the origin of the polarization beating, we again Fourier transform the ITR-mPP
data to generate 2D-FT photoelectron spectra shown in Figure 5.12. As | have discussed, FT
amplitude is expected at the driving laser frequency 1a and its harmonics (nai, n<m), which is
clearly observed for the SS and IP1 states, sp™® and sp® transitions in Figure 5.12(a). However,
for both sp-transitions, we find satellite peaks below, nw: -, and above, nwi*, the harmonics of the

driving laser frequency now; [cf. line profiles in Figure 5.12(a)]. These additional frequencies cause
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the polarization beating in the time domain. Most remarkably, the FT amplitudes detected at the
nwi” and nai* frequencies lie outside the spectral width of the broadband femtosecond laser pulses,
and thus, these coherent polarization responses cannot be excited within the bandwidth of the
excitation pulse. Therefore, these responses cannot be excited directly by the optical field, but
rather have to be generated in a nonlinear light-matter interaction process. The underlying process
is coherent, as shown by the tilted interference fringes in the time-domain, and more clearly, by
the tilted FT amplitude in Figure 5.12(b). The responses outside of the laser bandwidth cannot
build up from noise, because they would not maintain the phase correlation for every pump-probe

pulse pair.
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Figure 5.12 2D-FT photoelectron spectra showing the FT signal of the data in Figure 5.11 are plotted in (a).
Cross sections at final state energies of sp® transition, sp® transition, and SS state (color shaded) are plotted
in the right panel. (b) Enlarged 2D-FT photoelectron spectra components Oan, 1an, and 2an for sp® transition.
Tilting of both the main harmonics peaks nen and the plus satellite peaks nan* indicates these processes being

coherent.

100



| performed photon energy dependent ITR-mPP experiments in the % =1.40-1.60 eV
range, which is limited by the laser power on the lower end (1.40 eV) and by the onset of strong
3PP SS state signal around the work function on the higher end (1.60 eV). Figure 5.13(a) shows
cross sections through the 2D-FT photoelectron spectra taken at the final state energy of the IP1
state and the sp®-transition. For IP1 state, linear dependence of the newi-harmonic polarization
energy on the photon energy is expected [Figure 5.13(a) left panel], and in accordance, a slope of
n is extracted for the newi-harmonic. For the sp®-transition shown in Figure 5.13(a) right panel, the
harmonic frequencies behave analogously to the case of IP1 state. However, the satellite
frequencies shift with respect to the harmonic frequencies, thus, if the newi-harmonic shifts with
the slope of n, the nwi™- and nw™-harmonics shift with slopes of (n-1) and (n+1), respectively
[Figure 5.13(b)]. Based on this analysis, three major observations can be made: (i) Independent on
photon energy, the sp™®-transition is always polarized at the nearly constant frequency of the 1eo;*-
feature with 17im1*~ 1.9 eV. (ii) The linear regressions of the satellite and the harmonic frequencies
will intersect for 71 ~ 1.9 eV (hwi = 1hwr). We note that, as discussed in Chapter 3.3, 1.9 eV is
a special frequency for silver where transient exciton features emerge before the formation of IP1
state in a two-photon IP1<SS resonance *°. Increased non-linear response of Ag(111) is also
reported exactly for s = 1.9 eV %1, as the bulk plasmon frequency, 7wy~ 3.8 eV, is effectively
excited in a second-order non-linear process. (iii) The satellite polarization frequencies sum up to

two times of the driving polarization frequency, i.e., nfioi* + nfiw1 ™ = 2xnfiaw.
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Figure 5.13 Photon energy dependent analysis of the sp® transition in 2D-FT spectra. (a) Line profiles of

Figure 5.12(a) cut at specific final state energies in a series of photon energy dependent 2D-FT photoelectron

spectra (hw =1.40-1.60 eV). Cross sections are taken at IP1 state (left; only show the 1an harmnoic peak) and

sp™ band final state energies (right). (b) Photon energy dependent FT peak positions for the main harmonic

peaks nax and the satellite polarization peaks nar* (¢) Schematic excitation diagram of the 4PP sp-transitions

in the single-particle band structure of Ag along the T'L (k1) direction (kj = 0 A). The green arrows indicate

photon energy of 1.9 eV, where one photon excitation form Lsp terminates at Er. Arrows with yellow to

orange colors indicate seleted photon energies in (a). E-Er (1-photon) energy decreases with increasing of

photon energy for 1-photon absorption from Lsp (tilted grey box), but 2-photon absorption excites electrons,

independent of the photon energy, to E-ErF = 1.9 eV (grey box).

In Figure 5.13 (c), we try to correlate the satellite frequencies to the single-particle band

structure of Ag(111) by plotting the k.-resolved excitation diagram in T'L direction at kj = 0 A %;

the sp®-transition is indicated for several photon energies by arrows (orange to yellow). In a

vertical (ki-conversing) resonant sp®-transition, 2-photon absorption excites electrons,

independent of the photon energy, to a constant energy E-Er ~ 1.9 eV [grey box in Figure 5.13
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(c)]. By contrast, the energy position E-Er for 1-photon interaction decreases with increasing
photon energy [tilted grey box in Figure 5.13 (c)]. Remarkably, if the experiment were to be done
with zwi = 1.9 eV photons (green arrows), i.e., for w1 = 1hw™, 1-photon absorption would lift Lsp
electrons to Er. Actually, for a given 7w in a ki-conserving process excited from Lsp, Er is the
benchmark energy, which defines the polarization energies of the satellites. Specifically, as 17w,"
describes the difference between the occupied Lsp-band and Er, 1%mi* defines the energy of Eisp+
2hawr = 1.9 eV above Er, where ELsp is the binding energy of Lsp. | thus surmise that EF and Erspt+
2he) =1.9 eV are crucial for the beating mechanism of the sp®-transition.

| emphasize, that the relaxation/excitation process to Er has to be a complex many-body
process, as in the single-particle band structure of silver, no states are expected at Er for ky =0 A
126,58 hut, presumably similar as in the case of single-particle electron emission by the decay of
bulk plasmon fields % 37 9 electrons may relax in a multi-electron energy- and momentum-
conserving process. | strengthen this argument, by highlighting that bulk plasmons, which are
effectively excited with e = 1.9 eV °%, most likely contribute to this excitation process. Thus,
the n7iwi*-satellites might be understood as local fields created when charge-carriers excited by
the pump-field decay to Er under emission of the field. The n#w, -satellites, in contrast, might be
seen as charge carriers excited from the Lsp band to Er, but without firm reasoning.

| also need to stress the possible involvement of the SS state in this process. As mentioned
before, in 2PP, the sp-transition spans the complete kj-range, while in 4PP, it is strongly limited in
ki, which is comparable to that of the SS state. In addition, its final state energy is ~0.1 eV lower
in 4PP than in 2PP, and considering that SS state of Ag(111) lies 0.063 eV below Er, it could be
that the SS state is somehow coupled to this polarization transition and ‘shift’ the final state energy.

Since SS state is the only discrete surface state near the Er, it can also serve as a benchmark state
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to carry on single-particle transitions and compensate for the fact that there are no states at Er at
ki = 0 A to enable single-particle transitions. Moreover, this sp®-transition strongly depends on
dispersion of the laser pulse and can only be resolved with the shortest pulse with broadest
bandwidth. Deviation from the best dispersion will ‘shift’ the energy position of the sp-band signal
towards and ‘merge’ into the SS state signal, which we cannot explain at present. Regardless of
various arguments, whether or how the SS state gets involved in and modulate the bulk sp®-
transition is still unknown and needs further reasoning.

Nevertheless, in the following, | try to propose a possible mechanism for 4PP of the sp®
transition and the generation of the satellite frequencies n7w™. We base the mechanism on the
concept of parametric amplification, which is a common second order nonlinear process in
crystalline media '°’. As shown in Figure 5.14, we assume the initial 4-photon excitation to take
place for k; = 0 A’ and k. is selected based on the photon energy used for resonant excitation of
the sp® transition. The surface projected single-particle band structure is characterized by a band
gap at kj = 0 A’ extending from the Lsp- to the Usp -band 28, no electrons are expected at Er because
of the projected band gap. In an energy- and momentum-conserving process, electrons being
excited by 2-photons can decay to Er while electrons from the Lsp-band are excited to Er. The SS
state, close to the Er, may participate in the transition. This process is similar to parametric
amplification as observed in non-linear media, where in this picture, the lhw™ and lhiwr
frequencies could be considered, in analogy, as signal and idler, respectively. We note again that

this argumentation is incomplete and needs further consideration.
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Figure 5.14 Proposed excitation mechanism of the sp® transition. (a) Excitation diagram for sp® transition in
the single-particle band structure of Ag along the I'-L (k) direction. (b) Proposed parametric amlication

schematic for this transition.
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6.0 Coherent Resonant Excitation Dynamics on Cu(111) Surfaces

After discussing the non-resonant mPP dynamics of SS states, in this chapter, | tune the
photon energy to realize a 3-photon resonant transition between the SS and IP1 state to study how
the optical fields affect the resonant excitation dynamics on Cu(111) surface. From the dependence
of spectral shapes on the applied field strength, | found spectroscopic signatures of optical dressing
of surface states. | attribute the dressing to the generation of Floquet replicas of surface states due
to periodicity of the light field and Autler-Townes splitting (ATS) due to resonant excitation
conditions. | demonstrate that, in a solid-state system, entanglement between optical fields and k-
dispersions can modify and control the quasiparticle properties of material, such as the band
energies and effective masses, and consequently, all electronic properties that depend on them, on
the sub-optical cycle time scale. The content in this chapter is based on a publication in Nature

Communications '*® and preliminary results at the current stage of analysis.

6.1 Introduction to Dressed States

Space-periodic arrangement of lattice ions in crystalline solids defines the k-momentum
dispersion of electronic quasiparticle bands. Light can interrogate such bands by stimulating
electric dipole transitions. When an optical field interaction with time periodicity exceeds all other
perturbations, particularly at an electronic resonance, it can also modify the system eigenstates,
causing a field dependent mixing, which is usually referred to as dressing 2%, Dressed states

can be explained as a combination of the Floquet engineering and AC Stark effect, which causes
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the ATS. ATS is a well-known concept in the atomic spectroscopy, but has not been much
implemented in the solid state, and not in nonlinear photoemission spectroscopy. Optical dressing
of the band gap of GaAs has been achieved by recording optical third harmonic generation with 5
fs laser pulse band gap excitation at ~10° VV/m field strength 2%%295.296 Under such intensities, it is
possible to induce carrier-wave Rabi flopping in solid state materials, as will be explained further.

To describe optical dressing in solid state, | consider a model system consisting of two
eigenstates, the SS and IP1 [Figure 6.1(a)]. In analogy to the Bloch bands which has periodic k-
momentum due to space periodic lattice potentials, time periodicity of the light field H(t)=H(t+T)
with electric field strength &, and frequency @=2=/T will generate a series of Floquet states, which
form a ladder of states at energies given by integer multiples of the photon energy above and below
the preexisting Bloch state E=E=n/iw (n, integer), as shown in Figure 6.1(b) %4297, While Floquet
physics is usually applied to illumination with continuous monochromatic light, the same physics
applies to ultrashort pulses, which consists of limited number of optical cycles 2®. Thus, the high
peak intensity of ultrashort laser pulses can be used to investigate the Floquet physics-induced

nonlinear interactions in solid state excitation 2%°. To separate two limiting excitation regimes

caused by the strong field strength, Keldysh parameter y = /% is introduced, where the

p

2g2 oL . . . . .
ﬁ 210 The excitation is considered in the multiphoton regime
e®Wy

ponderomotive energy U, =
when y > 1 and in the tunnelling (or strong field) regime when y « 1. For my data taken with
the highest field strength (shown in Chapter 6.3), which is estimated to be on the order of 10° VV/m,

v~10 is still >1, which indicates that my data is still in the perturbative regime but close to the

limit.
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Under perturbative conditions, light fields £(t) can excite multi-quantum transitions from
dispersive Floquet-Bloch bands that are defined by the crystal structure, with their eigenstates
specified by their momentum k. An intense €(t)-field, however, can perturb the system by causing
Rabi flopping to occur between the optically coupled bands at frequencies {1 that can become
comparable to that of the excitation field e 2. This is called Rabi flopping, because the state
population is transferred between the ground and excited states on time scale of the optical cycle.
For resonant or near resonant excitation, the Floquet replicas of unperturbed SS and IP1 states can
become degenerate causing the Rabi oscillation to become pronounced, and the eigenstates of the
system to be perturbed and experience mixing. The optical field will shift the eigenstates through
the AC Stark effect, causing the band repulsion. The electronic bands are said to be dressed by this
interaction [Figure 6.1(c)] 1° 2%7. The optical dressing is thus marked by ATS of solid state bands
into new eigenstates E,. 21, The band dressing is described by the Hamiltonian of the interacting
system, where SS and IP1 states are the unperturbed Bloch eigenstates that are defined by the

crystalline periodicity

Ess(ky) 0
o =< 0 ” E1P1(k||)> 61

The eigenstates of this Hamiltonian are perturbed by the generalized Rabi frequency

H' = alx(t,k) = h \/Q,Z?(T) + A2(k) (6.2)

where AQx () = pegE™(7) is the Rabi frequency of an n-photon transition 212, and AA(k) is the
k-dependent detuning of Bloch bands. In the case of surface states, they disperse in the surface
parallel plane such that k dispersion is k. Moreover, we assume the dipole moment, ues, to be
independent of k based on approximately symmetric 4PP intensity distributions (with respect to +

and — parallel momentum, k), and kj independent linear photoemission spectra of SS 2%3, Note,
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that in an n-photon interaction, the perturbation depends on the n-th power of the applied optical
field, and therefore in a nonlinear process is extremely sensitive to the relative phase between

pump and probe optical fields.

(a) (b) (c)
Pure States + Floquet States + AC Stark

SS E.

K K K|

Figure 6.1 Schematics of formation of dressed electronic bands. A light pulse with time periodicity interacting
with (a) a model two-level system consisting of SS and IP1 states generates (b) the Floquet replicas of these
states (dashed lines) located at multiples of photon energy above/below energy positions of the unperturbed

states. (¢) When the Floquet replicas cross the unperturbed bands at certain kj, ATS (or AC-Stark effect)

happens and the avoided crossing of bands in (b) causes repulsion such that they form dressed bands (E+, E;

orange and brown lines). The splitting between dressed states depends on the light field strength, which varies

through each optical cycle.

The ground and excited surface electronic bands of several metals, and in particular, the
(111) surfaces of noble metal, exist in projected band gaps where they are decoupled from stronger

bulk interactions [Figure 6.2(a)] 3. This makes them inviting targets for probing their quantum
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optics by ultrafast mPP spectroscopy and many-body theory 43 68.70.163.214 Contrary to the optical
dressing of GaAs, the surface states are two dimensional, so one does not need to characterize the
dressing of 3D bulk bands, where the surface normal dispersion would further complicate the
measurement and simulation. Thus, I study the k-dispersion dependent optical dressing with ~20
fs infrared laser pulses by exciting a three-photon resonant transition between SS and IP1 states of
Cu(111) surfaces. Further one photon absorption from the IP1 state (a total 4PP process) thus
probes the coherent field interaction by projecting the dressed bands into the photoemission
continuum. In an ITR-mPP measurement, advancing the delay (phase) between pump and probe
pulses in At~100 as steps defines the total optical fields with attosecond precision. The schematic
of the Floquet states and ATS is shown in Figure 6.2(a) and (b), respectively. In Figure 6.2(a),
Floquet replicas of SS and IP1 states are generated at k=0 A by the laser field (dash-dotted lines),
and they are detected in photoemission as Floquet states that are excited above the vacuum level.
In Figure 6.2(b), due to the resonant excitation conditions at k=0 A, Floquet replicas modified
by the AC Stark effect under intense laser fields are expected to show evidence of Rabi flopping
and band dressing in photoelectron spectra. The splitting between dressed bands will increase with
increasing optical field strength which is realized by tuning the focal distance of the laser from the
sample. Higher order photoemission signal (5PP/ATP) can also be detected, just as in the
nonresonant cases that are described in the previous chapters. Moreover, due to the different band

dispersions of SS and IP1 which define their band masses (mgs m;p1), the kj-dependent detuning

from resonance hA(k) = %z(mgsl — mypy )k{; will affect the dressing [Figure 6.2(a)] and be

encoded in the data.
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(@) (b)

+Shw, SPPIATP. .-

Figure 6.2 Schematics of the mPP dressed states on Cu(111) surfaces. (a) A series of Floquet replicas (dash-
dotted red and blue lines) of the SS and IP1 state (solid red and blue lines) shown in the surface normal
projected Cu(111) band structure. The SS and IP1 states exist in the surface projected band gap between the
Lsp and Usp bands (grey shading). Due to different effective masses of the two states, the photon energy which
is a three-photon resonance of two states at T point becomes near-resonant excitation at large kj, with kj
dependent detuning A(kj). (b) Diagram of electric field strength dependent dressed states at k=0 A%, where
SSand IP1 are in a three-photon resonance. Due to ATS, the degenerate Floquet replicas of SS and IP1
(dashed red and blue lines) repel each other, and the splitting increases with increasing electric field strength.
Photoemission from these dressed states shows signature of Autler-Townes doublet (AT doublet) structure

plotted as dotted lines in 4PP.
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6.2 Power Dependent Optical Dressing in Resonant IP1<—SS Excitations

The ITR-mPP result is shown in Figure 6.3. The £(7) field with Zan=1.54 eV excites the
three-photon resonant transition from the SS to IP1 band of Cu(111) at k; = 0 A™* [Figure 6.3(b)].
The time-integrated 4PP spectrum in Figure 6.3(c) confirms the SS and IP1 resonance "% ®; such
optical phase-integrated measurement, however, obscures their dressing, which is encoded in the
phase resolved E(k,t) data [Figure 6.3(a)]. The phase resolved data reports the response due to
the optical field strength at a particular instant, rather than an integrated result over the interaction
time. To reveal dressing, we first extract the £(t)-dependent 4PP intensity for ky = 0 A (hA= 0
eV) by plotting the 2D E(t) interferogram, and its 1D 12PC showing the photoelectron counts vs.
1 at Er of the IP1+SS resonance [Figure 6.3(c)]. If the optical field £(z) with approximately a
Gaussian time profile generated the 4PP signal by only exciting dipole transitions, the I2PC trace
in Figure 6.3(c) would follow £8(t) dependence, and therefore, be sharply peaked at =0 fs 1% 43,
but instead, it has a local minimum and retarded maxima at t~15 fs, which portend the optical

field dressing.
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Figure 6.3 Coherent photoelectron spectroscopy of optical dressing. (a) 3D ITR-4PP data of the three-photon

resonant IP1<SS transition (ha=1.54 eV). Each frame records the photoelectron signal counts vs. Es, and k

in ~100 as steps. Sample frames at different delays are shown in 15 fs intervals. The back panel shows a cross

section through the data for k=0 A, (b) Time integrated 4PP spectrum showing the SS and IP1 bands for

resonant excitation at k=0 AL, The excitation becomes near-resonant at large k. (c) Selection of data from (a)

for kj=0 Al showing an Ex(t)-interferogram; the profiles show 12PC trace for E+=5.6 eV (orange) and a 4PP

spectrum for =0 fs (black); the inset expands the E¢(t)-data around =0 fs (the dashed box). (d) The

unperturbed surface projected band structure of Cu(111). SS and IP1 states are coupled by the three-photon
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resonant laser field (blue); the fourth photon induces the photoemission (dashed blue). (e) The schematic of
optical dressing of the SS and IP1 bands which generates two pair of states. The optical dressing is revealed in

AT doublets in the nonresonant coherent polarizations at 2¢ (red arrows) , and Mollow-triplet (MT)
structures in the resonant coherent polarizations at 3e: (brown arrows). (f) 2D-FT photoelectron spectra in

linear- to cubic-order polarization; at the top, the profile of Fourier filtered Es-spectra are plotted for the

marked polarization energies (color shading).

The Ex(kj,t)-data, therefore, incorporates both the £(t)-dependent band dressing and
quantum excitation pathways, which are revealed by its Fourier analysis. FT of the 2D time-
domain data in Figure 6.3(c) is shown in Figure 6.3(f) and resolves the induced polarization fields
in the sample that oscillate at nw frequencies to produce the 4PP signal “3. Compared with the
already discussed different polarization components of a non-resonant SS excitation in Chapter 5
Figure 5.3(a), we can see clear deviation in nwi-components shapes from the elliptical spectral
shapes and multi-peak structures [Figure 6.3(f)]. In Figure 6.4, we further inverse Fourier
transform (IFT) each polarization components and present the 2D-Fourier filtered time-domain
spectra of coherent polarizations oscillating at 2wi- and 3wi-frequencies, which reveal the
dominant pathways for how these coherences contribute to the 4PP signal, and thereby reveal the

dressing.
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Figure 6.4 Femtosecond £(t) field dressing of the surface bands. IFT spectra of the (a, b) 2mi- and (c, d) 3wi-
polarization responses at k; = 0 A for excitation with high (top) and low (bottom) laser fluence. Laser fluence
is tuned by changing the focal point distance of the laser beam with respect to the sample. At high fluence and
=0 fs, in () and (c), the AT doublet and MT triplet structures are visible, respectively. As the instantaneous
&(7) decreases with increasing T, however, the dressed bands converge to undressed ones within ~15 fs (cf.
inset). At low fluence, E(t) is sufficient to drive the 4PP process, but its dressing is minimal. Energy line
profiles taken for selected delay points (color coded) are shown for each measurement in the right. The two

insets show how the dressing depends on the instantaneous excitation fields as 7 is increased.

The 2w and 3w IFT spectra show peak doubling and tripling, respectively, near 1=0 fs
when the optical field amplitude is the largest (Figure 6.4). The 3wi-polarization represented by
brown arrows in Figure 6.3(e) reports how the optical field dresses the resonant bands causing
components at 3w; and 3w, + (0 frequencies to appear with ~1:2:1 intensity ratio. Such coherent
polarizations produce MT structures in gas-phase optical spectra 2. By contrast, the nonresonant
2w)-polarization, represented by red arrows in Figure 6.3(e), shows how the three-photon IP1<—SS

resonance dresses the interacting bands by revealing the AT doublet, when they are projected into
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the Es-continuum. The 2wi- and 3wi-spectra in Figure 6.4 thus reveal the coherent sub-femtosecond
responses of the electronic bands to the dressing field. The 2w-spectrum shows that when t=0 fs

and therefore, when E(1) = E,ymp () + Eprope (t + T) is maximum, at resonance the AT doublet

splitting is A0z (7) =~ 0.3 eV, but as || increases to ~15 fs, the instantaneous £(t) field drops to
recover the single undressed resonance. The dressing occurs within each optical cycle of 2.7 fs
when constructive interference maximizes £(t). As expected for the AC Stark effect [Equation
(6.2)], the AT doublet structure disappears when €(7) amplitude is reduced by defocusing [Figure
6.4(b)] or increasing t. Thus, the dressing and undressing follows the instantaneous €(7) strength
at the metal surface and is faster than the Cu(111) surface IP1 and SS bands dephasing, which
occurs by carrier scattering 3 on ~20 fs time scale %8 7°. Note, that the optical field experienced by
SS electrons is the screened field, so one might anticipate the screening response to affect the
dressing on the attosecond time scale 3,

A graphic feature that emerges from the ITR-4PP data on Cu(111) is that kj-dispersion and
optical dressing are entangled by the generalized Rabi frequency [Equation (6.2)], which depends
on both £(7) and hA(k;). The entanglement is directly evident in the 2wi-IFT-spectral
component, which we extract from the data in Figure 6.3(a) and examine as a function of kj and ©
in Figure 6.5. Figure 6.5 conveys how the Es(kj)-dependent polarization spectra, change as 1 is
advanced in At~100 as steps to define the total £(7) field. The selected frames in Figure 6.5 (b-e)
highlight how changing £(t) and kj-dispersion affect the AT doublet dressing of the coupled
bands. For t=65 fs [Figure 6.5(e)], the pump and probe fields do not overlap, so the instantaneous
E(7) is that of a single pulse and the spectra reproduce the undressed kj-dispersions of the IP1 and
SS bands (black lines). By contrast, for |t| < 15 fs [Figure 6.5(b-d)], the pump and probe fields add

coherently, sufficiently increasing £(t) when in-phase to cause the kj- and 7-dependent dressing,
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and thereby modify the band dispersions. As hA(k”) increases, however, the bands detune from
resonance and therefore dressing diminishes causing them to converge to the undressed ones which
is highlighted by the black solid lines in Figure 6.5(b-d). This entanglement of band dispersion and
dressing causes the quasiparticle band masses to become t-dependent. Thus, dressing can
transform an electron into a hole band, potentially reversing the carrier transport in response to a

femtosecond time-scale optical field 1%,
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Figure 6.5 Real-time spectra of the kj-dispersion-optical field entanglement. (a) IFT of the 2ai-polarization
component of Figure 6.3(a) data provides a 3D presentation of the Fourier filtered Ef(k),z) data which
resolves AT doublet frames (the individual frames show the Ex(k))-spectra in 15 fs intervals). The back panel
is the z-dependence of the IFT Ex(k=0A") profile, such as in Figure 6.3(a). (b-e) Es(k)-resolved snapshots for
1=0, 7, 15, and 65 fs showing undressing as 7 is increased. As a reference, the black lines indicate dispersions
of the undressed SS and IP1 bands obtained at =100 fs from the unfiltered ITR-4PP data, where the dressing

is undetectable.
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Besides the dressing and kj-dispersion entanglement and dephasing, however, we must
consider the dressing from a solid-state perspective. A quasiparticle in a solid is defined by its
many-body interactions, specifically how a solid state plasma responds to its Coulomb fields on a
sub-femtosecond screening time scale 2 °3. The IP1 band is not pre-existing, and forms through the
many-body screening response of a metal ** 183, and therefore, the screening and dressing temporal
responses must be interdependent on the attosecond time scale. To examine this, further theoretical
and experimental scrutiny is needed. The experiments shown here, examine the field dependent
response of metals, which is not constrained by energy-time uncertainty. Of course, energy-time
uncertainty must be satisfied when a photon is absorbed, and the optically induced coherence has

decayed, but this is typically considerably longer than the optical cycle period.

6.3 Dressing with Higher Laser Fluences

Following the preceding illustration of the electric field strength £- and kj-dependent
optical dressing on the Cu(111) surfaces, | will show next an examination of the electronic
response to even higher optical fields, which requires further analysis. As discussed previously,
the high field-strength excitation is still in the perturbative regime, because the Keldysh parameter
v~10 is still >1 2% The two different field strength data shown before in Figure 6.4(a, b) are
comparable to the laser fluences used in Figure 6.6(a, b). If I increase the laser fluence further,
however, the response does not simply follow the same trend. The highest two fluences of IFT of
the E#(r)-2wi-polarization component is shown in (c, d).

From Figure 6.6(e) which plots the line profile E«(z=0) at four different fluences, it is clear

that in the 4PP region, the splitting between E. dressed states becomes increasingly larger as the
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fluence is increased as expected. In addition, in between the E-states, where the original 3-photon
resonance happens, a central peak emerges and grows in intensity with increasing fluence, but
stays at a fixed energy. Further analysis in the right panel of Figure 6.6(c, d) shows that the 2w-
polarization oscillation field component of this new peak is © phase-shifted compared with the E+
states (the red and blue colors represent opposite phase).

Also note that the AT doublet lines become skewed. This could arise from the incipient
shifting of the vacuum level by the applied optical field. One consequence of such line shape
skewing is that the IP1 state begins to be emitted at 3PP, without absorbing an additional photon.
This is evident in line profiles of Figure 6.6(e), where the signal intensity at the work function edge
rises relative to the 4PP AT doublet peaks. This is happening because the 3-photon excited
IP1SS transition is skewed so that its high energy tail projects above the vacuum level enabling
3PP signal to emerge. Note, that the measured vacuum level energy remains the same, but
apparently the field is able to draw IP1 electrons into vacuum thereby to induce photoemission
during the peak overlap between the pump and probe fields.

Another feature is the shifting of 5SPP/ATP signal, which can be seen from two aspects.
Firstly, the line profile in Figure 6.6(e) shows in a straightforward way the shifting of 5PP peaks
towards higher energy positions with increasing fluence. Secondly, the ‘triangle’ shape of 5PP
signal in Figure 6.6(b-d) also indicates the same behavior. Comparison between the 4PP and 5PP
signal in the lowest fluence data [Figure 6.6(a)] shows symmetric peak shapes [red line in Figure
6.6(e)]. However, with increasing fluence, the |t|—0 part of SPP signal ‘protrudes’ towards higher
energies, forming into a triangle shape. That can also be explained by the 5PP signal shifting to
higher energies at higher fluence because the electric field strength increases with [tf|—0. Thus, the

5PP signal energy position is sensitive to the electric field strength, and its shape and phase
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resembles that of the E- state in 4PP. This energy shifting of peak is not due to space charge effect
because (i) the shifting of peaks in space charge effect happens to all spectral features and shifts
towards the same direction, which is not the case here (cf. 4PP E. states energies); (ii) the center
peak between dressed states E+in 4PP has a systematic phase shift from other signals, which will
not be expected from space-charge effects.

The appearance of this central peak and the triangle shape of the 5PP signal may be related.
At the highest intensity the 5PP signal is most intense. In the next order of nonlinearity we expect
the five-photon Floquet band to gain Volkov side bands to form by upward and downward
transitions from 5PP. This will remove some density from 5PP feature in a manner that needs
consideration, and it will stimulate a signal to 4PP with the opposite phase from 4PP absorption
signal.

Note, that if space-charge affected 5PP, the same effect should occur at 4PP. In fact,
because 4PP electrons have lower kinetic energy from absorbing 4 photons, than 5PP electrons,
the space charge effect should be more pronounced at 4PP. Likewise, if the optical field pulls down
(and up) the vacuum level, the same thing should happen at 4PP. Note, that the dressing of the SS
and IP1 state is not a simple two level system problem, as implied by the Bloch equation model,
but the excitation is occurring in presence of the Fermi sea, and IP1 is dressed so that it becomes
resonant with the Usp band, and thereby becomes a resonance for about 1/2 of the dressing field
cycle. For these reasons, we conclude that the differences arise from the dipole dressing of the
eigenstates, as we have already shown at 4PP, but high fields introduce effects that are beyond the
atomic AT dressing model, that requires further development of theory of dressing of solid state
bands. These are the several significant features with high laser fluence excitation that need further

consideration.
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Figure 6.6 Femtosecond E(t) field dressing of the surface bands with increasing laser fluence. (a-d) IFT of the
2wmi-polarization component with increasing fluence from (a) to (d). Right panel in each figure plots the 2wi-
polarization oscillation component while the left panel plots its envelope. The positive (blue) and negative
(red) fields represent the opposite phase between different peaks. (e) E«(z=0) line profiles (shaded area) taken
at four different laser fluence in (a-d). Clear separation between dressed states appears in 4PP, while at the
highest fluence a third peak emerges from the center. 5PP peaks shift to higher energies and become skewed

with increasing laser fluences.

Nevertheless, my 3D coherent photoelectron data shows that electronic bands are no longer
defined just by the lattice potential, but applying a time-periodic external field introduces new
Floguet bands, and causes shifts of nonlinearly-excited resonant electronic bands through the AC
Stark effect; specifically, breaking of the time-translation symmetry creates new nonequilibrium
electronic structures within the solid-state, and opening of gaps between the time and space derived

bands entangles the space (k) and time degrees of freedom, introducing frequency responses faster
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than that of the driving field. Our multidimensional spectroscopy approach shows that optical
dressing dynamics that may be obscured in time integrated light intensity-dependent spectra, can
become conspicuous by probing the induced coherences in electric field-dependent measurements.
Such responses can be measured and modified even for high electron density materials like metals,
where electronic dephasing is fast. Moreover, the entanglement between dressing and band
dispersions provides the means to optically control the physical properties that depend on the
quasiparticle band mass on a few femtosecond time scale. Electron mass is no longer defined by
the lattice potential and wavefunction overlap, but can respond nearly instantaneously to the

applied optical fields.
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7.0 Summary

To summarize, | have studied the coherent ultrafast excitations of noble metal surfaces with
multiphoton photoemission techniques, and discovered novel phenomena in both the excitation
spectra and excitation dynamics.

The energy and momentum-resolved 2-4PP spectra from the pristine Ag(110) surface are
measured by multidimensional momentum microscopy and angle-resolved multiphoton

photoemission spectroscopy. | identified the participation of two Shockley surface states centered

at the Y point as the initial and intermediate states in mPP excitation processes that can be excited

through different pathways in different order excitations. | have also identified a surface state

within a mini-band gap, which is strongly anisotropic around the T point in the momentum space,
and acts as a final state for the plasmonically induced emission in 2PP. Other states that can be
effectively populated include the first and the second image potential states as well as several
regions of the bulk sp-bands. This was the second study of (110) surface of a noble metal by
nonlinear multiphoton photoemission. Together with the first study of Cu(110) by Sonoda 78, it is
now clear that such surfaces reveal a wealth of spectroscopic features, which is significantly
different from the well-known (111) and (100) surfaces, but nevertheless, offers new information
on the optical properties of metals.

Moreover, the photon energy dependent spectra of three low-index silver single crystals
reveal the plasmon excitation in silver. The two photon sp-band transition can be enhanced by the
excitation of silver multiple surface plasmon field. By tuning the excitation frequency above the
bulk plasmon frequency, the bulk plasmon mode of silver can be excited and the decay of this

mode will preferentially excite electrons from the Fermi level. We also show that on Ag(110)
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surfaces, the polarization field induced by the displacement of the charge distribution of two
Shockley states may excite the bulk plasmon mode which usually cannot be excited by surface

parallel field. This plasmonic excitation on Ag(110) surfaces terminates in the anisotropic surface

state at the T point. These non-Einsteinian photoexcitation pathways may shine a light on our
understanding of optical energy harvesting in electronic materials.

From the perspective of ultrafast dynamics, | first investigated the coherent excitation from
the Shockley surface states on Ag(111) in 2-5PP processes by experiments and simulations. The
non-resonant energy level climbing of SS electrons in the perturbative regime is dominantly caused
by oscillations of the nonlinear polarization at high orders of the driving field, as recorded by ITR-
mPP measurements and their Fourier analysis. This is direct evidence that the mPP signal can be
thought of as a Floquet engineering process. The coherent nature of excitations is encoded in the
tilting of 2D-Fourier spectra features, which shows a correlation of a specific final state with a
specific frequency in the induced polarization field. This causes slopes of the Fourier amplitudes
to tilt with a ratio of n/m , where n is the (non-)linear order of the polarization and m is the order
of mPP process. | have also reported the first coherent spectroscopic investigation of perturbative
ATP processes in solids, which shows that ATP involving nonresonant excitations can be
understood as a one-step coherent process where electrons are excited by rectification of a higher
nonlinear order signal than the main mPP signal, rather than the previously envisaged two-step
process where a photoelectron is generated and absorbs another photon before escaping from the
surface.

| further investigated the three-photon resonant transition dynamics from SS to IP1 state
on Cu(111) surfaces. By Fourier filtering signals of different order polarization fields, | could

reveal signatures of optical dressing of electronic bands in form of Autler-Townes doublet and
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Mollow triplet structures which are obscured in the time-integrated data. This optical dressing of
surface states is explained by the generation of Floquet states due to the time periodicity of external
field, and the AC Stark effect caused by the shifting of nonlinearly excited resonant electronic
bands. By probing the induced coherences in electric field-dependent measurements, dressing can
be measured even within high electron density systems like metals, which are known to undergo
fast dephasing. Moreover, the k; dependent dressing which changes band dispersions with different
external field strength enables tuning by optical control physical properties of solids that depend
on the quasiparticle band mass. The resonant dressing of the bands shows departures from the
expected behavior of perturbative light-matter interaction, which suggests that we are able to reach
the threshold of nonperturbative strong-field light matter dynamics. | leave the progress in this
direction to students who will follow in my footsteps.

In conclusion, my study demonstrates that the studies of the oldest optical material, a
metallic surface, along with those of other high electron density solids, not only reflect the passive
coherent responses to optical fields involving mPP single particle interband transitions and
collective plasmonic excitations, but can also be actively controlled with sub-femtosecond

precision by strong nonlinear interactions with phase and amplitude tailored optical fields.
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