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Abstract We investigate the strongly anisotropic near-surface electronic band structure of Ag(110)
by multidimensional momentum microscopy within the energy-momentum space of the Brillouin
zone accessible to multiphoton photoemission (mPP). The momentum imaging of the near surface
band structure reveals an unexpected plethora of energy-momentum mPP features arising from
surface-surface, surface-bulk, and bulk-bulk optical transitions. The nonlinear excitation enables
the imaging of the surface and bulk bands over a wider energy-momentum range than is available

to the linear photoemission spectroscopy. The mPP spectra record the unusual in-surface-plane
responses involving resonances with the known Shockley surface states of Ag(110) at the Y point,

as well as the strongly anisotropic surface state in the minigap at the T point, which mediates the
plasmonic photoemission of Ag(110). In addition, image potential surface states and resonances

of Ag(110) appear with different contrast that is defined by their parallel momentum dependent



projections onto the projected bands and gaps, the resonance conditions from the lower surface

and bulk bands, as well as the order of the nonlinear photoemission process.



I. Introduction

High electron density metals are model systems for studying electronic band structures,
many-body screening effects, and linear and non-linear light-matter interactions [1-5]. 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 [6-8].
The understanding and design of such properties enables contributions to science and technology,
for example, via plasmonic chemistry or solar energy harvesting [8-10]. Thus, a thorough
understanding of the electronic structure of pristine, atomically-defined metal surfaces is a

prerequisite for exploring and manipulating their electronic and dynamical properties.

The high-symmetry (111) and (100) crystal planes of noble metals (copper, silver, and gold)
have been studied extensively with optical and photoemission spectroscopic techniques [11-26]
including momentum microscopy [27-31]. By contrast, the (110) surfaces have hardly been
spectroscopically investigated [32] even though they are employed as substrates for atomic or
molecular orbital alignment, imaging, nanostructure growth, and photocatalysis [33-37]. Their
large structural and electronic anisotropy differentiates them from the more familiar (111) and
(100) counterparts, by exhibiting strongly polarization and alignment dependent linear [38-40] and
nonlinear optical responses [41]. Polarized absorption/reflection spectroscopy in the 2-5 eV
spectral range has revealed anisotropic single particle intra- and inter-band responses [38-40],
while the intense bulk plasmon at 3.8-3.9 eV also participates in the plasmonic excitation and

photoemission response [42-45].

The electronic band structure of Ag(110) within several eV from the Fermi level (Er) has
also been investigated by conventional photoemission (1PP), inverse photoemission (IPE), surface

second harmonic generation spectroscopy (SSHG), and scanning tunneling microscopy (STM); its



known electronic properties will be summarized in Section 1l [41,46-50]. Yet, a recent study of
the plasmonic photoemission response of single crystal Ag surfaces [43-45] revealed that the (110)
surface exhibits remarkably rich and unexpected single particle and collective response features

that invite further examination [51].

Previously, Sonoda investigated the electronic structure of the related Cu(110) surface by
two-photon photoemission (2PP) spectroscopy with variously polarized tunable UV excitation
light. He found surprisingly rich angle-resolved spectra involving excitations from surface and

bulk d-bands as the initial states, to the unoccupied sp-band intermediate and final states in the

Y-T-X momentum directions [52]. Chulkov and coworkers have parametrized the anisotropic two-
dimensional electronic band structures of both the Ag(110) and Cu(110) surfaces [53,54], and
calculated their electron-phonon interactions [55-57]. Novko and coworkers performed detailed

density-functional-theory (DFT) based calculations of the Ag(110) surface electronic band

structure and found evidence for a new surface band lying in a highly anisotropic minigap at the T

point, which acts as a final state in the plasmonic 2PP with >3.7 eV light [44,45].

Motivated by the appearance of unexpected single particle spectroscopic features in a 2PP
and 4PP study of plasmonic photoemission of the Ag(110) surface [51], we examine in detail the
three-dimensional (3D) energy-momentum-bands via multiphoton photoemission (mPP, m>2;
photon energy A w=1.5-4.2 eV). To this end we exploit the 3D photoelectron imaging capabilities
of a time-of-flight momentum microscope [58,59]. These measurements are augmented by two-
dimensional (2D) energy-momentum mPP spectroscopy with a hemispherical electron energy
analyzer. The measurements probe the single particle and collective nonlinear responses of the
Ag(110) surface pertaining to the surface electronic structure, surface photochemistry, and

plasmonic photoemission [36,44,51,60,61].



Il. Structural & Electronical Properties of Ag(110)
Before embarking on the experimental results, we introduce the key aspects of atomic
and electronic structure of Ag(110) surface, which define its electronic response to optical fields.

The well-known 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 Mahan cones derived

from them by translation in reciprocal lattice vectors G [62]. Such bandgaps support surface
states that penetrate evanescently into the bulk, and consequently have relatively long phase and
energy relaxation times [2,24,63-67]. 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 Fig. 1(a) and (b). Moreover, the sp-band of the Ag(110)

surface disperses in the bulk I'-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 and hence their decay rates are enhanced with respect
to the evanescent surface states [2,66,68]. Consequently, they do not participate as bright
intermediate states in 2PP spectra, as do surface states within the band gaps on other surfaces
[68]. 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 [69] involving primarily the intraband Drude

absorption [70]. No 2PP study of the Ag(110) electronic structure has been reported except for



our preliminary report of plasmonic and above threshold mPP [44,51], which stimulate this more

comprehensive investigation.

Specifically, our study is motivated by the discovery of plasmonic photoemission on low
index single crystal Ag surfaces, including the (110) facet [44]. When the photoexcitation energy
is tuned to or above h w=3.7-3.9 eV, corresponding to the bulk longitudinal plasmon frequency,
which coincides with the dielectric function of Ag passing through zero, the local collective
plasmon field excites electrons preferentially from Er [43,44], contrary to the common belief and
theory that the plasmon excitation decays into hot holes in an energy range of -4 w to Er and hot
electrons in the range of Er to +A w [71,72]. Under intense laser excitation, we discovered that
the plasmonic photoemission at low index silver surfaces occurs nonlinearly by annihilation of
two bulk plasmon quanta promoting photoelectrons specifically from Er, as evidenced by peak-
like features in 2PP spectra [44,73]. In the case of Ag(110) surface, we attributed this particular
plasmonic photoemission feature to 2PP excitation of electrons from Er to a final surface state at
an energy of E-Er ~ 7.6 eV, which we discovered to be highly anisotropic and centered at the T
point within a previously unknown minigap in the sp-band. The density functional electronic
structure theory [45] predicts such a state at E-EF ~ 7.14 eV within a mini gap spanning the

interval of 7.0-7.3 eV [S3 in Fig. 1(b)].

The (110) surface is formed by slicing of the apex of a junction between two proximate
(111) surfaces of an fcc lattice. The surface structure, as depicted in Fig. 1(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. Each contributing (111) surface is two atoms wide
forming serried upper ridge and lower trough atomic layer corrugation of the (110) surface. The

corrugation of these ridge-and-trough close-packed atomic rows runs in the TY, or the [001]



direction [56]. The two (111) plane junctions support two Shockley surface states within a band

gap that 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 [right part of Fig. 1(b) where the surface states are colored red]. The lower
energy one is the partially occupied surface state (S1) with its band minimum at 0.1 eV below Er
and a nearly isotropic band mass of 0.26 me [46], which has similar characteristics to that of the
(111) plane, and is localized predominantly within the corrugation troughs [56]. The upper one is
an unoccupied surface state (S2) running on top of the Ag atom ridges [56], and with a band

minimum at ~1.7 eV above Er and mass of ~0.7 me [48].

The surface states at the Y point have been investigated by 1PP, IPE, and mPP
[46,47,50,51]. They also resonantly enhance the SSHG signal and can be imaged as tunneling
resonances in STM [41,48,74]. The S2«S1 transition, which is one-photon resonant for
h w~1.7 eV, enhances the nonlinear SSHG as well as 4PP spectra [41,51]. 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 [1], the spatial separation of S2 and S1 at single-atom-high ridges and
troughs on the Ag(110) surface [56] requires their coupling by in-plane surface fields that are
orthogonal to the serration [41,44]. This optical transition thus entails charge transduction both
normal and parallel to the surface. A possibly related optical response occurring at and above
3.7-3.8 eV is the excitation of the bulk longitudinal plasmon mode of Ag(110) when the s-
polarized optical field is polarized in the [001] direction, which is highly unexpected because
surface parallel fields usually do not provide momentum to couple into the plasmon mode.
Nevertheless, s-polarized optical fields (in the [001] direction) drive the surface parallel and

normal charges, enabling the excitation of the bulk plasmon response [1,44].



In the less investigated orthogonal [110] direction, according to our DFT-based

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 [44]. While the latter has been confirmed in the IPE spectra [47], the
former has not been reported. These are some of the established, but in many respects
uncommon features of the Ag(110) surface that relate to its exceptional mPP spectra. Other mPP

spectral features can be attributed to the bulk bands, as will be explained further below.

I11. Methods

Experiments

The mPP spectroscopy is performed in two photoemission apparatus that offer distinct
advantages. To characterize the electronic anisotropy of Ag(110), a time-of-flight momentum

microscope records 3D energy vs. in-plane k[ﬁo] and kg1 parallel momenta 2PP spectral

distributions of photoemitted electrons excited by ultrashort UV pulses [59]. We supplement this
data record with 3PP and 4PP measurements of 2D energy-momentum photoelectron
distributions acquired by a hemispherical electron energy analyzer with a more restricted energy-
momentum window following VIS-IR excitation. These higher nonlinear order measurements
aid in confirming the momentum microscope assignments by recording the same electronic

bands with higher sensitivity, including the above threshold photoemission [24,25,75].

The two-photon momentum microscopy experiments [58,76] are performed at the
University of Gottingen with a METIS, Surface Concept GmbH instrument [29,59]. The 2PP
excitation is performed with an optical parametric amplifier (OPA; Orpheus-F/HP, Light

Conversion) that is pumped by an AFS Fiber laser system operating at 0.5 MHz repetition rate.



The OPA output is frequency doubled to 2 w=3.43-3.86 eV to excite 2PP with p-polarized, ~40

fs light pulses. The light pulses are directed onto the sample at an angle of incidence of 68° from

the surface normal; the TY direction of the Ag(110) crystal is aligned to be in the optical plane.
Within the momentum microscope, an extractor voltage of 10 kV is applied to enable recording
of photoemission momentum distributions within a solid angle of 27 centered on the surface
normal to capture the full photoemission horizon [58,59]. The energy- and momentum-axes are

calibrated as explained in Ref. [59].

In addition, we measure mPP spectra with a hemispherical electron energy analyzer with
an angular acceptance angle of ~£13° (PHOIBOS, Specs GmbH), and a 2D delay line electron
counting detector (Surface Concept GmbH) at the University of Pittsburgh [16,24,51]. Unless

stated otherwise, the 3PP and 4PP two-dimensional photoelectron energy vs. parallel momentum

spectra are taken with the Ag(110) surface aligned with the TY direction in the optical plane. The
excitation light is generated with two noncollinear optical parametric amplifier (NOPA) lines,
which are pumped by the second and third harmonics of a Yb-doped fiber laser oscillator-
amplifier system (Impulse, Clark MXR). The excitation is performed with p-polarized light
incident at 45° with respect to the analyzer optical axis in the 930-550 nm (1.3-2.3 eV) range
with 20~30 fs duration pulses operating at 1 MHz repetition rate. In the experiments focusing on
the image potential state series of Ag(110), the photoelectron spectra are detected close to
normal emission. To reach additional features centered at the Y point, we rotate the sample
around the axis normal to the optical plane. In this configuration, the laser optical field becomes
effectively parallel to the surface. As explained in Section 11, this geometry drives mPP

excitations with exceptional transition moments in the surface plane [41,44,51].



Both photoemission experiments are performed in ultrahigh vacuum chambers having
base pressures of <1071° mbar. The pristine Ag(110) surface is prepared from the same sample by
multiple cycles of Ar* ion sputtering (1500 V, 3 pA, 20 min) and subsequent annealing (550 K,

10 min). The surface quality is confirmed by the work function energy of ®~4.25 eV as well as

sharp and intense surface state mPP signals at the Y point [51].
Theoretical Calculations

The surface and bulk band structures of Ag(110) are calculated by the QUANTUM
ESPRESSO DFT plane-wave code [77]. Norm-conserving Vanderbilt pseudopotentials are used
with the PBE exchange-correlation functional [78,79]. To correctly calculate the energy

positions of the d bands, the Hubbard on-site interaction of U = 3.1 eV is applied.

The Ag(110) surface band structure is obtained from a 51-layer slab calculation by using
a supercell approach, and a plane-wave cutoff energy of 80 Ry. The slabs in the adjacent
supercells are separated by vertical vacuum, large enough to ensure negligible interactions
between them. A 6x6x1 Monkhorst-Pack grid is utilized for sampling the Ag(110) Brillouin
zone, with Gaussian smearing of 0.01 Ry. The unit cell dimension of a = 4.06 A is adopted. The

calculation describes the electronic structures of both the Ag(110) surface and bulk continua.

A calculation of the pure bulk band structure of 3D fcc Ag is also performed. For this
purpose, a 20x20x20 Monkhorst-Pack grid samples the Brillouin zone. The pure bulk band
contributions to the Ag(110) electronic structure are obtained by projecting the different k
states onto the (110) surface plane with the surface normal momentum conservation relaxed.

These calculations allow consideration as how the bulk band structure of Ag(110) is accessed at

10



the (110) surface plane. Note, however, that this method does not predict the surface states on

Ag(110) surface because the vacuum interface does not exist.

IV. Results

Overview of the photoemission data

Figure 2 shows the 2PP momentum microscopy data collected from the pristine Ag(110)
surface with p-polarized, A w=3.72 eV excitation. The momentum microscope collects the entire
photoelectron distribution for energies and momenta above the photoemission horizon, as is
directly evident in the data from the parabolic cut-off photoemission signals at low-energy
boundaries in Fig. 2(b, d); below this threshold no momentum conserving photoemission occurs
[51]. The 3D spectrum is plotted in Fig. 2(a) for selected energy slices with respect to the

measured final state energy Es relative to Er for all the in-plane momenta (k[ﬁo] and kpoo1]

directions are indicated) above the photoemission horizon. The full 3D data set covering Es = 4.2
to 7.8 eV is available as a movie in the SI [80]. In Fig. 2(b) and Fig. 2(d), the 3D data are

presented as 2D cross sections for fixed kf;74=0 A™ and kjop1=0 A*, respectively. The

recorded signals in both 2D sections terminate above the Es=2h w+Er [Fig. 2(c)] energy slice.

In normal emission, the accessible Er range of the 2PP measurements with A w=3.72 eV
light is limited by the work function of Ag(110) of ®~4.25 eV on the low end, and ~7.4 eV by
two-photon plasmonic photoemission of electrons from the Fermi level at the high end [44].
Besides the plasmonically excited anisotropic final state surface band S3, the spectra in Fig. 2(b,
d) show evidence of seven additional transitions involving strongly dispersive bands that extend
over the entire Brillouin zone. The existence of such bands has already been noted in Ref. [51],

but they have not been assigned. As we will show, four of these features (B1-B4) involve

11



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.

To further define spectral assignments of these transitions, we increase the nonlinear
order of photoemission process by tuning the photon energies between A w=1.72 and 2.09 eV.
These excitations in the visible region cannot excite one-photon momentum conserving bulk
interband transitions in silver. Instead, the high fluences available from ultrafast lasers can excite
interband transitions in higher order 3PP and 4PP processes [25]. The mPP data at these photon
energies are shown in Fig. 3(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 Fig. 3(b). In
addition, in Fig. 3(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 Er 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 (n=1: IP1, n=2: IP2) centered at the T point [blue and brown dashed

parabolas in Fig. 3(a, ¢)]. The IP states are resonant with the bulk sp-band at the T point, leading

to their broadening and, therefore, weak signal strengths [68], but become surface states at larger

parallel momenta, kj, where they gain intensity because they enter into the projected band gaps.
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In the following sections, we 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.
S1: The partially occupied Shockley surface state

The Shockley surface state S1 is occupied in the range koo, ~ 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 k44 Of detection. In
Fig. 2(b), two-photon absorption lifts the electrons from the occupied range of the S1 state
[S1%9] to Ef ~ 7.3 eV. The effective mass of the band S1© around 0.2-0.4me is consistent with
its literature value of 0.26me, as shown in Table I [46]. The unoccupied part of the S1 band
[S1Unec)] 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 is detected in the photoemission experiment only when electrons are excited
above the photoemission horizon [compare blue arrows and green parabola in Fig. 1(b)].

Consequently, in the constant energy cuts through the 2PP spectra [Fig. 2(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 )
appears as an arc at ko) at a larger distance from the Y point [Fig. 2(a, c)]. 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 IR-

VIS light. The S10¢9 state can be excited by absorbing 3 or 4 photons, labelled as ‘S1€9+3x w’
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and ‘S10%)+4h o’ features at the Y point in Fig. 3(a, c). The 3PP and 4PP excitation of the $1©%)

state is discussed in detail in Ref. [51].

Once the S1 band crosses the Fermi level, the S1U"°¢) state between the Y and T points
can be populated through one photon absorption 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+24 w” in Fig. 3(a, ¢). Moreover, its corresponding
above-threshold-photoemission (ATP), where it is excited to above ® and absorbs an extra one
or more photons, ‘S10U"°9+3x «’, is observed in & w =1.72 eV excitation data [Fig. 3(c)] above
the 3PP Fermi level edge signal. We mention here that a 2-photon resonant transition from
S1@noce) to TP states resonantly enhances the ‘S1"°9+3# ¢’ signal, as will be documented.
Furthermore, the IP2 state can also come into a 2-photon resonance with the S14°® state, but
the contribution of this process is considerably weaker such that it is not clearly evident in the
color scale display in Fig. 3(c). A similar excitation process is more evident from the S2 state, as

we show next.
S2: The unoccupied Shockley surface state

Similar to the unoccupied part of the S1 state, the S2 state contributes to 2PP signal only
as an intermediate state at ~1.6 eV above Er [Fig. 2(b)]; its recorded dispersion matches the
literature value from scanning tunneling spectroscopy [48]. This is summarized in Table I. In
Fig. 4(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 Es
with respect to the 7 w 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
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photons that excite it. Thus, the S1©% state, serving as an initial state, and the S1"°% 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 Fig. 4(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.

In the h w=2.09 eV 3PP excitation data [Fig. 3(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+1#4 w’ signal, which is located at a smaller
k[0o1] and a higher energy is populated by 2-photon absorption from the bulk sp-band, and
detected by photoemission of one more photon, while in the case of ‘S2+2h w’ signal, S2 is
populated by one photon absorption from the sp-band followed by two-photon photoemission.
The ‘S2+1A w’ 3PP signal is also observed in A w=1.72 eV excitation data [Fig. 3(c)], and at
one photon higher energy, the ‘S2+2x w’ 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
resonant transitions to the IP states [81], but in this case it does not involve ATP. For example, a
1-photon resonant transition between IP1 and S2 states at kgo4) ~ 0.3 A1 enhances the signal
intensity at the crossing point of blue and orange dashed parabolas in Fig. 3(c). Similar

enhancement also occurs for the S2 and IP2 resonance, but with lower intensity.

S3: The anisotropic surface state at the T Point

Contrary to S1 and S2, the S3 state exists at the ' point within a minigap in the final state
energy region, with a highly anisotropic distribution that is derived from the real space

anisotropy of the Ag(110) surface [44]. In Fig. 2(c), S3 appears as a bright, narrow rectangle. In
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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 (Table I) [44]. The consequence of the strong

dispersion is that it limits the S3 spectral density to a narrow |kgoq| < 0.05 A~ region of high

density-of-states (DOS) near its band minimum. In the smooth TX 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 elongated rectangle in the momentum microscope images in

Fig. 2(c). DFT calculations in Fig. S1 [80] of 2D DOS reproduce this unusual rectangular-shaped
high DOS region at Er=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 (Fig. S2) [80], and electrons occupying this state can either
leave the surface or enter the bulk where there is also a small but finite density distribution.

These characteristics show that the S3 state strongly overlaps with the near-surface bulk bands.

As discussed in Section II, the spectroscopic brightness of the S3 state in 2PP spectra has
been attributed to its participation as the final state in the non-Einsteinian plasmonic
photoemission [44]. When the laser driving frequency exceeds the silver bulk plasmon frequency
of 3.7-3.9 eV, the light penetrates as the bulk plasmon polarization, and annihilation of two bulk
plasmon quanta excites photoelectrons specifically from Er to populate the S3 state [43,44,73].
Besides the plasmonic photoemission, S3 appears as a bright surface feature at the T point
because, being within the projected band gap above @, it couples to the resonant vacuum
continuum into which it can decay without a barrier, rather than to decay into the bulk, as do the

much less bright bound IP resonances, to be discussed next.
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IP1 & IP2: Image potential states

The IP states or resonances of Ag(110) have only been reported in inverse photoemission
[47], but not in mPP experiments. In 2PP momentum microscopy data shown in Fig. 2, we do not
observe spectroscopic signatures of these states, even though the excitation light in the
h w=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 Fig. 3, 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 Fig. 3(a, ¢); the band minima at the T point, the free
electron-like band masses, and the binding energies identify them as the IP1 and IP2 states
(Table 1) [82]. Note that the recorded IP state intensities are strongly momentum dependent and

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

In Fig. 4(a), we plot the 2 w dependent E; 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 in Table I are comparatively small, which suggests that
they have a large quantum defect on the (110) surface, which could arise from their interaction

with the bulk [83].

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 [Fig. 5(b)], the IP states hardly emerge from the continuous
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background, but their participation is confirmed by their dispersions. Therefore, in Fig. 5(a), the

relatively strong IP state contrast at the T point in 3PP measurements is surprising.

Additional photon energy dependent data at the T point in Fig. 5(c) 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
commonly observed in photoemission spectra of metals [84]. 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 A w=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 Shockley state to the IP1 state transition on Ag(111) [14,16,41].
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 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
k0017 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 Fig. 3(a) where the IP1 state signal is
enhanced between kgg,] ~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+2x w’
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signal where it participates in a one-photon resonant transition from the S2 band, as already
discussed. Moreover, at larger kjg1], the 2-photon resonant IP1—S10"® transition can also
enhance the signal. The IP2 has similar resonances but with less intensity, probably because of a

smaller wave function overlap.
B1-B4: sp-bulk band transitions

After accounting for the known surface states, the remaining photoemission spectral
features in the 2PP momentum microscopy data in Fig. 2 must involve transitions from the
occupied to the unoccupied sp-bands. Such transitions have been extensively studied for the
(111) oriented Ag surface [12,15,23,43,85], 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 [44,49,86].

To define where the bulk band transitions may occur, we make use of the calculated k ;
bulk band structures by plotting E-Er vs. k|| dispersions at equidistant k , -points along the bulk
'K direction. The relevant bulk band structure profiles at three different k, = 0.82, 0.93, and 0.77
A regions are plotted separately in Fig. 6(a, b, c), where the B3, B1, and B2 excitations in 2PP
are assigned to the respective B«—A, D«—A, and C«—A transitions in the following. These
transitions are also excited with s-polarized light (not shown), according to the optical transition

moments.

The B1 band [Fig. 6(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 B1 that satisfy the energy and parallel momentum conservation in resonant optical
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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).

The B3 band [Fig. 6(a)] in TX direction involves a similar excitation mechanism, but
disappears for 7 w<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 [Fig. 6(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 on the T point [15,43]; 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) [43,44], the B2 band on Ag(110)

disappears below 1 w=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 7 ©>3.9
eV excitation, although the transition is allowed from a pure band structure perspective, as
shown in Fig. 2 of Ref. [43]. We attribute the vanishing of B2 signal to the frequency-dependent
dynamical screening of the surface fields [1,44,86], which defines the near surface field strengths
that drive the nonlinear process. The 2PP process being proportional to E(w)* is strongly
dependent on such multipole plasmon response of Ag, which becomes ineffective above the bulk
plasmon frequency of ~3.9 eV [43,45,87-89]. 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 (Fig. S3) [80].
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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, however, which
considers fixed k; for resonant transitions, already gives a good match with 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 Fig. 2(a, ¢) which we assign to a one-photon

photoemission from the upper sp-band gap edge of Ag(110) about 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 above Er. The detection of electrons in the upper sp-band has been previously proposed

[90], 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 IP state in Fig. 1(e) of Ref. [43]; this feature, however, is not the focus of our study.

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 [89,91,92], the bulk bands that have large transition moments also must have a large

near-surface density [12].

V. Discussion
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So far, we have described and assigned the 3D non-linear photoemission momentum
microscope energy-k; images of anisotropic electronic bands of the Ag(110) surface.
Specifically, we 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). Our results, i.e., the surface state binding energies and their effective masses are
summarized and compared with the experimental and related literature values in Table 1. In
addition, all the band dispersions are plotted in Fig. 7 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.
Our results are consistent with the calculated electronic band structure and explain the discovery
of the unexpected wealth of dispersive features in the 3D momentum microscope spectra in Fig.
2. In the following, we further discuss our results (i) in comparison to the Cu(110) surface, (ii)
implications of using higher-order photoemission spectroscopy for mapping complex band
structures, and (iii) the general prospect of multi-photon momentum microscopy to study the

non-linear response of metal surfaces in the energy-momentum space.

As already noted, the non-linear response of the Cu(110) surface has been investigated by
2PP with UV excitation light [52]. The Cu(110) surface also has surprisingly rich spectral
features primarily involving transitions from the copper d-bands starting at 2 eV below Er
through intermediate lower sp-band, and terminating in final states associated with the upper sp-
band near the T point [52]. Because the d-bands of silver lie deeper in the band structure (~4 eV
below Ef), they make no contribution to the Ag(110) mPP spectra that we have recorded and

assigned. Consequently, on Ag(110) the occupied S1 band is the dominant initial state in a

narrow k;j range around the Y-point and elsewhere the mPP process must initiate from the
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occupied bulk sp-band. Because of the strong 3D dispersion of this bulk band and lack of k
conservation, it is difficult to attribute specific regions of the sp-band that are particularly
spectroscopically active under our experimental conditions. One should recall that the strong
bulk band contribution in mPP spectra of Ag(110) derives from the local field enhancement by
the multipole plasmon response [1,43,88,89]. The multipole plasmon enhances the fields in the
near surface region giving the observed spectra strong surface character in the sense that the

surface and bulk bands are optically coupled.

We have employed photon energies ranging from infrared to ultraviolet to excite
electrons above the work function, and in some cases above the threshold, in the non-linear
orders of m=2, 3, and 4. The excitation may be considered as either multiphoton absorption via
intermediate resonances or Floquet engineering of the electronic bands [21,24,51]. Depending on
the photon energy, we are distinctly sensitive to different dipole transitions in the photoexcitation
process. This is most evident in our ability to resolve the IP states prominently in 3PP, whereas
they are dark in 2PP even though the bulk sp-bands can act as initial states for their population in
either case. We surmise that this happens 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 we propose that it can
indeed be helpful to investigate the electronic bands of a solid in multiple nonlinear orders in the

perturbative regime.

Finally, we note that our results showcase the strength of two-photon momentum
microscopy experiments. This has already been established in several selected examples
[28,30,93], particularly for investigation of exciton structure and dynamics in 2D materials

[26,94]. Our data however, notably make it evident that this approach is especially well suited
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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«-S1¢°® resonance on Ag(110) [29,41,51]. One can also envision that because
momentum microscope measurements provide information on the real space distribution of the
electronic wavefunctions [34,37,95] and their electron dynamics [96], one may be able to

achieve similar real space resolved imaging of electronic bands and their dynamics.

Table I| Summary of the measured electronic band parameters from our
experiments and comparison with the available literature values. The energies are
given with respect to the Fermi level. The IP state binding energies are given with
respect to the work function of ~4.25 eV.

Experiment band Experiment Literature band Literature
minimum (eV) band mass (m,) | minimum (eV) | band mass (m,)
S1

-0.1 0.2-0.4 -0.1%° 0.26°

S2 1.6 0.7 1.6° 1.7° 0.9, 0.7°
S3-TX 7.4 1.75 - -
S3-TY 7.4 0.11 - -
IP1 0.5 1.1-1.2 -0.15° 1.2°
P2 -0.1 0.8 - -

a. Ref. [46]

b. Ref. [47]

c. Ref. [48]
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V1. Conclusions

In conclusion, we have measured energy and momentum-resolved 2-4PP spectra with
h w=1.33-4.15 eV from the pristine Ag(110) surface by multidimensional momentum
microscopy and angle-resolved multiphoton photoemission spectroscopy techniques. The
multiphoton excitation enables probing of optical processes within the energetically accessible
parts of the Brillouin zone, without a requirement for high-energy ultra-violet photons [25,51].
The combination of momentum imaging and direct access to the coherent response of solids [24]
opens the way to image the electronic wave functions of the coupled bands [34,37,95] and to

record the dressing of electronic bands in the energy-momentum space [21,29]. We 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 enabling their spectroscopic characterization over a much broader energy-
momentum range than can be accomplished by linear optical excitation. These surface states are
distributed with strong anisotropy in real space and k;;, and yet they are isotropic about the Y
points. We 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. Our
momentum imaging capability reveals the IP state responses, which are weak at the T point
where they are resonances, and become stronger as they emerge into surface projected band gaps
centered at the Y points. We emphasize that mPP processes at metal surfaces have revealed a rich
complement of optical phenomena that are usually not considered in the linear photoelectron

spectroscopy, such as interband optical transitions [97], spin polarization of electronic bands
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[98], plasmonic field mediated single particle excitations [43,44], transient exciton responses
[16], and Floquet engineering and optical dressing of electronic transitions in multiphoton

photoemission [21,24,29,99], etc.

Our research results present a comprehensive study of the non-linear photoemission
spectra as obtained on the pristine Ag(110) surface. The detailed understanding of the surface
and bulk electronic bands is essential for the subsequent study of adsorbates on these surfaces
that potentially hybridize with the surface states or are excited by coherent charge transfer
excitation [100]. The strong coupling between the molecules and metallic surface states has been
documented for Ag(111) and Ag(100) surfaces by two photon photoemission spectroscopy and
theory [101,102]. The atomic scale corrugation and the spatial and momentum displacement of
the two Shockley surface states on Ag(110) presents new challenges, and open new possibilities
for investigations of the coupled light-matter and/or adsorbate-substrate interactions. Last but not
least, the plasmonically driven hot electron excitation process that occur on all three low-index
Ag surfaces [44], can reveal how specific excitations play a role in energy harvesting processes

[103,104].
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FIG. 1. Electronic structure of Ag(110) and accessible in-plane momentum range within 2PP
spectroscopy. (a) 2D cut through the surface projected Brillouin zone of Ag(110) at the Fermi
energy; 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 at Fermi level excited with two 3.72 eV photons. (b) Surface
projected band structure of Ag(110). Grey and red colors represent bands with bulk and surface
character, respectively. Blue arrows indicate excitation of $1(°°® and S2 states with 3.72 eV
photons. Brown arrows indicate plasmonic photoemission pathways terminating in the surface
state S3. Only excitations above the photoemission horizon (green parabola) can be measured.
(c) The atomic structure of Ag(110) surface formed at a junction of two (111) surfaces. The blue
(high) and orange (low) balls emphasize the ridges and troughs of the anisotropic (110) surface.
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FIG. 2. Two-photon photoemission momentum microscopy of Ag(110) with p-polarized
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h w=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, (k; ), momenta. The entire 3D spectrum of Ag(110) is displayed as the

Supplementary Movie. Solid blue arrows indicate laser propagation direction and dashed blue

X

>

arrow indicate electric field direction of p-polarized light. (b) Ef (k[om])-resolved spectra cut at

k[170)= 0% 0.07 A window. () (k[oo1], k[170])-resolved spectra cut at Er+2h w, or Er =7.44
+0.04 eV window. (d) E; (k[ﬁol)-resolved spectra cut at kjgp1;=0 = 0.07 A" window. Purple

and red text labels indicate transitions assigned to specific bulk and surface states, respectively.
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FIG. 3. Ef(koo1))-resolved 3PP and 4PP spectra of Ag(110) excited with (3) 2 w=2.09 eV light;
and (c) h w=1.72 eV light. Surface state dispersions in (a) and (c) are extracted and plotted in the
left and right part of (b) that contains the calculated Ag(110) surface and bulk band structure in
TY direction. Specific assignments are indicated in the figure, where red and orange dashed lines
represent excitations from the S1 and S2 states, respectively. 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 spectra from multiple Ef(k[001])-measurements for different sample
angles with respect to the electron energy analyzer entrance axis. The signal below 5.16 eV in (c)
is from 3PP and above from 4PP excitation (amplified by five times).
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FIG. 4. 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

K[0011=0 A~ (T point). S1L"¢) and S2 energy positions are extracted at an intermediate
momentum of ko1;=0.37 A= while S1° energy positions are extracted at the Y point
(k[0017=0.75 A=1). The slope m values given in the figure approximately report the number of
photons needed to photoemit electrons from specific states.
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FIG. 5. IP states excitation of Ag(110) data at T point when sample T'X direction is in the optical
plane. The Ef (k[ﬁol) 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 line represents a line profile
taken at the T point. IP1 and IP2 states and E level signals are visible. (c) Photon energy
dependent energy line profiles taken at the T point. An elevated Er level signal develops into IP1
state and shoulder-shaped Fermi level when # w is tuned through 1.9 eV. Note that the intensities

are normalized at the work function edge, which suppresses the Er edge amplitude for the
highest & w data because the work function edge signal is enhanced by onset of the signal from

2PP. The data is taken with the sample aligned in the TX direction to eliminate the contributions
from other surface states; otherwise, the spectra have the same appearance.
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FIG. 6. Bulk band transition assignments from 2PP spectroscopy plotted relative to the
calculated Ag(110) k, bulk band structures. The panels (a), (b), and (c) show I'X and TY cuts for
selected k, -momenta along the bulk '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 Fig.
2 are plotted as solid purple lines. The features B1 and B3 can be attributed to one-photon bulk
transitions. The feature B2 is a two-photon sp-bulk transition.
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FIG. 7. Summary of the experimental results and comparison to the calculated surface and bulk
band structures of Ag(110) surface in the TX [110] and T'Y [001] directions. The color scale
shows their relative surface character. State dispersions (S1-S3, B1-B3) are extracted from
momentum microscope data in Fig. 2. S1(1°) and S1©%) (red line) represent the excitation from
the unoccupied and occupied part of the S1 state, respectively. S2 (orange line) represents
unoccupied S2 state excitation. S3 (brown line) is a highly anisotropic S3 surface state at T’ point.
States B1, B2, and B3 (purple lines) represent bulk band excitations.
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