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A B S T R A C T   

Light at optical frequencies interacting with a metal surface can excite interband quantum 
transitions, or intraband currents at frequencies approaching the PHz range. Momentum con
servation enables the interband excitation to occur in first order as a dipole transition, while 
intraband excitations involve second-order momentum scattering processes. The free electron 
response to optical fields can also be collective, causing the optical field to be screened by the 
multipole plasmon response. We describe the exitation of single crystal silver surfaces in the 
region where the dielectric response transits from negative to positive passing through the epsilon 
near zero (ENZ) condition. There, electrons can no longer screen the optical field, so that it 
penetrates as a collective charge density wave of the free electron plasma, in other words, as a 
bulk transverse or longitudinal plasmon field. We examine two-photon photoemission (2PP) 
signals from Ag(111), (100) and (110) surfaces through the ENZ region under conditions where 
intraband, and interband single particle, and bulk plasmon collective responses dominate. We are 
specifically interested in the bulk plasmon decay into plasmonic photoemission. Plasmonic decay 
into excitation of electrons from the Fermi level, which we observe as a nonlinear 2PP process, 
has been established for the free electron and noble metals, but its significance to transduction of 
optical-to-electronic energy has not penetrated the plasmonics community. 2PP spectra show 
evidence for intraband hot electron generation, interband surface and bulk band excitation, and 
nonlinear bulk plasmon driven plasmonic single particle excitation. Because the intraband and 
plasmonic decay into hot electron distributions have been extensively considered in the literature, 
without reference to explicit experimental measurements, we discuss such processes in light of the 
directional anisotropy of the electronic structure of single crystalline silver. We note that pro
jected band gaps in silver exclude large regions of the unoccupied state density from hot electron 
generation, such that it predominantly occurs in the (110) direction. Moreover, the excited hot 
electron distributions do not follow expectations from the joint density of the occupied and un
occupied states of a free electron metal, as assumed in majority of research on hot electron 
processes. We describe the strongly anisotropic hot electron distributions recorded by 2PP 
spectroscopy of Ag surfaces, and the plasmonic photoemission process that occurs on all surfaces 
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irrespective of the momentum-dependent single particle band structure of silver. Plasmonic 
photoemission, or its linear analog that excites hot electrons at energies below the work function 
of Ag, is an important process for harvesting hot electron energy in photocatalytic and electronic 
device applications because the plasmon energy is not distributed between an electron and hole. 
This plasmonic decay channel is robust, but many aspects raise further questions. The accom
panying publication by Gumhalter and Novko discusses the plasmonic photoemission from a 
theoretical point of view and its extension to Floquet engineering, as an exploration of novel 
plasmonic excitation processes in metals.   

1. Introduction 

Illumination of metals by optical fields can drive collective plasmonic or single particle intraband and interband responses that 
ultimately terminate in single particle, so called, hot electron [1–24] excitations. Much research has been devoted to the excitation of 
the spectroscopically bright plasmonic modes, which typically decay on < 10 fs time scales into hot electrons (and potentially holes) 
that are thought to subsequently activate photocatalytic or photovoltaic processes. In such experiments, one can easily define and 
correlate the electromagnetic response that is optically driven and the chemical products or photovoltages that are created, but details 
of the energy transduction remain a topic of untested interpretation; one often invokes intermediate hot electron excitation without 
much knowledge of their energy and momentum distributions, or their lifetimes, which are essential to define and optimize the ef
ficiency of processes that are attributed to them. We wish to shed light on the black box of hot electron generation for the purpose of 
guiding the discussion and research that might illuminate photon energy transduction in metallic systems [25–27]. We first discuss hot 
electron energy and momentum distributions from the perspective of one- or two-color time and angle resolved multiphoton 
photoemission (TR-mPP; AR-mPP) spectroscopy [2,28–38], which is in principle capable of defining the primary hot electron distri
butions and their relaxation on femtosecond time scale. Specifically, we focus on mPP spectroscopy [39,40] of single crystal silver 
surfaces [41–46]. We next describe the single particle features due to interband and intraband electron excitations. This forms the basis 
for finally discussing plasmonic photoemission, which we describe as non-Einsteinian 2PP process, where the bulk plasmon at a 
frequency defined by the electron density and mass, rather than the excitation frequency, decays to excite photoelectrons specifically 
from the Fermi level, EF, rather than democratically according to a free electron density of states (DOS) from a range of initial EF− ℏω to 
final EF + ℏω states, as is broadly assumed [13,15,24]. The plasmonic photoemission that we report [41–46] i) is in line with linear 
spectroscopic photoemission measurements of simple metals [47,48]; ii) is predicted by ab initio theory [49]; and iii) has been reported 
as a linear process for Ag surfaces with reduced work functions [50,51]. This process is particularly relevant to energy transduction in 
photocatalytic processes, because the entire plasmon energy is transferred to hot electrons, rather than being divided between the 
photohole and hot electron. In conjunction with the theory article by Gumhalter and Novko [52], we aim to familiarize the reader with 
the concept of plasmonic photoemission, and its implications on plasmonic hot electron generation in metals. 

In this review, we first introduce the collective response modes of free electron plasmas, that are colloquially called plasmons, but 
differ in their dimensionality and localization. We recommend the following articles on the theory of collective plasmonic electron 
responses to optical fields and charged particles, which provide accessible introduction into plasmon physics [6,53–55]. 

The fundamental collective response of a free electron plasma to optical fields is described by the classical Drude dielectric 
function, ∊(ω), which also includes contributions from the bound electrons, ∊b: 

∊(ω) = ∊b − ω2
p

/
ω2. (1) 

The bulk plasmon frequency, or the longitudinal plasmon, represented by ωp depends on the free electron density, N, and electron 
mass, me, as, 

ωp =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πNe2/me

√
. (2) 

In free electron and noble metals, ωp is in the 2–18 eV [56–58] and 2–4 eV range, respectively [59,60]. Although transition metals 
are not considered plasmonic, they have plasmonic responses that are strongly damped by facile hot electron excitation in the d-bands 
that cross the Fermi level [61]. The plasmonic responses can be further delineated as nondispersive longitudinal and dispersive 
transverse responses, ωt. They are related by: 

ω2
t = ω2

p + c2k2 (3)  

where c and k are the speed of light and momentum [55,62]. Our primary focus is on Ag, for which ωp ~ 3.7–3.9 eV, depending on the 
crystal orientation and the measurement technique [43]. 

According to the Drude function, at low frequencies all metals have Re[∊(ω)] < 0, but as the optical frequency ω increases, ∊(ω) 
passes through zero at ωp, to become locally positive. Below ωp, the Re[∊(ω)] < 0 condition implies that the collective free electron 
dynamical response creates a local internal electric field that is out of phase with the external field, and therefore screens it from 
penetrating into a metal [55,63]. That is why metals make good mirrors [64]. For Re[∊(ω)] > 0, by contrast, the response phase 
changes so that the free electron plasma transmits the optical fields as collective plasmon charge density waves causing metals to 
become nominally transparent [56]. The Re[∊(ω)] = 0 condition, here referred to as epsilon near zero, or ENZ, is particularly important 
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to this review, because it defines the bulk plasma frequency, where we find the onset of plasmonic photoemission in silver [41,43,44]. 
At ENZ the optical field starts to penetrate a metal as a plasmon charge density wave. From nonlinear optical studies it has been shown 
that the linear response vanishes and nonlinear response nonperturbatively dominates, leading to processes such as high-harmonic 
generation [65–69]. In a 3D plasma, the optical field cannot directly couple to the longitudinal bulk plasmon mode, but this is possible 
at a metal/dielectric, e.g., vacuum, interface, where the abrupt onset of the plasma enables a nonlocal dielectric response [55,70–73]. 
The direct photon-plasmon coupling, in general, is inhibited by momentum conservation because the momentum of a photon, p=ℏ2π/ 
λ=ℏk, is much less than that of a plasmon [69,74]. For this reason, plasmons can only be excited when there is an additional source of 
quasi-momentum, such as a surface, or when the momentum is undefined because of field localization [74,75]. Note that, according to 
Eq. (3) the transverse plasmon disperses above, but towards, the light line, as can be seen in Fig. 1 of Ref. [55]. 

The 3D bulk plasmon has the highest frequency response compared with lower dimensional 0-2D responses of metallic plasmas. We 
note immediately that all of the plasmonic modes are polarization fields. The free electron gas in plasmonic metals is polarized at a 
resonant frequency by the optical field, and as such polarization field, it can decay by reemitting an optical field into the vacuum. In 
other words, it is a collective light-matter polariton mode [76]. Light absorption occurs by decay of the polariton mode into single 
particle excitations, which could be hot electrons, or even more pertinently to this review, photoemitted electrons. 

The 0D localized plasmons (LP) are very commonly employed in light energy transduction because they have strong optical res
onances. Their resonance properties have been described in numerous publications, and will not be specifically discussed here 
[8,13,17,20]. It is important to note that their plasmonic properties are malleable by the material choice, size and shape, and their 
dielectric environment [8,77,78]. Their application to single molecules is of particular interest, because their strong field enhancement 
enables single molecule detection by Raman, or other polarization sensitive methods [79–83]. LP plasmon modes are said to poten
tially have their fields localized within single atoms, which has enabled tip-enhanced Raman spectroscopy at the atomic level within 
single molecules [84]. We emphasize, again, that such spectroscopy employs the plasmon polariton nature. As soon as plasmons decay 
into hot electrons, they can induce single molecule chemistry, or drive electron currents [20,24,83]. 

LP modes are sensitive to the plasmonic nanoparticle size, shape, and aspect ratio [78,85]. By stretching a nanoparticle in one 
direction, one can maintain LP mode response in the short direction, and tune the response in the long direction [86–88]. Such 
anisotropic particles, thus, have 1D plasmonic responses. Stretching the particle decreases the plasmonic particle resonant energy in 
relation with its length. One can understand such particles as behaving as 1D plasmonic resonators, where one can image the rela
tionship between their resonator length and plasmonic response by near field microscopy [89], electron energy loss measurements in 
transmission electron microscope [90–92], or by imaging the nonlinear electron emission in a photoemission electron microscopy 
[93,94]. Such measurements reveal the energy and space dependent nodal structure of the 1D plasmon modes. One should note that 
although such 1D structures have bright fundamental responses that tend to a low frequency [92], they also have higher order 
resonator modes at frequencies that approach the ωp frequency. Such analysis may not be possible in a simple optical measurements, 
but becomes evident by spectromicroscopic methods [93,95,96]. 

Proceeding to 2D, metal/dielectric interfaces support surface plasmon polaritons (SPPs). Although this is not the main topic of this 
review, we note that SPPs have dual character; they are transverse polarization fields that decay evanescently into metal and vacuum 
for one-half of their cycle, and longitudinal charge density fluctuations during the other-half of their cycle. They propagate at the local 
speed of light that is defined by the dielectric properties of the interface [97]. For a thin metallic film, the plasmonic modes exist on 
both of their metal/dielectric interfaces, and support two modes, each having a symmetric or antisymmetric overlap in the center of the 
film [98]. Although, such modes are interesting in many aspects, we discuss only single interface SPP responses on thick metal samples, 
primarily forming metal/vacuum interfaces. SPPs exist on smooth metal films that extend over lengths that are comparable, or exceed, 
λSPP/2 wavelength scales. λSPP is defined by the dielectric properties of the interface, as λSPP = 2π/kSPP, where kSPP =

Re[ω
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∊m/(1 + ∊m)/c

√
]. Here ∊m(ω) is the dielectric function of the metal with the general Drude form of Eq. (1), which is negative at 

Fig. 1. Energy distributions of hot electrons generated by processes a-d), when exciting Ag in the ENZ region, following the schematic in Ref. 154. In 
addition, we describe plasmonic photoemission that occurs when exciting Ag at or above the ENZ region. The energy distributions are described 
qualitatively, but no relative strengths are implied for the different processes. 
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low frequencies in the intraband region, and causes saturation at ∊m = − 1, where kSPP→∞. SPPs are bound modes that exist only when 
the sign of Re[∊(ω)] changes across the interface. At low frequencies, the SPP dispersion converges to that of light, and as ∊m→ − 1, the 
SPP frequency saturates at the surface plasmon frequency, ωSP. In the case of Ag, the surface plasmon resonance is ωSP ~ 3.68 eV (there 
is scatter in the literature values, and a weak crystal orientation dependence [99]). 

The field circulation during each cycle of the field oscillation is finding important applications in topological plasmonics 
[100–108]. While, the spin of optical fields in vacuum is longitudinal, pointing either in the propagation direction of the k vector or 
against it, the circulation of the evanescent SPPs field in the meridional plane causes their spin to be transverse. This makes SPPs chiral 
in the sense that changing the sign of their kSPP changes the sign of their spin angular momentum (SAM) [100,109–111]. This property 
is referred to as the spin-momentum locking [112–114]. Tailoring of the SAM of SPPs by designing methods to generate their orbital 
angular momentum (OAM), and through spin–orbit interaction of light, to generate plasmonic vortices, is an active topic in topological 
plasmonics [115–120]. How such spin and vectorial properties of plasmonic fields dress materials in their nearfield is a subject of 
Poincaré engineering of light-matter interactions [106]. 

We note at this point that for a free electron metal, the expected surface plasmon frequency is related to the bulk plasmon frequency 
as ωSP = ωp/

̅̅̅
2

√
[6,55]. This is not the case with Ag, where ωSP is <0.2 eV below ωp [121]. This is a consequence of the occupied d- 

electron bands participating in the non-local screening in Ag [73,122,123]. 
Exciting and imaging SPP modes of plasmonic metals has been an active topic of research [75,103,107,108,124–131], and provides 

a route to tailoring their spatial and temporal properties. Because the SPP dispersion function is below the light line, one must supply 
momentum to couple the optical and SPP fields [69]. This has been done traditionally by the Kretschmann geometry [132,133], where 
the optical field enters from the high index of refraction dielectric material into a metal film such that the light and SPP dispersions 
intersect. This may work under some circumstances, but it is not ideal for the nanoscale tailoring of the space–time properties of SPP 
fields. A different route is to generate a coupling structure, where the metal film is cut or structured, usually by lithographic methods, 
on a subwavelength scale [108,124,134–136]. An optical field polarized perpendicular to such a film discontinuity (metastructure) can 
excite an LP response, and because the LP response momentum is undefined, it will decay into the SPP mode of a metal field in its near 
field region [137]. This coupling mechanism is remarkably efficient, so that it is possible to monitor the SPP propagation by interfering 
it with a phase correlated optical probe pulse [75]. This is the basis for interferometric time-resolved photoemission electron mi
croscopy (ITR-PEEM) imaging of SPP dynamics on the nanofemto scale [75,108,124,135,136,138–140]. 

The lithographic design of SPP coupling metastructures can define various functions, such as the SPP focusing in space and time, the 
OAM carried by an SPP field, the SPP standing and propagating waves in resonators, etc [125–127,134,140–142]. The design of OAM is 
particularly interesting in topological plasmonics, because it defines the spin–orbit coupling of propagating SPP fields 
[103,107,108,129,143]. It is also significant that optical spin affects the SPP coupling. For example, the projection of the optical spin of 
the exciting light onto the SPP spin defines the strength of their coupling [134,137,144]. This is the basis for the plasmonic spin-Hall 
effect where the SPP focusing location by a plasmonic lens depends on the spin of the optical field [137]. The plasmonic spin-Hall effect 
is similar to the quantum spin Hall effect of electrons, and it provides a method to focus spin of different sign in specific locations [134]. 

The surface SPP mode is a monopole response, which is another reason why it cannot be excited directly by optical fields [55,145]. 
Below the bulk plasmon frequency resonance, metals also have the multipole plasmon response [123,145,146], which generates 
electric fields with the opposite sign to an incoming optical field, and thus screens its penetration into a metal [63]. This multipole 
response is dominantly dipolar in nature so that it can be effectively excited by light, but unlike SPP mode, it does not propagate; it 
defines the local field strength at a metal/vacuum interface, which deviates from the classical Fresnel response of a metal 
[54,123,147,148]. The centroid of this screening charge density is defined by the Feibelman’s d⊥(ω) parameter [71], which quantifies 
deviations from the Fresnel response [72]. The maximum of the multipole response, ωm, is typically at ωm = 0.8ωp [63,145], but above 
ωSP. Because for silver ωSP is just below ωp, the ωm is squeezed in between them [50,149]. The multipole plasmon can be considered the 
surface counterpart of the bulk plasmon that responds at a lower frequency, because electrons penetrating into the vacuum have a 
lower electron density than the bulk metal [150–152]. To end the introduction to plasmonic modes, the theoretical study by Gumhalter 
and Novko considers the Floquet engineering of plasmonic photoemission in the nearfield of SPP waves in silver, where such light- 
matter wave can excite nonlinear responses in its nearfield [52]. 

2. Hot electron generation 

Before proceeding to describe plasmonic photoemission, which describes a route of how plasmonic fields decay into single particle 
excitations, we first introduce a related topic of what we consider to be the community consensus on how plasmons decay into hot 
electrons. Although, we mainly wish to refine and add to this consensus, we assert that it is largely untested by experiment and 
incomplete. For this purpose, we describe different processes for hot electron generation based on concepts that are frequently invoked 
in the literature, though they are rarely tested or understood. We follow the detailed reasoning for the generation of different hot 
electron distributions based on Refs. [153,154]. While there are many statements in the literature of what the putative distributions 
could be, these publications rarely give specific justifications for them [153,154]. Similar theoretical descriptions of plasmonic hot 
electron generation can be found in other research as well [155]. 

Fig. 3 of Ref. [154], introduces four different mechanisms for electron-hole (e-h) pair generation in metals that produce charac
teristic distributions given in Fig. 4 of the same, and are here schematically reproduced in Fig. 1. The thesis for hot electron generation 
is that optical fields and plasmons interact with metals by polarizing a free electron gas, and therefore have similar outcomes in the e-h 
pair generation [156]. We adopt this view, for the most part, but emphasize that the publication by Gumhalter and Novko has a 
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rigorous presentation of light-matter interaction, particularly under nonlinear conditions [52]. The mechanisms described in 
Ref. [154] can be summarized as 1) interband excitation; 2) momentum scattering intraband transitions; 3) e-e umklapp scattering 
transitions; and 4) Landau damping. We will briefly describe these processes and address to what extent they can and do appear in 
experiments that probe electron dynamics in metals. Our interpretation of single particle excitations in metals is based on TR- and AR- 
mPP spectroscopy, which typically probes the coherent polarization and population dynamics in metals with < 20 fs time resolution 
[39,40,157–162]. Moreover, with 10–20 fs time resolution, it is the closest that the primary hot electron distributions are characterized 
in the literature. Simply, in a nonlinear excitation one (or more) photons generate a primary excitation in a metal; and the subsequent 
one (or more) photon absorption emits such electrons into the vacuum, where their energy and momentum distribution are recorded, 
and consequently related to the primary intermediate state distribution [2,36,163]. We do not refer to all optical spectroscopic studies 
relating to hot electrons, because they interrogate energy and momentum integrated information, though, if properly interpreted, this 
can be useful [164–170]. Furthermore, we add the plasmonic photoemission distributions that we have observed for ENZ excitation, 
and will be described in the upcoming Section V. In the following we will refer to the single particle and plasmonic excitations, as 
appropriate. 

a. Interband excitation. Depending on the laser excitation photon energy, interband excitations give rise to bright spectroscopic 
features in mPP spectra involving nonplasmonic mode excitations [3,39,159,161,162,171]. Plasmonic responses are generally strongly 
damped when they overlap with interband transitions. Nevertheless, plasmon decay to generate interband d- to sp-band e-h excitation 
has been reported in activating chemical processes [172]. Interband processes in mPP spectra are useful to calibrate other signal 
components that can be attributed to intraband plasmon decay processes [41,43,45], as will be shown. Although bulk bands have 3D 
dispersions, interband transitions, as detected by mPP spectroscopy are well localized in the available energy–momentum space by the 
energy and momentum conservation requirements, as well as how they define the optical transition dipole moments. The remaining 
plasmon decay processes to be described involve intraband scattering. 

b. Momentum scattering intraband transition. Intraband absorption is a well-known process that dominates light absorption 
below the interband absorption onset in metals [173,174]. Although photons cannot induce momentum conserving transitions in free 
electron bands, this can happen through a second-order process involving either phonon or defect scattering [175–177]. In spec
troscopy of metals, this is broadly referred to as the Drude absorption [174,178–180]. Because the phonon energy is usually small 
compared to that of a photon, nearly all the photon energy can be transferred to excitation of e-h pairs [37,154]. Defects modify the 
potentials experienced by electrons on the screening length scales. Such local potential discontinuities are sources of momentum 
without taking up the plasmon energy. These second-order scattering processes can be minimized by lowering the sample temperature 
to minimize the phonon absorption [181], and by regulating the sample crystallinity and purity. 

c. Umklapp e-e scattering. Optical fields can induce intraband acceleration electrons within the conduction band of a metal. 
Electrons thus gain kinetic energy within a fraction of an optical cycle, but, unless there is a source of momentum, light cannot be 
absorbed. Although field induced intraband currents are of great current interest for high harmonic generation and Peta Hertz op
toelectronics [182–186], we are not interested here in high field phenomena here. Instead, light can be absorbed by an e-e scattering 
process where an electron promoted to a virtual state scatters with an electron in the Fermi sea, and total momentum is conserved by 
either normal or Umklapp scattering process, where additional momentum is gained by scattering with the lattice vectors 
[36,154,187]. While it is possible that such processes promote intraband absorption, it is not particularly desirable because the photon 
energy is immediately divided among two e-h pairs, that is, four quasiparticles. The predicted hot electron distributions from such 
processes peak at low energies, which in 2PP spectroscopy, would appear at the vacuum level, and the probability diminishes towards 
energy of EF + ℏω. Though such processes are not favorable for transferring the plasmon or photon energy to hot electrons, there is 
strong evidence that the predicted energy distributions are actually observed in mPP spectra [43,188]. One should note that con
ventional (linear) photoemission spectra, in addition to expected features from the occupied bands, have a broad distribution that 
peaks at the vacuum level. This is usually inelastic signal named the Shirley background [189,190], which refers to the contribution 
from electrons that are excited above the vacuum level, but undergo inelastic scattering before emerging into the vacuum. The inelastic 
scattering can involve scattering with defects, phonons, or e-e scattering. Such processes are not confined to plasmonic excitations, but 
have been understood as the inelastic product that accompanies the elastic spectra, particularly in the core-level photoemission 
spectroscopy. 

d. Landau damping. Landau damping is the most difficult concept to explain both for experimentalists and theorists. The theory 
described by Landau concerns the decay of collective plasmon modes of infinite 3D free electron plasmas, without a reference to edges 
or mode of confinement. The exchange in energy between single particles and collective modes relates to the relative single particle 
velocity compared to that of the collective wave. Single particles are said to surf on the plasma wave, and as such can gain or lose 
energy from the collective mode [191–194]. This is expressed in Fig. 3 of Ref. [55], which shows the weakly dispersing longitudinal 
plasmon mode intersecting with the strongly dispersing single particle continuum, which enables momentum conserving transitions 
between them. This description is oversimplified, because the plasmon dispersion meets the single-particle dispersion in all orders of 
perturbation theory [195]. Landau damping becomes particularly strong in nanostructured metals, and near metal surfaces because of 
the folding of intraband transitions such that there are multiple crossings with the longitudinal plasmon mode. This can be understood 
as enhanced electron scattering due to size dependent quantum confinement [196,197]. Quantum confinement indeed enables optical 
transitions to occur in thin Ag films and nanoparticles, that have been detected by mPP spectroscopy [135,198]. Expanding on the 
definition of Landau damping, the momentum scattering intraband transitions can be included in this process, where the source of 
momentum that couples the collective and single particle excitations are phonons or defects. 
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3. Hot electron energy distributions 

So far, we have discussed in II.c the secondary hot electron distribution that results from e-e scattering processes and decays towards 
the high energy limit of spectra; in mPP spectroscopy experiment such distribution would generate the maximum hot electron pop
ulation at the low energy limit work function, EV, edge, that tend to approximately decay in intensity with an exponential profile 
towards the EF edge. The hot electron energy distributions from II.b and II.d processes are presumed to be more effective for harnessing 
plasmon energy in form of hot electrons that they generate [153,154]. These hot electron distributions are alleged to depend on the 
joint density of hole and electron states that define the e-h pair energy that is generated. For a free electron band, they are described as 
generating a flat distribution in in energy for generation of hot electrons in EF to EF + ℏωL range and for holes in the EF to EF − ℏωL 
range, where ℏωL is the excitation energy. For simplicity, we will call this the “rectangle” hot electron distribution, which is the default 
that can be found sketched in numerous publications, reviews, and theoretical calculations [154,199–201], and is sketched in Fig. 1. 
We argue, however, that such distributions have never been supported by experimental data that can directly record the primary hot 
electrons, but are used to explain the chemical products and excitations attributed to them. While such distributions may be reasonable 
for processes in II.b and II.d, we argue that there is growing evidence that the decay of plasmonic modes leads to preferred excitation of 
electrons from EF, resulting in plasmonic photoemission. Moreover, rectangular distributions are inconsistent with the electronic band 
structures of metals, beyond those that fit the free electron model over a broad spectral range. Presumably, the existence of plasmonic 
modes does not void the electronic band structure of the supporting material, and its role must somehow be reflected in hot electron 
distributions. 

In a 2PP experiment one can measure coherent and incoherent two-photon excitation processes. In such experiment electrons 
excited by the pump pulse are probed by excitation with a second photon to above the vacuum level, to be photoemitted and measured 
with respect to energy and momentum. While coherence in one-color experiments is interesting for understanding the creation and 
decay of polarization fields [39,157–159], two-color experiments measure populations [202], and thus, provide less information and 
invite less interpretation. 

Perhaps the first experiment that sparked interest in hot electron studies by 2PP method was that of Fann et al. on polycrystalline 
gold. This experiment used a visible pump pulse to generate hot electrons, and a UV probe excitation to induce photoemission. Their 
experiment had ~ 200 fs time resolution, which is insufficient to compete with e-e scattering [28]. This is confirmed by their 2PP 
spectra, which, when plotted on a log intensity scale show a weak signal from EF + ℏωL potentially suggestive if a rectangular hot 
electron distribution ever existed, it had substantially relaxed within the experimental time resolution. Based on other measurements 
[38], however, one can expect that the lifetime of hot electrons at EF + ℏωL in Fann et al. experiment was on the order of 30 fs, and thus 
their experiment is broadly insensitive to the primary hot electron distribution [28]. Rather, the experiment measured a hot electron 
distribution that could have undergone several cycles of e-e scattering. Therefore, it is not surprising that the hot electron distributions 
peaks at the vacuum level edge of spectra where low energy, partially relaxed hot electrons should appear. In another experiment, 
Lehman et al. performed 2PP experiments on Ag nanoclusters on graphite with 43 fs time resolution. They excited the LP mode of Ag 
nanoclusters with ℏωL = 3.1 eV light [203]. Like the Au experiments, their hot electron distributions peak at EV and decline expo
nentially towards the EF + 2ℏωL edge. Their conclusion was that single photoelectrons are dominantly generated by a simultaneous 
two-plasmon decay, so that their photoelectron distribution did not reflect that of the intermediate state the hot electron population 

Fig. 2. The electronic bands of silver projected onto the Ag(111), (100), and (110) surfaces from a DFT + U calculation, with PBE functional. The 
color scale conveys the relative surface vs. bulk wavefunction localization. Surface states are generally depicted in red, unless they are near a band 
gap edge, which gives them bulk penetration. The quasi-parallel bands are sections of bulk bands for different k⊥. Lsp and Usp designate the lower and 
upper sp-bands. We thank Dino Novko for calculating these electronic band structures. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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[203]. Later, 3PP experiments by Tan et al. on Ag nanoclusters on graphite with ℏωL = 2 eV, ~20 fs pulse excitation, which does not 
couple strongly to the plasmon mode of the clusters, found: 1) evidence for coherent charge transfer from Ag-graphite interface state to 
the graphite interlayer band; and 2) hot electron signal whose energy distribution declines exponentially from the EV edge and which 
shows no sign of the EF + 3ℏωL edge [27]. This experiment is the only direct observation of coherent, photoinduced charge transfer 
from a metal nanoparticle to the conduction band of the substrate [27]. Such direct excitation has been predicted [204], and is often 
invoked in photocatalytic and photovoltaic processes [205], without any direct evidence [8,9,13,20]. The exponentially declining hot 
electron distribution found for hot electrons in this system is consistent with the exceedingly fast hot electron thermalization in 
graphite [188,206,207]. 

We do not wish to discuss details of e-e scattering in this review, however, because the physics has been largely understood for>60 
years [208], and reliable experimental results are reported in the literature [2,38]. Let us just state that hot electron lifetimes due to e-e 
scattering decrease with E-2 dependence, where E is the energy above the Fermi level. This energy dependence is based on the free 
electron scattering density of states [208,209], but in real, particularly anisotropic, materials deviations may occur [210]. Interested 
reader should consult the extensive experimental and theoretical literature on the matter [2,38,209]. We emphasize, however, that the 
evidence for the rectangular distribution from 2PP spectra would be a distinct appearance of a Fermi edge resulting from photo
emission of the primary hot electrons by a probe pulse. Such spectra are not observed, because experiments either lack the sufficient 
time resolution to probe the electron lifetimes of the primary hot electron distribution, or else, such distributions are generally not 
produced. 

4. Where are hot electrons in the momentum space? 

Our goal is to introduce the plasmonic photoemission, which captures a significant plasmon decay process into hot electrons that 
has a solid experimental and theoretical basis, but is not discussed in the prevailing literature; we rediscovered plasmonic 2PP in Ag 
single crystal surfaces [41,43,45]. Before we get into the main topic of this review, however, we discuss what is known about hot 
electron generation in Ag based on 2PP experiments on single crystal surfaces in one- and two-color experiments. The following 
discussion will require a basic understanding of the band structure of Ag. For this purpose, in Fig. 2 we present the theoretical band 
structure of Ag for the low index (111), (100) and (110) surfaces, for which we will discuss the possible hot electron momentum 
distributions and evaluate 2PP spectra for interband and intraband hot electron generation in the ENZ region. Although the bands 
structures of Ag have been presented many times in the literature at different levels of theory, our calculations are novel in that they 
strive to evaluate the surface vs. bulk localization of the electronic bands. The calculations are performed for 51 atomic layer slabs for 
the three low index surfaces. The quasi-parallel lines depict bulk bands with different k⊥ in the Γ-L (111), Γ-X (100), and Γ-K (110) 

Fig. 3. Isoenergy electronic band surfaces of Ag that define the regions where hot electrons can exist starting, from the Fermi level, EF, and at 3, 5, 
and 9 eV above EF. Blue and gray designate convex and concave surfaces. Γ-L, Γ-X, and Γ-K indicate the [111], [100], and [110] crystal axes, and 
the ellipses “1–3” locate their projected band gaps. We thank Dino Novko for calculating these surfaces. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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direction from a DFT + U (U = 3.1 eV) calculation. The (111) and (100) surfaces have well-known band gaps that reach widths of 
several eV, as will be related to momentum dependent hot electron distributions shortly. The (110) surface has a minigap at ~ 7.2 eV 
that supports a surface state, which plays an important role in plasmonic photoemission. The color gradient shows the relative surface 
vs. bulk character of each band, with strongly surface localized bands appearing mainly in red. 

Note that the band structures of all three surfaces show image potential (IP) states, which are not accurately calculated by DFT, 
because it does not describe the long-range image Coulomb potential [211]. Because this is not the main topic of this review, the 
properties of IP states are well known, and calculations involving many-body perturbation theory that can provide accurate energies 
are prohibitively time consuming and expensive [212], no attempt is made to perform accurate calculation of the IP states. The un
expected IP states, without inclusion of the long-range Coulomb potential appear at 4 eV and above, most prominently in the band gap 
of Ag(100) surface. They appear prominently for their yellow surface contrast in the 4–7 eV range. Above 7 eV they become surface 
resonances and attain green contrast. It may be surprising to find IP states above the vacuum level, but such states exist and have been 
detected in mPP experiments on Cu(100) [171]. These are bound states in the continuum [213], or colloquially referred to as electrons 
in limbo, because their kinetic energy is locked in surface parallel motion; to decay into the vacuum or bulk metal, they must gain 
perpendicular momentum and kinetic energy. The band structures were calculated by Novko, in a similar manner as in Ref. [45]. We 
thank Novko for discussion of the calculated band structures and their notable features. 

The mechanisms for hot electron generation by processes described in section II.a-d should be operative both in single or poly
crystalline materials. Single crystalline surfaces strictly define the phase space for hot electron generation and thereby enable dis
cussion based on the intrinsic atomic scale material properties, their generally understood light-matter interactions, and their 
characterization by mPP methods. Polycrystalline surfaces open additional momentum scattering channels that can facilitate hot 
electron generation by generalized Landau damping. We start by presenting the isoenergy surfaces of electronic bands of Ag in Fig. 3, 
which define, and more precisely, restrict the phase space for hot electron generation. The electronic band structure in Fig. 2 shows 
that all three surfaces have band gaps that must be considered in the energy–momentum distribution of hot electrons that can be 
generated in single crystal surfaces. In polycrystalline films the same concepts hold for hot electron generation, though the presence of 
band gaps may not be easily discerned. The surfaces in Fig. 3 are shown for the Fermi level, and EF + 3.0, 5.0, and 9.0 eV energies, 
based on standard electronic structure calculations such as in Fig. 2 [44]. 

The electronic iso-energy surface of Ag has a nearly spherical shape that defines momentum regions where the free electron sp-band 
crosses the Fermi level and bulk electronic bands exist. A nearly spherical Fermi surface is expected for a free electron metal, but in the 
case of noble metals, at the Fermi level, there are projected band gap openings in the Γ-L (111) directions indicated by “1” in Fig. 3 
[175,214]. This band gap spans − 0.4 to 3.9 eV energy range [215]. The surface at 3.0 eV energy shows the Γ-L gap growing larger in 
the k-space and another band gap indicated by “2” opening in the Γ-X (100) direction. This gap spans the 2.0–6.6 eV range [215]. The 
two band gaps substantially confine the phase space for hot electron generation. In other words, hot electron population is excluded 
from the energy–momentum space within the band gaps where eigenstates do not exist. By contrast, in the Γ-K (110) direction there is 
no band gap between EF and EV, that would restrict hot electron generation. We discovered, however, a Γ-K minigap indicated by “3”, 
which is predicted by theory at 7.0–7.3 eV, in conjunction with plasmonic photoemission. Experimental 2PP spectra of Ag(110) 
surface, show that this gap actually exists at a slightly higher energy, as will be described [45]. 

The band gaps restrict the phase space for hot electron generation from plasmon decay, as we will explain with respect to the band 
structure for specific crystalline directions. Surprisingly, much of the plasmonics literature, experiment and theory, treats noble metals 
within a free electron model that fails to restrict to the phase space for hot electron generation according to their well-known band 
structures. For example, the calculations by Goddard, Atwater and coworkers [199–201], describe the 4D energy and momentum 
dependent intraband and interband electron and hole excitation in noble metals. Their calculations describe the role of the band gaps 
in restricting the phase space for hot electron excitation and energy and momentum dependent lifetimes. Unfortunately, their mo
mentum averaged pictures of electron distributions, which are often reproduced in the literature, convey misleading impression that 
intraband hot electrons are generated isotropically to form rectangular distributions. The calculations by Lischner and coworkers 
[17,216] are also distinct in that they reproduce the known band gap-restricted hot electron distributions in noble metals. The 
experimentally measured electronic excitations with emphasis on the momentum dependent intraband hot electron distributions are 
described in more detail, next. 

a. Ag(111). We consider first the 2PP spectra of Ag(111) when excited by ℏωL = 3.1 eV femtosecond light pulses based on the 
analysis of Pontius et al. [190,217]. At this excitation energy, two-photon photoemission can occur through two-photon absorption 
through real or virtual intermediate states. The excitation is far from ENZ, so we do not expect a strong plasmonic contribution. As 
noted above, the band gap of Ag(111) does not support bulk bands in the Γ-L direction. The only states that exist within the band gap 
are the partially occupied Shockley surface state (SS) with a band minimum of ~ -0.06 eV below EF and the unoccupied n = 1 image 
potential (IP1) state at ~ 0.75 eV below EV [218–220]. These two states will be observed in mPP spectra of any order no matter what is 
the resonance condition, as we have experienced so far [39–41]. The SS exist due to the termination of Ag crystal, while IP states result 
from electrons having an attractive Coulomb interaction with their screening image charge [221,222]; they form a Rydberg-like series 
that converges to EV [223], where the IP1 state generally has the highest transition moment among the IP state series in 2PP spectra 
because it has the largest density at the surface. The IP states are not correctly predicted in the band structures of Fig. 2, because DFT 
does not describe the long-range image potential, which develops in response of excitation of electrons in front of a metal or dielectric 
surface [221,222]. Lacking real intermediate bulk states, the momentum conserving transitions at the Γ-point must occur through 
virtual states. 

We have simulated 2PP spectra with 3.1 eV excitation based on a model that was developed for conventional, single photon, UV 
excited photoemission from Ag(111), leading to photoemission with approximately the same final energy states [224]. The simulated 
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spectrum in Fig. 4, can nearly entirely be attributed to coherent 2PP process starting from the lower sp-band (Lsp) below EF and to the 
upper sp-band (Usp) above EV, from where electrons emerge into the vacuum [190]. The Usp acts both as the dominant nonresonant 
intermediate state and the real final state for the nonlinear two-photon transition. There are components in the 2PP signal that have no 
band structure origin: one is a phonon induced component that depends on the sample temperature, and can involve electron scat
tering into the normal emission (k||=0 Å− 1) direction at the initial, intermediate, or the final state stage; while the other [190] is the 
Shirley background [189] representing final state electrons that scatter prior to emerging into vacuum in the normal emission di
rection. These photoelectrons that are excited by a second-order process do not carry spectroscopic information, but their energy 
dependence can modeled as an integral over the directly excited states at higher energies [189]. These 2PP spectra show vanishingly 
small evidence of hot electron generation in the intermediate states, as they cannot be generated as real states within the projected 
band gap by some inelastic scattering process [190]. Electron–phonon interaction enables electrons excited above the vacuum level 
into bulk bands to scatter into the surface normal direction to be photoemitted. In this process, however, they lose their band structure 
signature on account of momentum scattering. Temperature dependent 2PP spectra confirm the contribution of electron scattering into 
the surface normal direction, where this secondary contribution to 2PP is detected. This scenario for the nonlinear 2PP at Ag(111) 
surface is further confirmed by investigating the off-normal photoemission [217]. 

b. Ag(100). Next, we consider the possibility of hot electron generation in the (100) crystalline direction. For this we examine one- 
color (ℏωL = 4.60–4.95 eV) 2PP spectra from Ag(100) surface (Fig. 5). These spectra were recorded at Marburg University in the Höfer 
group by Marks [225]. The spectra show dominant features due to the IP1 and IP2 state excitation, a weak feature due to the Usp 
excitation, and two-photon excitation from an occupied Tamm surface (TS) state near the top of the d-bands. By plotting the final state 
energy Efin vs. the photon ℏωL energy in Fig. 5(right), one can determine from the slope the number of photons that excite photo
emission from a population in the initial (2ℏωL), or intermediate (1ℏωL) states that participate in the 2PP process. Moreover, the plot 
intercepts give the energy of the source state for the photoemission process. Thus, the intercepts define the bulk free electron band, Usp 
as the final state (indicated as sp-band), IPn as the intermediate states, and a Tamm surface state (TS) as one of the initial states. Such 
plots help to assign the sharp peaks that appear in ℏωL dependent 2PP spectra. If one finds a 0ℏωL slope, however, it could signify that 
the excitation occurs to a final state in the photoemission continuum, or else, is a signature of non-Einsteinian process where the 
excitation light excites a fixed internal field (think bulk plasmon), and this field excites photoemission from a narrow range of initial 
states (e.g., from the Fermi level) [41,43]. 

Based on these spectra, one might ask where is the hot electron population? There is no rectangular distribution, that one might 
expect from hot electrons. Instead, there is a broad distribution from EF to EF + 2.0 eV that has some vague structure. Marks finds that 
hot electrons populate the Lsp states that exist at k||=0 Å− 1 up to EF + 2.0 eV, where the projected band gap in the [100] direction opens 
up [225]. These states must be populated by intraband absorption, because mainly the Lsp can act as the initial source state of electrons 
in this energy region. Nevertheless, there also appears to be an interband contribution from excitation from TS to the Lsp. Though this 
can be a first order process, it is not substantially stronger than the intraband absorption from the Lsp. The hot electron population does 

Fig. 4. a-d) Simulation of e) the experimental (circles) 2PP spectra of Ag(111) excited with 3.1 eV light based on the dispersion of the Lsp and Usp 
bands [190]. The components are separated into direct bulk and SS two-photon absorption, Shirley final state scattering, and phonon induced 
component that includes hot electron processes. The dotted line shows the energy dependent electron escape function. 
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not extend up to EF+ ℏωL, as one might expect from the free electron model, because there are no states available for them above 2.0 eV 
in the [100] direction. The spectra in Fig. 5 show beautifully that the band structure matters to hot electron generation. We note, 
however, that the distribution between EF + 2.0 eV is not very flat, most likely because in that region there is an unoccupied surface 
resonance at ~ 1.3 above EF, which has the same origin as the Shockley Surface states of Ag(111), but by coinciding with the bulk 
bands into which it can propagate, it becomes much broader [43,226]. 

c. Ag(110). So where are the hot electrons? They can be found when examining the 2PP spectra of the Ag(110) surface, which 
does not have a projected band gap in the [110] direction below EV near the surface Brillouin zone center (Fig. 6). Therefore, 
incoherent 2PP occurs where the pump pulse excites intraband hot electrons within Lsp, and the probe pulse induces their photo
emission [43,45]. Note that the spectra in Fig. 6 are excited at approximately the bulk plasmon frequency, ωp. When ωL < ωp, the hot 
electron signal is still seen, so both the direct and plasmon mediated excitation generates hot electrons [45]. 

The (110) surface is anisotropic with close packed lines of Ag atoms propagating in the [001] direction and two atom wide ridges 

Fig. 5. (left) 2PP spectra of Ag(100) with UV excitation below and above EV showing IP1 and IP2 states, the Usp band, and the hot electron region 
that extends to ~ 2 eV above EF. Below 2 eV there is a surface resonance, which contributes to the band edge signal where the [100] gap opens. TS 
indicates an occupied Tamm state. (right) The tuning of photoemission energies of different features with ℏωL. The slopes of ~ 0, 1, and 2 define the 
features as the final, intermediate and initial state in 2PP process. As 2ℏωL is increased, one photon photoemission signal starts to dominate the 
signal at low final state energies. We thank Manuel Marks and Ulrich Höfer for providing the figure [225]. 

Fig. 6. Photoemission spectra of Ag(110) surface, that does not have a bandgap below ℏωp. The spectra have two components: hot electron 
population decreases from EV with nearly exponential dependence towards EF + 2ℏωL edge, where the plasmonic photoemission, 2ℏωp, feature 
appears. a) 2PP spectra when the sample Γ-Y or [001] direction is in the optical plane and p-polarized light has a surface parallel component in the 
corrugated [001] direction. b) Same for the sample oriented in the Γ-X or [11̄0] direction where s-polarized light points against the [001] corrugated 
direction. Note the logarithmic vertical scale. Reproduced with permission from Ref. 43. 
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and troughs from conjunctions of proximate (111) surfaces modulating the surface height in the [001] direction (see Fig. 7c). The 2PP 
spectra in Fig. 6; are measured as a function of the laser polarization; p-polarized light incident on the surface with 45 angle with 
respect to the surface normal has a field component that is normal to the surface, and s-polarized light is either parallel or perpen
dicular to the surface corrugation in the [001] direction depending on the crystal orientation. The polarization dependence of these 
spectra are unexpected, and will be addressed later [43]. The spectra have maxima at the low energy EV edge, and decay approximately 
exponentially towards high energy corresponding to EF + 2ℏωL signal. The peaked signal at the EF + 2ℏωL limit is the plasmonic 
photoemission signal to be discussed in conjunction with that of the other surfaces [43]. 

It can be concluded from the spectra in Fig. 6 that they are dominated by incoherent processes involving hot electron photoemission 
because sharp spectroscopic structures characteristic of interband transitions are not expected to occur for ℏωL of the measurement. 
Because the distribution departs significantly from rectangular, one might anticipate that it could be significantly relaxed by e-e 
scattering, as anticipated in Ref. [154]. Whether this occurs during excitation by the II.c process, or is a consequence of relaxation of 
the primary population, is unclear. While the excitation pulse duration is ~ 30 fs, the e-e scattering lifetimes of 3 eV hot electrons in Ag 
are predicted to be < 10 fs [38]. Thus, hot electrons could have undergone relaxation during the 2PP excitation, and therefore the 
observed spectra may not be representative of the primary hot electron distribution. This is a nice example that capturing the rect
angular electron distribution, if it is ever generated, may be extremely difficult. A corollary is that harvesting energy of the primary hot 
electrons at chemically relevant energies may be extremely challenging. 

We emphasize that in considering 2PP spectra of Ag(110), one cannot solely rely on the k||=0 Å− 1 data, such as in Fig. 6, which lack 
single particle spectroscopic structures and are dominated by the hot electron signal and the plasmonic photoemission. This signal does 
not represent the total optical response of the Ag(110) surface, and might give the impression that light absorption is dominated by 
intraband processes. Therefore, it is important to examine 2PP spectra of the Ag(110) surface over a broader k|| range. Because the 
(110) surface forms at a conjunction of two (111) surfaces, one might expect that the interband transitions that play a dominant role 
for (111) surface, also occur at the (110) surface, but appear in an off-normal direction [42]. This is in fact the case [45,227,228]. 
Fig. 7 shows 3D energy-parallel momentum 2PP spectra of Ag(110) that is taken in a momentum microscope photoemission apparatus 
in the Mathias Group at the University of Göttingen [45,229,230]. One sees that when recording photoemission in the [001] direction, 
a plethora of sharp dispersive bulk and surface interband transitions appear, in addition to the hot electron signal with a maximum at 
the EV limit, as well as the strongly anisotropic plasmonic signal at the EF + 2ℏωL limit. We emphasize this complexity because when 
someone discusses a rectangular hot electron distribution, it is likely that they have not considered optical excitation in metals at any 

Fig. 7. Momentum microscope 3D energy-parallel momentum (Efin, k||ΓY, k||ΓX) 2PP spectra of Ag(110) with ℏωL = 3.72 eV p-polarized excitation 
and the sample with the corrugated Γ-Y or [001] direction in the optical plane. a) Efin cross sections through the 3D spectroscopic data. b) Cross 
sections through the data in a) along the Γ-Y direction (top), Γ-X direction (right) and through Efin = 7.4 eV. The features labeled with “B” and “S” 
refer to the bulk and surface interband transitions; specific assignments are reported in Ref. 45. S3 is the 2ℏωp feature, which is exceedingly 
anisotropic. Regions where hot electrons appear are indicated by “he”. c) The atomic structure of Ag(110) at the junction of two (111) surfaces (The 
(111), (100), and (110) planes are indicated). The blue and orange balls indicate the top and bottom Ag atoms of the two-atom wide corrugation in 
the [001] direction. Ag atoms in the [11̄0] direction are close packed. Adopted from Ref. 45. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

H. Petek et al.                                                                                                                                                                                                          



Progress in Surface Science 98 (2023) 100707

12

level beyond an idealized free electron gas. Moreover, even if a material has a plasmonic response, this is a polarization field, and light 
is only absorbed when the collective response excites single particle e-h excitations. The bulk band structure defines the energy and 
momentum distribution of these excitations beyond the Coulomb screening length (~1.5 nm) away from a surface or interface. The 
electronic bands are likely to deviate strongly from a free electron model at least because they undergo Bragg diffraction at zone 
boundaries to open band gaps. The spectra in Fig. 7 illustrate the power of momentum mapping spectroscopy. 

5. Plasmonic photoemission 

We claim that beyond the four plasmon-to-single particle decay channels in section II (a-d), one should also consider the plasmonic 
photoemission process [41,43–45]. In this decay channel in silver, a collective plasmon mode decays to excite an e-h pair specifically 
from EF. Linear photoemission can intrinsically occur by this process only if the work function of a metal is below its bulk plasmon 
energy. In the case of silver, this requires reduction of the work function by adsorbate modification of the vacuum potential, as has 
been done in the past [50,51,159,163,231]. It can and does occur for clean single crystal silver surfaces by a nonlinear two plasmon 
decay process. This is a highly desirable hot electron generation channel, which we rediscovered for the bulk plasmon excitation at Ag 
single crystal surfaces, because the plasmon energy is not democratically distributed between the electron and hole, but rather the 
electron retains most of the plasmon energy so that it can drive subsequent chemical or electronic processes. There is strong evidence 
that this is the common plasmon decay channel [43], but it needs to be recognized and broadly investigated for different materials and 
various plasmon modes. Plasmonic photoemission has a long history, and our contribution is to have rediscovered it in Ag, gave it a 
name [41], and documented its historic recognition in the literature [47,48,50,51,231,232]. This experimental research stimulated its 
modern theoretical description by Gumhalter and Novko [41,43,44,46], which is described in the companion article in this issue of 
Progress in Surface Science [52]. 

a. History. Plasmonic photoemission is well established in the literature. Linear plasmonic photoemission has been established by 
experiment in photoemission spectra of alkali atoms [47,48,233]. When the plasmon resonance energy is above the vacuum level of a 
metal, as is the case for alkali atoms, the photoemission spectrum gives direct characterization of the products of plasmon decay into 
single particle excitations. For alkali metals, the hot electron generation was shown to preferentially occur from EF. Photoemission 
spectra of alkali atoms show that light exciting their bulk plasmon mode decays to excite e-h pairs such that electrons excited above EV 
are photoemitted, enabling their energy analysis. Indeed, such measurements were performed by Smith and coworkers on alkali metal 
films showing preferential electron emission from EF [47,48]. Because these experiments were performed before plasmonics became 
popular, it has failed to impact the thinking and discussion in the plasmonics community. 

The plasmonic photoemission from alkali atom films and alkali atom modified Ag surfaces captured the interests of theoreticians 
[231]. The photoemission spectroscopic studies by Phillips showed that for alkali atoms, and Ag surfaces that had lowered work 
function by alkali atom adsorption, the excitation of the bulk plasmon mode led to linear photoemission preferentially from the Fermi 
level [231]. J. J. Hopfield performed calculations beyond the random phase approximation that describe dynamic screening effect on 
phonon and disorder induced optical absorption leading to photoemission. He found that the photoelectron spectra exciting the bulk 
plasmon mode of alkali atoms do not produce rectangular distributions, as expected in II.b, but rather distributions that are peaked at 
EF + ℏωp [49]. He further speculated that similar electron distributions may be excited in more complex metals such as Ag. 

Such photoelectron distributions have indeed been reported for Ag. Single crystal silver surfaces, were among the first samples to be 
investigated by nonlinear 2PP, where two-photon transitions overcome the work function barrier [232]. Such measurements were 
initially performed with nanosecond tunable UV laser excitation [234]. Giesen et al. investigated the spectroscopy of Ag(111) surface 
states as they tuned the excitation light through the IP1 ← SS resonance [232]. Surprisingly, they found three states that emerged 
approximately from the IP1 ← SS resonance, two which tuned with slopes of two and one, in the sense as shown in Fig. 5, and one that 
hardly tuned, as one might expect for a final state that is fixed by the band structure of the sample [232]. Such state tunings are shown 
in Fig. 1b of the Gumhalter and Novko review for the low index surfaces of Ag [52]. The tuning states could immediately be attributed 
to the initial SS and the intermediate IP1 states, but the nontuning state could not be attributed to a final state, because none was 
predicted at the energy of emission by theory. Giesen et al. instead attributed the nontuning state to an Auger process where two 
electrons promoted to the IP1 state scatter deactivating one to EF, while the other is emitted with two quanta of the IP1 energy [232]. 
Because the nontuning state appears very close to the IP1 ← SS resonance condition, such assignment was plausible. Nevertheless, such 
Auger process must have a quadratic dependence on the IP1 state population, but this was not tested, and it does not appear to be the 
case. The nontuning state appears with approximately the same relative intensity to the IP1 state in 2PP spectra excited by nanosecond 
and femtosecond laser excitation, which is unlikely for an Auger process where the IP state populations must be orders-of-magnitude 
different. 

Later the plasmonic photoemission in linear excitation reappeared in research by Barman et al., who investigated the multipole 
plasmonic response in single crystalline adlayers and single crystal Ag surfaces with alkali atom-reduced work functions. They per
formed angle and energy resolved constant initial state photoyield spectroscopy from 2.7 to 18 eV with the goal of characterizing the 
energy dependence of the multipole plasmon response of Ag [50,51]. Scanning the excitation photon energy through ωp, while 
recording photoemission from EF, they found a strongly enhanced signal at EF + ℏωp at 3.80–3.88 eV, consistent with the early 
spectroscopy of Phillips [231]. While this was the most prominent feature in photoemission from Ag(111) and (100) oriented films, 
the reason for the enhanced photoyield at EF + ℏωp was not scrutinized, as it was not the object of those experiments [50,51]. 

We have rediscovered the additional nontuning spectroscopic feature in 2PP of Giesen et al. [232] by chance when exploring the 
ENZ response of Ag with femtosecond laser excitation. The frequency onset of the putative Auger peak is the ∊(ω) = 0 condition where 
ω = ωp, the bulk plasmon energy of Ag. The plasmonic photoemission appears through a nonlinear promotion of electrons from EF by 
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absorption of 2ℏωp energy [41]. Similar multiple plasmon features appear in inelastic electron scattering, but are absent in linear 
response calculations [235]. We have dubbed the process where ωp collective polarization decays into e-h pairs at EF+ℏωp as plasmonic 
photoemission, and refer to the nontuning signal peak as the 2ℏωp feature. We also note that second harmonic light emission from 
silver surfaces has distinct photonic and plasmonic origins, which may be related to the nonlinear plasmonic photoemission [69]. 

b. The crystal face dependence of plasmonic photoemission. Because the onset of the 2ℏωp feature coincides with the ENZ 
region, and it cannot be attributed to any single particle properties of the band structure of Ag, we realized that appearing in the ENZ 
region this must arise from a collective plasmonic response of Ag, and therefore should be common to its other low index surfaces. Note 
that the 2ℏωp feature attains the maximum intensity < 0.1 eV below the IP1 ← SS resonance, contrary to what one would expect of an 
Auger process. This is indeed the case, as can be seen in Fig. 1 of the review by Gumhalter and Novko [52]. Moreover, the 2ℏωp feature 
also appears on the Ag(110) surface, for which the IP1 state is strongly damped, and not observed because of its coupling with the Usp 
band [45,236]. The indicated 2ℏωp feature peaks cannot be attributed to the quasiparticle band structure of Ag, but they do not appear 
at identical energies for all three surfaces [43]. This can be expected because the Fermi surface of Ag (Fig. 3) is not spherical, and thus 
one can expect a crystalline orientation dependence of the bulk plasmon response. 

c. Ag(111). The nonlinear plasmonic photoemission signal of single crystal silver was first observed by Giesen et al., but its 
assignment was attributed to the plasmonic response by Reutzel et al. [41]. Fig. 8a shows a series of one-color 2PP spectra of Ag(111) 
for different excitation laser frequencies ℏωL that are tuned through ENZ or ℏωp [41]. One sees peaks that can be attributed to resonant 
two photon excitation from the bulk Lsp to Usp. Because these are the bulk 3D sp-bands, and k⊥ momentum is not conserved in 
photoemission at a surface, the available phase space for the transition is large, but as can be seen from the spectra, it occurs within a 
narrow spectral region. It is significant that this bulk transition essentially disappears above ~ 3.9 eV, even though in 1PP spectra it 
persists undiminished over a much wider energy range of comparable final states that are accessed by two photon excitation [224]. Its 
strong intensity dependence on ℏωL can be understood from the localized multipole plasmon response of Ag that reaches a maximum 
between ℏωSP and ℏωp [237]. Although the resonance condition is available throughout the investigated ℏωL range, its intensity 
strongly varies likely because the excitation frequency defines the local field strength, and therefore the nonlinear photoemission 
response. Simply, the Lsp electrons are involved in the multipole plasmon response that screens the optical field and sets up an 
intensified local field, that drives the nonlinear photoemission process [151]. 

In addition to the bulk spectral features, the 2PP spectra also probe the surface IP1 ← SS transition, which has a single-photon 
resonance at ℏωL = 3.92 eV [41]. The resonance enhancement of the IP1 ← SS transition is clearly observed, but nevertheless both 
the SS and IP1 peaks appear as separate peaks even under nonresonant conditions. That SS appears in nonresonant two-photon 
transition is expected, because the initial state is occupied and intermediate state in two-photon absorption can be virtual. Why the 
IP1 band appears under nonresonant conditions is more perplexing and requires additional research. According to its broad k|| 
dispersion, the initial state for its excitation cannot be the SS, which is occupied only over a limited k|| range. Angle resolved spectra in 
Fig. 9 show evidence for IP1 ← Lsp excitation under resonant conditions. Because only Lsp can provide the observed k|| range to populate 
the IP state, and the fact that it is strongly detuned from resonance, suggest that the IP state excitation involves a many body response. 
One can certainly anticipate that the transient exciton and non-Markovian response of Ag(111) that involves a time dependent 
screening of photoexcited electron charge has some role in enhancing 2PP via the nonresonant excitation of the IP1 state [221,238], 

Fig. 8. A) 2PP spectra of Ag(111) through the ℏωp resonance at ℏωL = 3.91 eV (shaded green). The spectra are normalized at the EV edge except for 
the ℏωL > 4.4 eV, which are normalized at Efin = 4.8 eV because of strong 1PP contribution at the EV edge. The EF + 2ℏωp feature region is 
highlighted by purple background. Assignments of specific interband transitions are indicated in the prominent spectral regions. Adopted from 
Ref. 41. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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but this requires further study. 
While the bulk and surface band features have been correctly assigned from the infancy of 2PP spectroscopy [232], the abrupt 

appearance of the 2ℏωp feature at ℏωL = 3.9 eV cannot be explained by the single particle band structure of Ag. The [111] projected 
band gap in which the plasmonic photoemission is observed is indicated by ellipse “1” in Fig. 3. Note that a thermomodulation study at 
100 K locates one-photon interband Lsp to Usp transition at ℏωL = 3.88 eV, and d-band to Lsp transition [159] at ℏωL = 4.04 eV [239], 
neither one of these processes can explain the 2ℏωp feature over the investigated ℏωL range. As ℏωL is tuned past ℏωp, the 2ℏωp feature 
rapidly decreases in intensity, and gradually shifts to a modestly higher energy, but with a noninteger slope of 0.29. This shift cannot be 
attributed to a photon order of photoemission of a single particle state, but could be related to the dispersive transverse plasmon k⊥

dependence of coupling above ENZ; the required perpendicular momentum can be supplied by the nonlocal dielectric response of the 
metal surface [57,240]. 

A further aspect of the 2ℏωp feature is its k|| dispersion. This is doubly surprising because: 1) the Fermi level, from which 
photoemission occurs, is in a projected band gap of Ag(111), so there is no Lsp DOS at the Fermi level at k|| = 0 Å− 1, from which a single 
particle could be excited to a final state at EF + 2ℏωp; and furthermore, 2) k|| appears to be a good quantum number. The photoemitted 
electrons must come from other parts of the Brillouin zone, presumably involving some momentum transfer, and yet the 2ℏωp feature 
still possesses k|| dispersion corresponding to a free electron with an effective mass, m=~1me. This effective mass is consistent with the 
electron optical mass at EF [122]. The fact that the 2ℏωp feature implies excitation of electrons that do not exist in a single particle band 
structure, points to its collective character. In fact, correlation effects can produce satellite features in photoemission spectra that 
cannot be attributed to single particle band structures [241]. For example, such a collective excitation could be plasmaron, a composite 
particle of plasmon and electron [62,242,243]. The screened Coulomb interaction, V(q)/∊, where q is a wavevector, defines the 
plasmaron quasiparticles formation [244]. Because we detect this response in the ENZ (∊ = 0) region, one should expect the plasmon- 
electron interaction to be particularly strong, such that plasmaron spectroscopic features may be anticipated. 

Fig. 9. ITR-2PP measurements of coherence in 2PP processes in two-photon single particle IP ← SS and collective 2ℏωp feature excitations at ENZ. a) 
2PP spectrum showing the dispersive 2ℏωp feature, the nearly resonant IP-SS transition, and resonant IP ← Lsp transition. ITR-2PP data are taken by 
recording 2PP spectra as a function of delay between two identical excitation pulses with interferometric delay scanning. b) The k||=0 Å− 1 slice 
through the 3D ITR-2PP data. The white line shows the line profile through the data at τ = 0 fs, showing the near resonant IP ← SS transition signal 
and the 2ℏωp feature. c) Enlarged region of the ITR-2PP measurement showing tilting of the coherent fringes for the IP-SS transition, which are 
nearly vertical for the 2ℏωp feature, consistent with an incoherent nonlinear excitation process. d) Fourier transform spectral components of the data 
in b) at the 0ω, 1ω, and 2ω components of the driving frequency. The IP and SS signals tilt with the indicated slopes, as expected for a coherent 
process, while those of the 2ℏωp feature hardly show a tilt. e) Line profiles of the data in b) at energies indicated by the colored arrows. Extended 
dephasing times are recorded at 7.81 and 7.74 eV, respectively following the SS and IP coherence in near resonant IP ← SS excitation. By contrast, 
the 2ℏωp feature the interference fringes follow the field of the excitation pulses. This is consistent with a correlated 2ℏωp feature evolving into a 
single particle photoelectron. 
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We further note that the 2ℏωp feature has probably appeared in UV survey spectra of IP states of Ag(111). For example, in Fig. 22 of 
Ref. [245], an extra spectroscopic feature appears between the IP1 and IP2 states, but there it is neither mentioned nor assigned. While 
the single particle band structures of silver are well understood by experiment and theory, spectroscopy at ENZ shows evidence of 
collective responses that are not yet understood. 

d. Ag(100). Next, we examine the plasmonic response of the Ag(100) surface. The spectra from Marks in Fig. 5 use UV photon 
energy that is significantly above ℏωp, where a plasmonic signal is not expected. Fig. 8b presents 2PP spectra of Ag(100) when ℏωL is 
tuned through ℏωp. These spectra show similar features to Fig. 5 mainly reflecting the excitation of intermediate unoccupied states, 
except 1) for excitation at ℏωL=≲3.50 eV, there is strong two-photon excitation from the EF; and 2) at ℏωL = 3.85 eV there is an abrupt 
onset of plasmonic photoemission. The [100] projected band gap in which the plasmonic photoemission is observed is indicated by 
ellipse “2” in Fig. 3 and is evident in the band structure of Fig. 2. Again, the plasmonic peak tunes with 0.29 ℏωL for excitation above its 
onset, and rapidly drops in intensity. The two-photon excitation from EF has considerable intensity gained by the surface character of a 
broad Shockley surface resonance located at ~ 1.3 above EF [226]. The considerable width of this resonance makes its low energy wing 
partially occupied below EF [32]. As in the case of Ag(111), the bulk features of Ag(100) associated with two-photon excitation from 
EF disappear as ℏωL approaches ℏωp. Again, we attribute this to the diminished role of the Lsp electrons in screening of the optical field. 
It is noteworthy that the 2ℏωp feature at ℏωL = 3.85 eV has significantly higher peak intensity than the hot electron signal from the 
surface resonance and the Lsp DOS that extends up to EF + 2.0 eV, indicating that it is the dominant nonlinear electronic response. 

e. Ag(110). Fig. 6 immediately shows that the surface normal emission of Ag(110) is dominated by hot electrons whose popu
lation declines from the EV edge with energy approximately exponentially over entire 2PP spectra. In addition, at EF + 2ℏωL energy 
there are 2ℏωp features (see also Fig. 1 of the Gumhalter and Novko review), which appear at a slightly lower 2ℏωL than for Ag(111) 
and Ag(100) surfaces. Unlike the other surfaces, the 2ℏωp feature energies and anisotropies appear to be affected by a minigap in the 
experimentally determined 7.3–7.7 eV range (predicted at 7.0–7.3 eV in the band structure of Ag(110) in Fig. 2), which supports an 
unoccupied surface state. The bulk band curvatures from where the photoemission occurs are highly asymmetric, as can be seen in the 
[110] projected bands that are indicated by ellipse “3” in Fig. 3. We believe that this surface state and the anisotropy of the bulk bands 
from which it derives, define the anisotropy of the Ag(110) plasmonic photoemission [123,240,246]. 

That these plasmonic responses are highly anisotropic can be seen from their exceptional polarization dependence and dispersions 
that appear to be related to the atomic scale corrugation and anisotropy of this surface. This structural anisotropy additionally gen
erates a reciprocal space anisotropy of the electronic bands, that distinctly define this surface. Whereas when the the [001] direction is 
in the optical plane, Fig. 6 shows the expected, or normal, p-polarization dependence of the plasmonic response. The surface normal 
field component enhances the plasmonic response, as well as the hot electron signal component. By contrast, when the excitation is 
performed with the [11̄0] direction in the optical plane, the surface parallel component dominates the plasmonic response, opposite to 
the hot electron signal. We believe that this could related to the two-atom corrugation of the (110) surface in the [001] direction 
(Fig. 7c), but it could also be related to the surface state character of the final state, and transition moments for its excitation. It 
definitely contradicts the common assumption [154] that hot electron excitation by Drude absorption and by decay of plasmons follow 
the same physics that are described in Sections II.a-d. Specifically, the opposite polarization dependence of the plasmonic photo
emission and hot electron signal shows that the hot electron component is not generated by the bulk plasmon decay, and that the two 
modes couple to the surfaces through different physics. The electronic anisotropy of the (110) surface is pictorially evident in the 
momentum microscope 3D photoemission spectrum in Fig. 7, where the plasmonic photoemission signal is designated as S3. The 
anisotropy of this signal arises from effective masses of the bulk bands, and consequently the surface, at the final state energy for the 
2ℏωp feature [43]. Such highly anisotropic response is fully in agreement with the calculated plasmonically induced transitions by 
Gumhalter and Novko in their Figs. 5 and 6 [52]. The 3D momentum microscope spectrum in Fig. 7 also shows a strong anisotropy of 
the surface and bulk transition of the (110) surface, that appear to be a common feature of (110) surfaces of noble metals [247]. 

f. Plasmonic photoemission from other modes and metals. The plasmonic photoemission through coupling to the bulk plasmon 
mode of silver single crystal surfaces is firmly established in the above experiments on Ag(111), (100) and (110) surfaces [43]. One 
may ask whether this is a peculiarity of silver, or of nonlinear photoemission from bulk plasmon modes of single crystal surfaces. For 
example, other metals have plasmonic responses, and depending on the sample structure and excitation process, there are also the LSP 
and SPP responses. For example, there is no evidence of plasmonic photoemission from free electron metals like Al and Be, which have 
bulk plasmon responses in the VUV, and have extensively been investigated [57,248–250]. We have already recalled the history that in 
the case of alkali metals, linear excitation of plasmon modes preferentially excites photoemission from EF [47,48,233]. There is, 
however, increasing evidence that the nonlinear variant of plasmonic photoemission is more broadly observed in experiments that are 
capable of analyzing the primary decay pathways of plasmons into single particle excitations. 

For example, Shibuta et al. examined the decay of the LSP mode of size selected Ag clusters on semiconducting C60 overlayers, and 
discovered that clusters as small as Ag9 emit electrons approaching the EF + 2ℏωUV energy upon excitation of the LSP mode with UV 
light [251]. Their interpretation is that the LSP mode of Agn clusters decays into hot electrons at EF+ℏωUV energy, which are then 
detected by photoemission with another UV photon. This emission process becomes stronger for larger clusters presumably because 
they acquire better defined plasmon response. The maximum of this response occurred between ℏωL = 3.31 and 3.96 eV, but their laser 
could not be tuned between that interval to obtain an exact value for the enhancement. Their experimental time resolution of ~ 100 fs 
was insufficient to evaluate the hot electron generation and relaxation dynamics, but apparently a highly energetic hot electron 
distribution from plasmon decay promoting electrons from EF could be captured. 

In another experiment Hartelt et al. and Dreher et al. examined the hot electron distribution in a two-quantum decay of the SPP 
mode of polycrystalline Au sample. This was a challenging experiment, because it required the isolation of the two-quantum SPP mode 
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process from that where one excitation quantum from the SPP mode generates a hot electron, and the other quantum from an optical 
probe pulse photoemits it. Again, these researchers found that two SPP quanta preferentially excite photoemission from EF, generating 
a signal correlating with EF + 2ℏωSPP, where ωSPP is the generated SPP frequency [252–254]. This is particularly surprising because 
Hartelt et al. used a polycrystalline sample [252] which has crystallites of various orientations. 

From these reports we conclude the plasmonic photoemission from silver is a more broadly observed process in both alkali atoms 
and noble metals, and can be a consequence of excitation of other plasmon modes; therefore, when discussing plasmonically-induced 
hot electron processes it is essential to have an actual measurement of the hot electron distribution, rather than to assume a hot 
electron distribution based on untested or oversimplified theoretical models. 

6. Plasmonic photoemission dynamics 

Plasmonic photoemission 2ℏωp feature signals appear along with the surface and bulk interband transitions of Ag, as can be seen in 
the spectra of the single crystal surfaces (Fig. 1 of the accompanying Gumhalter and Novko publication [52] and Fig. 9, here). One may 
wonder whether ultrafast coherent spectroscopy can provide further information on the plasmonic photoemission process. Such 
measurements are performed by the interferometric time-resolved 2PP (ITR-2PP) method [37,157,163,255], and analyzed according 
to procedures that have been applied to mPP processes [39]. The measurements are angle (k||) resolved, and thus, they can probe the 
decoherence of photoexcited eigenstates [39]. The available coherent interactions are particularly useful in exploring Floquet engi
neering of electronic band structure at PHz frequencies [256]. These are some advantages over the commonly performed angle and 
time resolved photoemission measurements that are commonly applied to quantum materials [202]. ITR-2PP measurements are 
performed for excitation near (above) the ℏ ωp frequency, where the 2ℏωp feature appears in 2PP spectra. Fig. 9a shows 2PP spectra 
recorded with ℏωL = 3.94 eV for Ag(111) surface, which is near the IP1 ← SS resonance that dominates the signal. The bright signal 
that extends over the |k|||=0.07 Å− 1 range matches the occupied region of SS, because it is enhanced by near resonance with the IP1 
state. Correspondingly, the IP1 state is bright predominantly in the occupied region of SS, signifying that SS is the initial state for the 
excitation of the IP1 state in this momentum range, and that photoemission from IP1 occurs faster than its dephasing. Nevertheless, IP1 
extends further in k|| than SS, and its intensity is enhanced at |k|||=~0.16 Å− 1. We attribute this to resonance enhanced excitation of 
IP1 from the occupied bulk Lsp band, from initial states where it approximately crosses EF. The dashed curves superposed on Fig. 9a at 
the IP1 and 2ℏωp features display dispersions corresponding to me = 1. 

Fig. 9b shows an ITR-2PP measurement at k|| = 0 Å− 1 that is extracted from a 3D data set of photoelectron counts vs. Ef(k||, τ). The 
ITR-2PP data are taken with two identical pump–probe pulse excitation, where their delay τ is scanned in ~ 100 as steps, while 2PP 
Ef(k||) spectra excited by their joint action are recorded at each delay interval. The data show signal that again is dominated by the IP1 
← SS resonance at ~ 7.80 eV and below it the 2ℏωp feature appears at ~ 7.55 eV. The vertical line profile at pulse delay τ = 0 fs shows 
the 2PP spectrum at k|| = 0 Å− 1, where the dominant IP1 ← SS and weaker 2ℏωp feature peaks appear. An enlarged portion of the ITR- 
2PP data is shown in Fig. 9c for the τ = 70–40 fs range where three sets of interference fringes can be seen. The top two sets belong to 
the near resonant IP1 ← SS transition where SS appears moderately (~0.05 eV) above IP1. The fringes are separated in part because 
energy resolution of the experiment increases as τ increases. In other words, as expected from the energy-time uncertainty, the fre
quency width excited by of the pulse pair decreases as τ increases, as long as the coherence between SS and IP1 persists [3]. The fringes 
follow hyperbolic tilting [257] with increasing delay that portends a coherent process involving homogeneously broadened levels 
[39]. This can further be evaluated by taking a Fourier transform (FT) of the ITR-2PP signal for k|| = 0 Å− 1, which is shown in Fig. 9d. 
The FT spectra are reported for signals oscillating from 0ω to 2ω of the driving frequency. Like the tilted fringes, the FT spectra at the SS 
and IP1 energies tilt with slopes that are defined by the polarization frequency/photoemission order, for example, indicated by slopes 
½ and 2/2 in Fig. 9d. 

Fig. 9c also shows fringes for the 2ℏωp feature, which are hardly tilted in the time domain, that consequently produce FT spectra 
that hardly show a tilt. Moreover, the coherent fringe amplitudes of the 2ℏωp feature decay much faster than those of the SS and IP1 
signals, as can be seen in the line profiles through the ITR-2PP data in Fig. 9e. The faster fringe decay is consistent with a faster 
dephasing, but if the excitation process were coherent, it would still have tilted FT spectra, albeit that are broader in frequency [258]. 
The untiled spectra, instead, portend that the 2ℏωp feature involves an incoherent process that is involved in generation of the signal at 
EF + 2ℏωL at k|| = 0 Å− 1 when neither the initial nor the intermediate single particle bands can exist within the projected band gap of Ag 
(111). For example, assuming that the 2ℏωp feature is excited from a correlated many-body state, for example a plasmaron, promotion 
of electron to an excited state may extinguish the correlation causing the coherence to be lost. Moreover, the bulk plasmon is excited in 
the near surface region, suggesting that the nonlocal plasmon screening response can excite a range of wave vectors that evolve at 
different frequencies. 

7. Conclusions 

This review summarizes the collective and single particle, coherent and incoherent, nonlinear photoemission responses of silver in 
the UV near its ENZ bulk plasmon response. We have presented an experimental overview of the plasmonic photoemission, as a 
companion article to summarize the experimental research that stimulated the theoretical description of related process by Gumhalter 
and Novko [52], as well as the related hot electron generation in Ag single crystal surfaces near ENZ. The collective plasmon responses 
of silver have been extensively investigated in the multipole, the surface polariton, and at the bulk plasmon resonances by inelastic 
electron scattering methods [149,259–262]. Although silver is a popular and prototypical plasmonic material, its single particle and 
collective responses have hardly been investigated in a comprehensive manner as a function of the excitation photon frequency, 
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crystalline orientation, and from the perspective of excitation transfer between the single and collective mode responses, with some 
notable exceptions [6,59,97,122]. Silver has a particularly sharp and well-defined plasmonic response among noble metals, but its 
fully occupied d-bands cause some notable deviations from the free electron plasmon model [122]. Therefore, it is not clear to what 
extent the plasmonic responses reported here can be transferred to other metals. 

We have reviewed the available studies of plasmonic photoemission, where at, or above the ℏωL≥ℏωp frequency, the optical po
larization of the plasmonic response leads to non-Einsteinian excitation of electrons from EF [41,43]. This process is non-Einsteinian in 
the sense that instead the optical field exciting electrons directly, as it does below ℏωp, at and above ℏωp, in the linear regime, a 
component of the signal is generated by an internal field at ωp that subsequently excites electrons specifically from EF by ℏωp. 
Interferometric measurements in Fig. 9 show that the behavior of the external and internal fields on driving the coherent response are 
distinct from single particle excitations. Although the plasmonic photoemission has been established most unequivocally for single 
crystal Ag surfaces, related responses have been reported in Ag nanoparticles [251], and for SPP modes on polycrystalline Au surfaces 
[252]. Moreover, similar photoemission processes have been described for alkali metals [47,48,233], and alkali atom modified single 
crystal silver surfaces [50,51], as well as having been predicted by theory [17,44,49,233]. The significance of plasmonic photo
emission and related collective-to-single particle decay processes to the field of plasmonics is that the primary plasmon decay process 
deposits the plasmon energy entirely into single particle excitations, rather than distributing it between electron and hole [41,43]. This 
unanticipated outcome may be relevant to explaining the claimed efficiency of many plasmonic phenomena, and encourages research 
that actually tests the single particle energy–momentum distributions from plasmonic decay rather than casting them into models that 
are unproven by experiment, and rely on oversimplified theory. 

We have also considered hot electron generation in Ag, to specifically address the broadly used models for hot electron generation 
through Drude intraband absorption or plasmon decay. The broadly applied models for hot electron generation rely on free electron 
models that assume spherical energy–momentum distributions far away from EF. A cursory glance at elemental Fermi surfaces in the 
Florida State University compendium [214] shows that such assumption of spherical surfaces is possibly only valid for the alkali atom 
group, for which it has also been well established that plasmonic excitation promotes electrons from EF [47,48,233]. Although noble 
metal Fermi level surfaces approach the spherical symmetry of alkali atoms, with the exception of neck formation at the Bragg planes 
in the [111] direction. Fig. 3 shows that this departure from isotropy grows with increasing energy, so that the assumption of an 
isotropic surface is invalid at eV energies above EF in considering how hot electron generation can induce photochemical or photo
voltaic processes. Only the (110) surface of Ag provides rich evidence for hot electron generation in the EF-EV energy range [45]. To 
the extent that hot electrons are generated by intraband processes, they are likely to assume highly anisotropic distributions that 
depend on their energy. The threshold energy of interband energetic electron generation in Ag is defined by Lsp to Usp transition at ℏωL 
= 3.88 eV [239], though there is scant evidence for the electronic population of the Usp band [263]. 

While mPP spectroscopy of single crystal Ag surfaces provides many details of single particle excitations through direct or plas
monic intraband and interband transitions, there are many aspects of the presented results that remain unexplained. While linear and 
nonlinear photoemission spectroscopies are powerful methods to evaluate the band structures and quasiparticle dynamics of complex 
solids where electron–electron, electron–phonon, and other interactions play important roles [202,264], one would hope that it is 
possible to unravel the complex dynamics that affect the nonlinear photoemission from noble metal surfaces. Some aspects of the 
presented research that require further experimental and theoretical investigation follow.  

1) Nonlinear plasmonic photoemission: While theory predicts that plasmon decay excites electrons preferentially from EF, details of 
how this happens are not fully established beyond the theory of Gumhalter and Novko [44,46,52]. In the case of Ag(111) there are 
no states at EF in the band gap, yet a dispersive photoemission signal is observed. Although SS is 0.065 eV below EF, it cannot be the 
initial state for this process, because the dispersive 2ℏωp feature extends beyond the k|| range where SS is occupied. Moreover, the 
Fourier transform data in Fig. 9d are not consistent with the response at ωp acting as a polarization field, where two or more quanta 
decay to excite a single e-h pair. Instead, it is more consistent with plasmonic photoemission originating from a correlated plasmon- 
electron state that forms through enhanced Coulomb interaction at ENZ, or plasmaron, which decays upon electron promotion to 
the vacuum state. The theory of Gumhalter and Novko is a departure from previous descriptions of light-matter interaction on the 
ultrafast time scales in that it explicitly considers the role of the applied field in interactions with the collective plasmonic response 
and in nonlinear optical processes that approach the nonperturbative regime [52]. The goals of their and our reviews are to 
promote new thinking and research on how plasmonic excitations mediate the light energy transduction in plasmonic metals.  

2) The enhancement of plasmonic photoemission from Ag(110) when the crystal is held with the [11̄0] axis in the optical plane is 
highly unexpected to be maximum with s-polarized excitation. One would think that the non-local dielectric response that can 
couple into the bulk plasmon mode to require an optical field that is surface normal, rather than to be maximum for the in-plane 
excitation field. Because the surface is corrugated in the [001] direction into which the field points, one can argue that the surface 
parallel field drives, in addition, a surface normal response. Considering that the corrugation is on the atomic scale, while the 
driving field wavelength is ~ 330 nm, this is highly surprising. One should, however consider other factors. In case of the Ag(110) 
surface, one should realize that the transition terminates in a peculiar strongly dispersive surface state within a minigap, rather than 
belonging to the photoemission continuum. This surface state is also peculiar in that its maximum DOS is in the second atomic layer 
from the surface [265]. While this photoemission process has plasmonic character, it can also have single particle character, so to 
understand the preference of s-polarized excitation one should also consider transition moments for the Lsp to Usp two-photon 
transition. 
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3) The 2ℏωp feature spectra for the Ag(111) surface are skewed towards high frequency region, while those of the Ag(100) and Ag 
(110) are skewed to the low frequency. Such lineshape skewing can arise if the 2PP process via these collective excitations is 
accompanied by low frequency bosonic e-h pair excitations associated with the screening of the applied field and the created 
electron and hole final states [238]. The lineshapes can also have an inhomogeneous component due to a broad momentum dis
tribution that participates in the nonlocal screening of the optical field. Currently, however, there is no concrete theoretical 
explanation for the 2ℏωp feature skewing in the case of Ag surfaces.  

4) The skewing of the lineshapes, and the slope of the 2ℏωp feature vs. ℏωL of 0.29 may be related. This slope could be caused by the k⊥

dispersion of the transverse bulk plasmon response, which was invoked to explain the constant initial state photoemission spectra of 
free electron metals [57]. The slope of the 2ℏωp feature is the same for all three surfaces within the accuracy of the measurement. 

5) The nonresonant IP state excitation in noble metals, and specifically in Ag has never been fully understood. In Fig. 8, the IP1 in
tensities under nonresonant conditions do not follow a dependence on ℏωL that one would expect from the simple detuning from 
resonance with SS. Moreover, the IP1 momentum distribution is broader than the occupied SS occupation, so a simple near resonance 
argument does not work. In Fig. 9a there is evidence for a coherent resonant IP ← Lsp transition that populates the high |k||| states. It 
has been argued that incoherent transfer from Usp can populate IP1 [266,267], but this apparently does not happen in experiments 
that can probe such excitation [263]. In considering how the IP states get populated, one must remember that they are not preexisting 
states, but rather form in response to screening of an electron charge at a metal surface, which happens typically on sub-femtosecond 
time scale [221,222]. Thus, the IP state population may be defined, in part, by this screening response. 

To summarize, while time-resolved photoemission techniques are being applied to complex correlated and topological materials 
[202,268], it is useful to investigate seemingly simple noble metal systems. It helps to build up an understanding of coherence and 
correlation in light-matter interactions for relatively well understood materials, like noble metals, to be able to apply such experi
mental methods with confidence to more complex materials. It is clear that as the time resolution of the performed experiments reaches 
into the attosecond regime [256], it is important to have a thorough understanding of the electron correlation that is introduced by the 
pumping and probing optical fields. Moreover, the excitation light cannot be simply considered as such that propagates through the 
vacuum, but one must consider how it is affected by response of the electronic system with which it interacts [41,44,52,203,222,269]. 
One should also recall that optical fields not only carry energy, but also spin and OAM that can induce chiral and biansiotropic in
teractions that break the time-parity symmetry to introduce nonreciprocity [106,108,270–272]. The paradigmatic plasmonic response 
of Ag as exemplified by its ENZ response is ideal to build on its complexity to explore correlated electronic responses on ultrafast time 
scales. 
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