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Exciting solids with intense femtosecond laser pulses prompts electrons of the interrogated material to respond
in a highly nonlinear manner, as is evident in the emission of high-order harmonic radiation and photoelectrons
with kinetic energies well above that of the driving photons. Such high-field interactions can be resolved, for
example, in above-threshold multiphoton photoemission (ATP) spectroscopy. In this work, we interrogate the
nonlinear photoelectric responses of the pristine copper, silver, and gold noble metal surfaces in (111) and (100)
crystal orientations in the perturbative regime. Using multiphoton photoemission spectroscopy (mPP) excited
by finely tuned optical fields, we characterize enhancement of the mPP and ATP yields from (111) surfaces in
selected k;-momentum ranges when the occupied Shockley surface (SS) states are (near-)resonantly coupled
by multiphoton transitions to image potential (IP) intermediate states in the excitation process. The ATP signal
from the IP states of (111) surfaces is largely defined by their formation through polarization of SS electrons;
this observation is contrasted with ATP experiments from the Ag(100) surface, for which the SS becomes an
unoccupied resonance and the IP states can only be excited from bands with significantly more bulk character. In
addition, based on the optical power and nonlinear order-dependent mPP spectra, we provide evidence for ATP

being a one-step, rather than a sequential process, as previously postulated.
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I. INTRODUCTION

Above-threshold ionization (ATI) refers to processes where
atoms and molecules absorb additional v photons above the
minimum number of u that are necessary to overcome the ion-
ization potential; photoelectrons with up to v quanta of excess
kinetic energy are emitted creating replicas of the uth-order
spectrum in an overall (« 4 v)th-order process [1,2]. When
intense lasers excite solid-state materials, such highly non-
linear processes are termed above-threshold photoemission
(ATP), in analogy to ATI. ATP can probe different phenomena
in the strong- and weak-field regimes, as distinguished by
the relative excitation field strength and quantified by the
Keldysh parameter y [3]. For y <1, in the nonperturba-
tive regime, extreme optical phenomena like high-harmonic
generation (HHG), and/or attosecond pulse generation occur
[4,5]. With respect to ATP, strong-field photoemission has
been observed from sharp metal tips [6—-8], and plasmonic
nanostructures [9-12]. By contrast, ATP from atomically flat
surfaces typically occurs when excitation is performed in the
perturbative regime (y>>>1). Several ATP studies reported
multiphoton photoemission (mPP) excitation involving dipole
transitions between the momentum-dispersive occupied and
unoccupied surface states of noble metals [13-20]. Replica
structures of the lowest-order photoemission spectral feature
detected in uPP have been detected in (u+v)PP (v =1, 2,...),
where each higher-order process appears with a substantially
reduced photoemission yield.
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We perform angle- (kj-momentum-) resolved high-order
mPP spectroscopy to study ATP from crystalline copper, sil-
ver, and gold surfaces (m = 3-6). We record the multiphoton
dynamics primarily within the surface-projected band gaps of
these metals, which support the partially occupied Shockley
surface state (SS) [21,22], and the Rydberg-like series of im-
age potential (IP) states or resonances [23,24]. The coupling
of these quasi-two-dimensional states to atomic and molecular
adsorbates [25,26], as well as the electron dynamics of the
pure [27,28] and adsorbate modified states [25,29] represent
benchmarks for developing an understanding of light-driven
quantum-state resolved electron dynamics of interest to metal
quantum optics and surface photochemistry [20,28,30-35].
They are ideal models to study polaron formation in molecule-
covered surfaces [36-38], charge-transfer dynamics at metal
surfaces, and more complex interfaces [25,26,29,39-41],
as well as the quantum control of electron dynamics
[30,33,42—45]. Furthermore, their Rashba-type spin splitting
[22,46-48], and topological nature [49] have aroused interest
in contexts of spintronics and topological protection.

By exciting the IP<-SS transition of (111)-oriented no-
ble metal surfaces (near-)resonantly with three infrared (IR)
photons, we detect their lowest-order 4PP and higher-order
ATP spectra. Our analysis of the photoemission order m and
optical power-dependent ATP spectra is consistent with a
recent two-dimensional (2D) Fourier transform photoelectron
spectroscopy study, which concluded that ATP of the occupied
SS state is dominantly a one-step process of rectification of
the coherent (1 + v) polarization [20]. This stands in contrast
to the postulated two-step attribution of ATP, which has been
adopted from ATI, where the above threshold process occurs
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by photoelectrons being generated first by absorbing u pho-
tons and then absorbing another v photons prior to emerging
from the surface region [13—19]. Furthermore, we contrast
our results for the (111)-oriented surfaces with ATP spectra
obtained from Ag(100), for which the Shockley state is pre-
dominantly unoccupied and resonant with bulk bands, where
it can act as an intermediate state in excitation of the IP states.

II. EXPERIMENTAL MEHTODS

mPP spectroscopy on noble metal surfaces is performed in
an ultrahigh vacuum chamber (UHV) with a base pressure of
<1071 mbar. Single-crystal noble metal surface samples are
prepared by cycles of Art ion sputtering and annealing [20-
min sputtering: 1500 V, 3 pA; 10-min annealing: Ag(111),
Au(111), Ag(100): 550 K; Cu(111): 800 KJ; surface quality is
judged by the work-function energy, weak mPP signal at the
secondary electron cutoff (work-function edge) relative to the
overall photoemission signal, as well as sharp spectroscopic
peaks from the SS and IP states. All spectra are recorded at
ambient temperature.

Wavelength tunable femtosecond laser pulses in a 930-
550-nm (1.3-2.3-eV) range are generated with two non-
collinear optical parametric amplifier lines, which are pumped
at a 1-MHz pulse repetition rate by the second and third
harmonics of a Clark MXR Impulse Yb-doped fiber laser
oscillator-amplifier system. Depending on wavelength, pulse
durations are in the 20-30-fs range, as characterized by
interferometric autocorrelation measurements [20,35]. Time
broadening of the laser pulses by dispersion in the optical
system is compensated by multiple reflections from negative
dispersion mirrors.

mPP spectra are excited by passing p-polarized near-IR
pulses through a 150-mm focusing lens into the UHV chamber
at an angle of incidence of 45° with respect to the lens axis of
a Specs Phoibos 100 hemispherical electron-energy analyzer.
An average power of 25-190 mW is focused onto the single-
crystal surfaces, to achieve a fluence of ~0.3-2.5mlJ /cm2
or an optical field strength of ~10° V/m (estimated beam-
waist diameter on the surface is 100 um); the electric-field
strengths on the surface are further controlled by translating
the optical beam waist by moving the focusing lens with
respect to the sample surface while keeping the average power
and pulse duration constant. Possible sample damage or signal
distortion by space-charge effects [50] do not occur based
on the reproducibility of mPP spectra after irradiation of
the same sample spot for several hours, and imperceptible
effect of laser fluence on spectral broadening, respectively.
The samples are aligned to detect normal emission or can be
rotated in the optical plane to access a larger kj range. The
photoelectron analyzer records the final-state photoelectron
energy, £y = E — Eg, vs photoemission angle distribution
with a 2D position-sensitive electron counting detector. The
angle is converted to kj; momentum in E¢ (k) photoelectron
spectra, which we report.

III. RESULTS AND DISCUSSION

The (111) and (100) surface band structures of noble met-
als have inverted projected band gaps centered at the I" point

(k) = OA‘I), that extend from the lower, Lg,, to the upper,
Usp, bulk sp bands (cf. band diagrams in Fig. 1). In the (111)
orientation, the SS state of Cu, Ag, and Au surfaces, which
exists because of the abrupt termination of the interatomic
interactions, are occupied around their band minimum at the
I" point, and become unoccupied as they cross Ep at k| ~
0.1-0.2A°! [21,22]; their band dispersion deviates modestly
from quasi-free-electronlike as they approach and hybridize
with the bulk Ly, band at k) > 0.2 Al [51,52]. Moreover,
these (111) surfaces each have an unoccupied Rydberg-like
series of IP states labeled by an integer quantum number 7 that
converges to the vacuum level as n increases [23]. The IP-state
wave functions reside mainly in the vacuum, but penetrate
variously into the bulk [53], where they experience stronger
electron-electron and electron-phonon interactions; therefore,
the degree of their penetration substantially determines their
lifetimes [27,31,54]. For Cu(111) and Ag(111), the firstn = 1
IP state (IP1) lies in the band gap just below Uy, and therefore
penetrates into the bulk only evanescently, whereas the n > 2
IP states (IP2, IP3, ...) become resonant with the Us, band.
By contrast, for Au(111), the Ugp-band minimum is at a lower
energy with respect to Er causing the entire IP series to be
resonant with it [53].

A. Cu(111)

We begin by examining the spectroscopy of (111)-oriented
surfaces by tuning the photon energy such that three photons
excite SS electrons (near-)resonantly with the IP state series,
and additional one or more photons excites them further above
the vacuum level, Ey,, in an m = 4—6 photoemission process.
The highly nonlinear excitation scheme thereby enables ef-
fective detection of ATP involving well-defined occupied and
unoccupied bands of noble metals in the perturbative regime.

Figure 1 shows Ey (k) )-resolved mPP spectra of the (111)-
oriented Cu, Ag, and Au surfaces; in the following, we
discuss ATP of Cu(111) in detail, and subsequently compare
the results to related mPP spectra obtained under similar
conditions for the Ag(111) and Au(111) surfaces. In Fig. 1(a)
[Cu(111), hw = 1.59 eV], the occupied part of the SS state,
as well as the IP1¢™ and TP2"™ states, are shown for m = 4
and 5 photoexcitation processes. The detected kj range of
the SS and the IP1 states is affected by the kj-dependent
crossing of SS above EF, as well as the experimental analyzer
acceptance angle. For Cu(111), the surface states dominate
the mPP spectra particularly at k; where the signal is en-
hanced by resonant or near-resonant three-photon excitation
of the IP<«-SS transition. The occupied SS below Ep can
serve as the initial state for IP-state excitation. Nevertheless,
the unoccupied part of the SS state is also detected as an
intermediate state, and its role in the mPP process will be
discussed below. The binding energies and kj; dispersions of
the surface states are consistent within the different orders of
photoexcitation, as well as agree with published 1PP [22] and
2PP [24,55] spectra; minor deviations in the k;; distributions
are attributed to stray fields that affect detection of low kinetic
energy photoelectrons.

We examine how resonant and near-resonant surface tran-
sitions in energy- and momentum space affect the ATP
yield. Figure 2 shows E(k;)-resolved mPP (ATP) spectra of
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FIG. 1. Ef(k))-resolved mPP (ATP) spectra of (a) Cu(111), (b)
Ag(111), and (c) Au(111) surfaces excited with hiw = 1.59¢eV,
1.50 eV, and 1.67 eV photons, respectively; photoemission spec-
tral features are labeled and the dominant excitation pathways
are indicated in the surface-projected band structures. mPP (ATP)
yield (color coded) is detected from the IP1¢™, and SS™ states
for m = 4, 5. In addition, the IP2(™ state is resolved on Cu(111)
(horizontal arrow) and Ag(111), where mPP yield is enhanced due to
(near-)resonant excitation from the SS state at k; ~ 0.12A~" and
k; ~ 0.00 A-! , respectively. On Ag(111), in addition, the direct bulk
sp-band transition, sp, is observed. In the excitation diagram, 4PP
of the SS state and the IP states is indicated by red and black arrows,
respectively; ATP is indicated by dashed arrows.
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FIG. 2. Photon energy-dependent mPP (ATP) spectroscopy of
Cu(111) in photoemission order m = 4—6 taken with the same av-
erage laser power; the color legends are scaled separately for each
ho. Ef(kj)-resolved mPP spectra are excited with (a) iw = 1.53-,
(b) iw = 1.57-, and (c) hw = 1.67-eV light. The photon energies
are chosen such that three-photon excitation from the SS state is
(a) resonant with the IP1 state at k| ~ 0A~"; (b) is detuned from
resonance in the entire kj range; and (c) becomes resonant with the
IP2 state at k;; 2 0.12 A~" (horizontal arrow).

Cu(111) excited with 1.53-, 1.57-, and 1.67-eV light pulses
under otherwise comparable excitation conditions; m = 4-6
processes are observed. At hw = 1.53eV [Fig. 2(a)], the
three-photon IP1<—SS transition is excited resonantly at k| ~
0.0A~!. The different effective masses, and therefore k;
dispersions, of the IP1 and SS bands cause the resonance
condition to detune for k; > 0.0A~!, where consequently
photoemission yields decrease. When increasing the photon
energy to hw = 1.57eV, the IP1<«-SS transition is detuned
from resonance over the entire k| range of the occupied SS
state, but nevertheless the SS and IP band features are still
detected in the 4PP and ATP spectra [Fig. 2(b)]. At fiw =
1.67eV, a three-photon resonant excitation occurs for the
P2 <SS transitions at k;; &~ 0.12 A~!, but not at k;; ~ 0.0 A~!
[Fig. 2(c)]. These resonance enhancements of three-photon
absorption are replicated in ATP. In the subsequent sections,
we will quantitatively evaluate the nonlinear excitations that
contribute to these spectra based on the optical power and
nonlinear photoemission order m to provide further insights
into the ATP mechanism.

First, however, in Fig. 3(a), we show an Ey (k) )-resolved
mPP spectrum of Cu(111) for 0.0 < k;; < 0.45A~" when
excited with iw = 1.66-eV light pulses. As already described
in Fig. 2(c), excitation of the IP2 <SS transition proceeds res-
onantly by three-photon excitation at k;; ~ 0.12 A~!. Because
the effective mass of SS™ is less than that of the IP2™ state,
for k) > 0.15 A‘l, the resonant excitation becomes detuned,
but nevertheless, the upwardly dispersing unoccupied part
of the SS state is detected (labeled SS©-"1°%)). The proba-
ble photoemission pathway of SSG:""°°) is indicated in the
excitation diagram in Fig. 3(a): In a kj-conserving process,
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FIG. 3. E;(k))-resolved mPP (ATP) spectra for large k;; of (a)
Cu(111), (b) Ag(111), and (c) Au(l11) excited with fiw = 1.66-,
1.77-, and 1.38-eV light; fiw is chosen such that lowest-order pho-
toemission u overcomes the work function in 4-, 3-, and 5-photon
processes, respectively. The surface-projected band structures show
dominant excitation pathways coupling the IP1<-SS transition at
large k. (a) The IP2<«-SS transition is excited resonantly for k), ~
0.12 A" (horizontal black arrow). For k; > 0.2A~!, the paraboli-
cally dispersing SS state crosses Er and becomes unoccupied; its
unoccupied portion is excited from the bulk sp band and detected as
an intermediate state in 4PP and 5PP processes. For k; ~ 0.45 A,
the IP1 state is excited resonantly via the unoccupied SS state in
an intermediate two-photon resonance (vertical black arrow). (b),
(c) Similar to Cu(111), mPP enhancement is observed for Ag(111)
and Au(111) at large kj, where the IP1<-SS transition proceeds
resonantly (vertical arrows). The Ag(111) spectra for u = 3 do not
record a distinct ATP feature at the used excitation fluence.

the SSU"%¢)_gtate can only be populated by an one-photon
transition from the bulk, three-dimensional dispersive, Lg,
band, and subsequently be detected by four-photon excitation
above the vacuum level in an overall fifth-order process (m =
5). In addition, we note that the unoccupied part of the SS
state is sufficiently high in energy to be detected by further
three-photon absorption, but its signal, labeled as §§@-unoe) g
at the edge of the accessible k) range that is limited by the
acceptance angle of the electron analyzer.

In the fifth-order process, however, SS®U"°¢) is detected
and resolved in the 6.8 to 8-eV Ey-range for 0.2 < k| <
0.43 A~'; strikingly, its mPP yield is enhanced at k) ~
0.43 A~! where it is detected at the same E (k) as the IP1¢
photoemission spectral feature [vertical arrow in Fig. 3(a)].
Thus, for selected kjj, the overall 5PP process proceeds via an
intermediate two-photon resonance between the unoccupied
SS and IP1 states [excitation diagram in Fig. 3(a)]. Such
complex ATP enhancement in kj; space has been proposed
in Ref. [18] for Ag(111); here, the presented 2D Ef(k)
data clearly identify this resonance when compared to other
k; where the IP1®)«-SS®Gu1%9) transition is detuned. ATP
enhanced by such high-order resonant transitions can thus
facilitate the detection and analysis of photoemission spectral
features at large k| that may be hidden below the photoemis-
sion horizon [56] in lower-order multiphoton excitation.

Next, we consider how the IP states are excited if the
IP1<-SS transition is significantly detuned [Fig. 3(a)]. The
IP1 state could be excited nonresonantly from SS by de-
phasing of the induced coherence, but the detuning of the
IP1<«-SS transition by ZA = 0.6eV would require this to
occur on <1-fs timescale for significant population to be
transferred. Because the SS and IP1 state dephasing occurs on
>20-fs timescales, however, such nonresonant excitation pro-
cess cannot be effective [43,57]. Instead, the IP1 state might
also be excited from the L, band. To evaluate which process
might be dominant, we compare the mPP yields of the IP1
state in the occupied range of the SS state (k| < 0.2A71), with
those of k; > 0.2A~!, where excitation cannot occur from
SS without electrons improbably gaining k; momentum, and
therefore energy, through scattering. The IP1 state yields vs
kj do not show a sharp falloff at k; > 0.2A~!, while mPP
intensity of the SS state drops abruptly by a factor ~50 when
it transits above Er [Fig. 3(a)]. Thus, the k||-dependent signal
from the IP1 state suggests that the portion of the IP1 state
for k| = 0.2A~" must either be excited from the Ly, band, or
starting from the occupied part of SS through some scattering
process, which obscures its origin. Similar kj-dependent mPP
yield on Cu(111) was as well observed in Ref. [52], and is
recorded in Figs. 3(b) and 3(c) for the Ag(111) and Au(111)
surfaces. Thus, we speculate that both the dephasing of the
detuned IP1+<«-SS excitation and the excitation from the bulk
lead to the IP1-state population with the relative probability
determined by the detuning, but our data do not allow us to
separately quantify these photoexcitation pathways. We note
that the k;-dependent population of the IP states on metal
surfaces is not necessarily only defined only by the excitation
process, but may also be influenced by inter- and intraband
energy and momentum scattering [58,59]. Yet, for Cu(111),
interband scattering, for example, from the IP2 into the IP1
state can be neglected because IP2 is shorter lived than IP1 due
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to it stronger coupling to the bulk [60]. Furthermore, intraband
scattering within the IP1 state is not expected to strongly affect
its k-dependent populations within the excitation timescales.

B. Ag(111) and Au(111)

4PP and 5PP (ATP) spectra of Ag(111) and Au(l11)
surfaces show similar trends as described for Cu(111); in
Figs. 1(b) and 1(c) and Figs. 3(b) and 3(c), E¢(k;) spectra
of these surfaces are plotted in a narrow and a broader kj
region, respectively, set by rotating the angle of the sample
with respect to the electron analyzer. Both the occupied and
unoccupied parts of the SS state are recorded. The photon
energies are chosen such that the SS state has a two- or
three-photon resonance with an IP state for a certain kj; the
nonresonant ATP from the SS state has been described for
both surfaces in Refs. [18-20]. As for Cu(111), ATP yield
enhancement can be observed in (near-)resonant excitation of
the surface states, independent of whether the SS state acts as
the occupied initial state [Figs. 1(b) and 1(c)] or as an unoccu-
pied intermediate state in the multiphoton process [Figs. 3(b)
and 3(c)]. Furthermore, in Fig. 3, we have chosen the photon
energies such that lowest-order photoemission occurs for u =
4,3, and 5 for Cu(111), Ag(111), and Au(111), respectively.
In each case, the expected binding energies, effective masses,
and mPP (ATP) yield enhancement in resonant coupling of
the surface states are observed, implying thus similar pho-
toexcitation pathways, irrespective of the minimum number
of photons u necessary to overcome the work function. mPP
spectra of Ag(111) show, in addition to the surface states, the
coherent resonant four-photon transition between the bulk sp
bands, labeled sp™ in Fig. 1(b) [55]. We note that for all
studied surfaces the large bandwidth of the ultrafast excitation
pulses prevents resolution of the Rashba spin splitting of the
surface states [22,46—49].

While similar surface-state signal as for Cu(111) and
Ag(111) is observed in mPP spectra of Au(111) (Fig. 1), its
ratio of signal to the featureless background is considerably
worse. This can be attributed to the fact that the entire IP-
state series of Au(111) is resonant with the Us, band, while

for Ag(111) and Cu(111), the IP1 state is not. The IP1-
state propagation and damping in the bulk of Au(l111) can
therefore redistribute the surface electrons to the bulk, as well
as increase their bandwidths, both of which could contribute
to the structureless spectrum that overlaps with the IP states.

Finally, we emphasize that highly nonlinear SS-state exci-
tation occurs for all three (111)-oriented noble metal surfaces
when exciting with IR frequencies. Thus, these nonlinear
responses appear to be a general characteristic of metals
that do not strongly depend on the precise structure of their
electronic bands, dielectric functions, or their many-particle
screening (plasmonic) responses.

C. Ag(100)

So far, our data and analysis concerned the energy- and
kj-momentum resolved ATP spectra of the (111)-oriented
noble metal surfaces, where the (near-)resonant coupling of
the IP<-SS transition dominates the mPP spectra. Next, we
extend our study to the (100) facet of the Ag crystal (Fig. 4),
which involves a qualitatively different occupied and unoc-
cupied surface-projected band structure. The relevant differ-
ences between the band structures of the two high-symmetry
crystal orientations are evident by comparing Figs. 1(b) and
4(c): Whereas Er at the T' point of the Ag(111) surface lies
in the surface-projected band gap, for Ag(100), the Ly, band
extends to the Xy point roughly 1.6 eV above Er [53,61]. Be-
cause the band gap of the Ag(100) surface occurs in a different
energy range, the same physics that gives rise to SS on the
(111) surfaces leads to a predominantly unoccupied Shockley
surface resonance (SR) on Ag(100), which is centered 1.3
eV above Er [53,61]. Because SR and the resonant Ly, band
form a hybridized density of states (DOS), SR acquires a
large width, implying a fast surface-to-bulk delocalization.
The broad DOS of SR extends even to below Er, where it
is partially occupied. The intermediate IP states, however, lie
in the surface-projected band gap, where their penetration into
the bulk is weak [24,53].

Figure 4(a) shows an E (k) )-resolved mPP (ATP) spectrum
of Ag(100) excited with ziw = 1.71 eV photons. Whereas the

(@) \ k” =0 k” =0 (c)
\

> @
3 70 & ,,,,,, EY IP1
> }
= i —
2 f 3
o 60 { it
©
& >|P1‘4> o
S P P191y
L 50 \> '

- ‘ — ‘ o

0.0 0.1 0.0 0.1 0.0 0.1 0.2

Ky (A7) Ky (A7) Ky (A7)

FIG. 4. E¢(kj)-resolved mPP (ATP) spectra of Ag(100) excited with (a) iw = 1.71- and (b) fiw = 2.12-eV light; photoemission spectral
features are labeled in the energy profiles taken for k;; = 0.0 A~'. (a) In IR excitation, the IP1 state is only detected in 4PP; E, and SR are
detected in 3PP and 4PP (ATP). (b) For iw = 2.12 eV, the IP1 state is detected in 3PP and 4PP (ATP). (c) k)-resolved excitation diagram for
hw = 1.71-eV (red) and hiw = 2.12-eV (orange) light. The IP1 state is located in the surface-projected band gap (white region) between the
Ly, and Ugp. The spectrally broad SR (brown) is resonant with the L, band and extends below Ep.
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mPP spectra of Ag(111) for IR excitation show high peak-to-
background ratios with spectrally narrow mPP features, for
Ag(100), spectrally broad features are observed, which we
attribute to SR. According to Fig. 4(a), the SR has a broad
linewidth in the 1-2-eV range, reflecting its resonant coupling
with the Lg, band that suggests that in fact the surface-to-
bulk transfer occurs on a subfemtosecond timescale. Because
partial DOS of SR below Ef is occupied, SR can act either
as the initial or intermediate state in the mPP process, but is
unlikely to serve as both, because that would involve intraband
absorption. We note that SR (ATP) is substantially broader
than SR®, which might reflect the different contributions
from the occupied and the unoccupied part of SR. In addition,
a sharp, but relatively weak IP1® state is detected; the Fermi
edge, Eg™, is resolved both in 3PP and 4PP.

In high-order IR light excitation, the surface-projected
band structure around Ef significantly impacts the photoexci-
tation of the IP states. On Ag(111), well-defined spectroscopic
features of the IP1 and IP2 states are detected in ATP. The IP
states can be excited either from SS or Ly, bands, whereas the
(near-)resonant coupling of the IP<-SS transition dominates
the mPP yield. On Ag(100), however, the IP states must be
excited either from the occupied part of the SR or from the
Ly, band; for both scenarios substantial bulk character of
the initial state is expected. For IR excitation [1.71 eV in
Fig. 4(a)], a three-photon coupling of the occupied part of SR
into the IP1 state is largely detuned, which makes such an
excitation pathway less probable. Instead, we assume the ini-
tial excitation of Lg, electrons via intermediate polarization of
the energetically broad unoccupied part of the SR to populate
the IP1 state. Thus, there is no pure surface photoexcitation
pathway through which the IP states can be detected, as in the
case on Ag(111); therefore, the IP1 peak is relatively weak
compared with the SR features. This stands in contrast to
excitation of Ag(100) with iw = 2.12 eV photons [Fig. 4(b)].
Here, the IP1 state is by far the dominant feature in the
3PP and ATP spectra, as, most likely in this case, the IP1
state can be near-resonantly excited by two-photon absorption
from the occupied part of SR. Thus, for both Ag(111) and
(100) surfaces, the (near-)resonant excitation from SS and SR
appears to promote mPP and ATP via the IP1 state.

D. Perturbative ATP

Because ATP has a higher nonlinearity than the primary
mPP signal of the lowest-order u, it is insightful to character-
ize the effect of the optical fluence on the ATP yield. There-
fore, in Fig. 5, we show E-resolved ATP spectra of Cu(111)
for excitation with increasing laser power (k; = 0.0 A=");
photoemission yields of the IP1 and SS states increase for
both the resonant [Fig. 5(a), iw = 1.56eV, Res], as well as
the detuned [Fig. 5(b), iw = 1.64 eV, IP1 and SS] excitation.
A quantitative evaluation of the peak signal amplitudes is
given in the insets: On the double-logarithmic scale, the
mPP yield scales linearly with increasing laser power (proxy
for the laser fluence); the data fit well to the power-scaling
law ~ I*, where k approximates the photoemission order m
of the primary signal and its ATP replicas (i.e..k & m; the
fitted values are given in the insets of Fig. 5). Therefore,
independent of whether photoemission occurs in the lowest
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FIG. 5. Power-dependent mPP (ATP) spectra of Cu(111) excited
with (a) fiw = 1.56eV (resonant, Res”™) and (b) hw = 1.64eV
(detuned, TP1&SS™) light at k; = 0.0 A~'; 6PP data are shown
in the left inset of (a). In the insets, the mPP intensities are plotted
as a function of the average laser power using a double-logarithmic
scale for m = 4-6. The data are fitted with a power-law scaling, I*,
where k approximates the photoemission order m, i.e., k ~ m; fitted
values of k, including the standard error, are given in the inset. (c)
The laser power-dependent peak energies for resonant and detuned
excitation of the [P1<«-SS transition.

order (m = u = 4) or in ATP (m = u + v), the photoemission
yield scales with the overall nonlinear photoemission order
m. At the highest fluences, the 4PP process appears to be
leveling off, which is expected if ATP increases with a higher
power-scaling law at the cost of reducing the signal from the
lower orders [Fig. 5(a)]. Moreover, E; of the photoemission
spectral features is constant with the increasing optical fluence
[Fig. 5(c)].

Further insight into the ATP process becomes accessible
when quantifying the £, energy and the mPP yield of the sur-
face states for increasing nonlinear order m at otherwise con-
stant excitation conditions. We evaluate mPP spectra, such as
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FIG. 6. Quantitative evaluation of mPP (ATP) spectra of Cu(111)
shown in Fig. 2 (k; ~ 0.0 A~"). The data are obtained from the res-
onant (Res) and detuned (IP1 and SS) excitation with iw = 1.53-eV
and /iw = 1.67-eV light, respectively. (a) The final-state energy of
the surface states shifts linearly with the photoemission order m.
(b) The intensity of the surface states decreases exponentially with
photoemission order m, but the IP1 state intensity drops faster than
that of the SS state. The IP1 state intensity for m = 6 is indicated as
a shaded brown triangle because it is within the noise level.

shown in Fig. 2, by plotting the nonlinear photoemission order
m-dependent E, values and the peak amplitudes of the surface
states of Cu(111) for both the resonant (iw = 1.53eV, k) =
0.0 A~!, Res) and detuned (fiw = 1.67eV, k; = 0.0 A=, IP1
and SS) excitation in Fig. 6.

The E; energies of the photoemission spectral features
increase linearly with the photoemission order m [Fig. 6(a)],
whereas the slopes approximately scale with the used photon
energy hw, regardless of the resonance condition. This is
expected in a perturbative process because the photoelectron
energy is determined by absorption of m quanta of light. A
deviation from this relationship might occur if the applied
field dresses the electronic band structure of the sample or
if the optical field modifies the vacuum level causing field
emission [6,62,63].

The measurements in Figs. 5 and 6 show that the reported
ATP processes occur in the perturbative regime where these
high-order photoemission yields build up by the optical-
field exciting dipole transitions within k-dispersive electronic
bands of the noble metal surfaces with substantially dimin-
ished probabilities as m increases. In other high-optical-field
excitation experiments on solid-state materials, such as in
laser power-dependent electron emission from sharp metal
tips, it was shown that both the electron yield [6,7] and
kinetic energy of the yield maximum [6] can deviate from
expectations for a perturbative process due to nonperturba-
tive contributions from field-emission processes. Based on
the distinctly exponential laser power-dependent yields in
Fig. 5, we conclude that our reported ATP signal from flat
noble metal surfaces occurs within the perturbative regime
and thus dominantly occurs by coherent dipole transitions
excited within the k-dispersive electronic band structure. This
is in accordance with a Keldysh parameter [3,8], which we
estimate for the highest laser power in Fig. 5 to be y &~ 13.

E. One vs two-step ATP

In resonant, as well as in detuned excitation, mPP yields
from the surface states drop approximately with an exponen-

tial dependence on the photoemission order m [Fig. 6(b)].
Significantly, in the detuned excitation, where the SS and
IP1 signals are resolved separately, we find that the IP1-state
intensity decreases faster with m than that of the SS state. For
example, in Fig. 2, the mPP signal of the SS state becomes
dominant over the IP1 state signal for m > 5. Consequently,
for m = 6, the SS© feature is still detected, while the IP1©®
feature does not appear above the noise level. This trend for
more effective ATP of the SS over the IP1 state is observed in
the entire studied optical excitation power range [Fig. 5(b)],
as well as is consistent with an earlier nonresonant study of
mPP study from Ag(111) [20], and the ATP data obtained for
Au(111) [Figs. 1(c) and 3(¢c)].

Being thus observed for three surfaces of (111)-orientation
in a broad excitation frequency and power range, we conclude
that the nonresonant ATP of the SS state is more probable
compared to an excitation via the IP intermediate states,
independent of the specific electronic band structure of the
studied metal, and related differences in the relative lifetimes
of the virtual and real (IP1) intermediate states at the three-
photon energy. Instead, the differing ATP yields of the surface
states seem to be a more general phenomenon related to
the remarkably nonlinear m-photon response of SS electrons
on noble metal surfaces. Hence, we examine the differences
between the coherent one-step nonresonant mPP (ATP) of the
initially occupied SS state, with a two-step process that occurs
through multiphoton population of the intermediate IP states.

Although ATP has been observed on several metal surfaces
[13-20], the process by which an electron absorbs multiple
photon quanta before emerging into vacuum has in most
cases so far not been discussed based on experiments that
are capable of assessing how it occurs. The conventional
view in the literature, probably adopted from atomic ATI [2],
has been that ATP occurs as a sequential process: electrons
excited above the vacuum level in lowest possible order u
absorb additional v photons before leaving the surface region
where momentum for inducing optical transitions can be
supplied [13-19]. The mPP and ATP process of SS elec-
trons on Au(111) surface upon 1.55-eV photon excitation
was measured by Sirotti et al. [19]. They modeled it as a
resonant process, where they assumed that the 22 x +/3 surface
reconstruction causes band folding in the band gap to generate
resonant excitations, although if such resonances did exist,
there is no spectroscopic evidence for them. Instead we show
that the nonlinear excitation of SS occurs on the other unre-
constructed noble metal surfaces, and therefore is a nonlinear
property of metals that requires further theoretical elaboration.
Moreover, recently we obtained evidence that ATP from the
SS state of Ag(111) is a one-step process [20] like linear pho-
toemission [64]: When an intense optical field interacts with
electrons in the SS state of Ag(111), they respond by oscillat-
ing coherently at multiple harmonics of the driving field with
a progressively decreasing amplitude, which can potentially
result in ATP. Thus, both mPP and ATP can be generated
by rectification of high-order nonlinear polarization fields to
produce photoelectron currents at the final-state energies of
the lowest-order u as well as all higher orders u+v. Following
the arguments of Ref. [20], the one-step m = u + v-photon
ATP process of SS state is more likely than the same order
process via the excitation of the IP intermediate state. In a

075409-7



MARCEL REUTZEL, ANDI LI, AND HRVOJE PETEK

PHYSICAL REVIEW B 101, 075409 (2020)

two-step excitation process, upon photoexcitation of electron-
hole pairs from the SS state to form a transient excitonic
precursor, the IP state first has to form through screening of
the Coulomb interaction on the subfemtosecond timescales
[35,65], before it can be photoemitted in the same nonlinear
order as the SS state. Thus, even though the SS and IP-state
photoelectrons are generated in the same overall photoemis-
sion order m, their photoexcitation processes are qualitatively
different, and therefore affect their photoemission yields.

While the competition between such high-order coherent
processes can explain the reversed intensity ratio of the SS
and IP1 state in ATP, we would not expect it to be affected in
a sequential ATP process: For the (111)-oriented noble metal
surfaces under consideration, the final photoelectron states
are indistinguishable, independent of whether they are excited
from the SS or a transiently populated IP1 state. Thus, the sub-
sequent excitation of these above-vacuum states in the process
of electron escape would not differentiate between electrons
that have occupied the SS or IP bands. Consequently, from
a two-step sequential process, we would expect replicated
rather than inverted intensity ratios. Nevertheless, a fuller
understanding of ATP requires more rigorous modeling, for
example, based on response theory [66], which, however, is
beyond the scope of this work.

Finally, we would like to adumbrate that ATP, as identified
by the replicated photoemission spectral features in the one-
color mPP experiment, may be described in a Floquet picture
[67]. The time-periodic driving field can perturb the band
structure to induce a manifold of Floquet replicas of the Bloch
bands separated by +£N7w; the photoemission experiment
then detects these bands for +N > u as mPP or ATP if
they lie above the vacuum level, but +N < u bands remain
undetected (N is an integer). Floquet bands have previously
been reported in topological insulators using two-color IR-
UV angle-resolved photoelectron spectroscopy, which could
detect the ladder of Floquet states that are excited below
the vacuum level [68]; further experimental scrutiny of the
Floquet physics is desirable in both the one- and two-color
photoemission experiments.

IV. CONCLUSIONS AND OUTLOOK

In conclusion, we have investigated Ey(kj)-resolved ATP
from a material and a crystal orientation perspective with
tunable photon energies. A detailed overview of the (111)-
and (100)-oriented copper, silver, and gold surfaces shows
that ATP is a general phenomenon in intense laser excita-
tion of metal surfaces through a perturbative mPP process.
Employing driving frequencies in the IR for highly nonlinear
excitation (m > 3), mPP (ATP) can be enhanced by coupling

distinct resonance conditions between the SS state of (111)
surfaces and the series of IP states. We find that the SS state
has a dominant role in the IP-state excitation and highlight
that its unoccupied range above Er becomes accessible in
high-order mPP experiments. In addition, we provide further
evidence that ATP from the occupied SS state occurs through
a one-step process.

Besides enhancement by the resonant coupling of single-
particle transitions, we expect that ATP, as a highly nonlin-
ear process, could be strongly dependent on the dielectric
response and the plasmonic properties of the studied material.
For example, for epsilon-near-zero (ENZ) materials, it was
shown that the optical response is dominantly nonlinear and
nonperturbative [69], leading to a strong enhancement of
HHG [70]; for Ag(111), the ENZ condition strongly affects
optical second-harmonic generation [71] and 2PP yield in the
UV spectral region [55]. We expect ATP driven at photon
energies close to ENZ to be highly effective and to enable the
study of nonperturbative physics from well-defined surfaces
at moderate laser powers, with the full capabilities of time-
and angle-resolved multiphoton photoelectron spectroscopy.

Finally, we propose ATP as an alternative method to access
coherent electron dynamics at large k). The experimentally
accessible k;; range of angle-resolved photoemission exper-
iments is limited by the identity & = v/ 2meExin /B sin(9)
(m,: electron mass, ¥: photoemission angle); excitation with
optical frequencies in the mPP experiment leads to small
kinetic energies (Exiy). As Exin of the photoemission spectral
features in the ATP experiment scales linearly with the pho-
toemission order, Ey;, ~ mfiw [Fig. 6(a)], higher k)|, and thus
deeper regions in the Brillouin zone become accessible. ATP
might thus be considered as a complementary photoelectron
spectroscopy approach to experiments using high harmonic
photoemission sources to gain access to the electron dynamics
at large k), e.g., Refs. [72-74]. We emphasize that when
only employing optical frequencies in the experiment, all
time-resolved methods developed for this frequency range are
available and could thus be applied to probe characteristic
points throughout the Brillouin zone.
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