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Focused surface plasmon polaritons coherently
couple to electronic states in above-threshold
electron emission
Pascal Dreher 1✉, David Janoschka 1, Bettina Frank2, Harald Giessen 2 & Frank-J. Meyer zu Heringdorf1,3

When an intense light field strongly interacts with the band structure of a solid, the formation

of hybrid light-matter quantum states becomes possible. Examples of such Floquet-Bloch

states have been reported, but engineering of the band structure using Floquet states can

suffer from dissipation and decoherence. Sustaining the necessary quantum coherence of the

light-matter interactions requires robust electronic states in combination with strong fields of

suitable polarization and frequency. Here, we explore the quantum coherent coupling of

nano-focused surface plasmon polaritons (SPP) to distinct electronic states in the band

structure of a solid. We observe above-threshold electron emission from the Au(111)

Shockley surface state by the absorption of up to seven SPP quanta. Using time-resolved

photoelectron spectroscopy the coherence of the interaction of the SPPs with the surface

state during electron emission is investigated and the process is shown to be similar to light-

driven above threshold electron emission. Ultimately, our work could render SPP-based

Floquet engineering in nano-optical systems feasible.
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The coherent periodic driving of the electronic degrees of
freedom of matter using intense light fields provides a
route to realize exotic material properties that do not exist

under equilibrium conditions1–3. Floquet theory predicts that
such periodic driving can modify the original electronic structure
by the formation of light-dressed electron states (Floquet
states)4,5. Accordingly, hybrid Floquet-Bloch states in solid state
systems could be utilized to engineer the band structure and band
topology of materials – a concept that is often referred to as
Floquet engineering6–11.

While Floquet phenomena have been extensively studied in
idealized model systems in atomic optical lattices12, scattering of
electrons intrinsically limits the applicability of the Floquet pic-
ture when solid state systems are concerned13,14. To realize
Floquet-Bloch states in solids, the interaction with the driving
field needs to dominate over dissipation and decoherence and
thus robust electronic states in combination with strong fields
with suitable polarization and driving period are needed15,16.
Hence, only few experimental realizations of Floquet-Bloch states
have been accomplished. Using laser-based time- and angle-
resolved photoemission spectroscopy (ARPES), Floquet-Bloch
states were demonstrated using topological surface states17,18, in
transition metal dichalcogenides15, and on noble metal surfaces19.
Furthermore, the opening of a topological band-gap by the for-
mation of Floquet-Bloch states has been demonstrated using
anomalous Hall currents in graphene20.

In nano-optical systems electromagnetic fields are controlled
with sub-wavelength and sub-period precision, which makes
them ideal candidates to realize Floquet-Bloch states21–24. The
tremendous enhancement of local field amplitudes by surface
plasmon resonances in nano-optical systems can trigger strong-
field light-matter interactions25, including highly nonlinear elec-
tron emission26–30 even at low-power continuous-wave
excitation31, or the generation of high-harmonic radiation32. To
further increase the local field strength, propagating surface
plasmon polaritons (SPPs) can be focused, for example, using
nano-tips33–36, Fresnel lenses37, circular lenses29,38,39,
metalenses40, or plasmonic orbital angular momentum (OAM)41

like in Archimedean spirals42,43.
However, the coherent coupling of SPPs to distinct electronic

states in the band structure of a solid during nonlinear electron
emission in the absence of light – a prerequisite for the formation
and observation of SPP-induced Floquet-Bloch states – has so far
not been investigated. Here, we explore nano-focusing of fem-
tosecond SPP pulses in Archimedean spirals as a possible route
for creating the fields that are necessary for strong-field control
over electronic states within a solid. We observe nonlinear elec-
tron emission from the Au(111) Shockley surface state (SS) by the
absorption of up to seven SPP quanta by employing spatially-
selective angle-resolved electron spectroscopy at the SPP nano-
focus. Two-dimensional interferometric time-resolved photo-
electron spectroscopy44 provides us with direct access to the
coherent and incoherent dynamics of the electron emission
process in the SPP nano-focus. Our results clearly indicate the
quantum coherent nature of the interaction of the intense SPP
nano-focus with the band structure of the material during above-
threshold electron emission. Ultimately, our work indicates that
SPP-based above-threshold electron emission is not different
from light-based approaches and might be utilized to realize SPP-
based Floquet engineering.

Results and discussion
Surface plasmon polariton nano-focusing for deep-
subwavelength probing volumes. To observe the coherent cou-
pling of SPPs to distinct electronic states in the band structure

during electron emission, the energy and momentum of the
emitted electrons need to be resolved, while only the electrons
that originate from the SPP nano-focus are detected. The
experiments are therefore performed in a spectroscopic photo-
emission and low energy electron microscope (SPELEEM)45

equipped with a hemispherical energy filter (Fig. 1a). The
required spatial selectivity of the electron detection is provided by
an aperture in a conjugate image plane in the center of the sector.

We use nano-focusing of SPPs in Archimedean spirals, like the
one shown in the scanning electron micrograph in Fig. 1b. The
spiral was cut into the atomically flat (111) top-facet of a
thermolytically grown self-organized Au-microplatelet46,47 using
focused ion beam milling (FIB). After cleaning of such samples
within the ultra-high vacuum of the microscope (see Methods
section), we routinely observe the (22 ×

ffiffiffi
3

p
)-superstructure of the

clean Au(111) surface48 in microprobe low-energy electron
diffraction (Fig. 1c), corroborating the high crystalline quality
of our samples.

On the sample, femtosecond SPP pulses are resonantly excited
at the spiral using circularly polarized femtosecond laser pulses
from a Ti:Sapphire oscillator with a central excitation energy of
ℏω= 1.52 eV in a normal-incidence geometry49. The spiral
consists of a single groove that completes six revolutions around
the spiral center to maximize the SPP excitation efficiency while
maintaining a short SPP pulse duration50. With each revolution,
the radius of the spiral decreases by the SPP wavelength
λSPP ≈ 800 nm, corresponding to a topological charge of the
spiral of L=−1. This topological charge is compensated by using
light with a spin angular momentum of S= 1 to yield an SPP
pulse with vanishing OAM J= L+ S= 0, i.e., by choosing the
helicity of the incident circularly polarized light to be opposite to
the helicity of the spiral43. The resulting vectorial electric field
distribution just above the surface in the center of the spiral can
be calculated analytically43,51 and is plotted in Fig. 1d. The field in
the focus is dominated by its out-of-plane component, which
follows the zeroth-order Bessel function Ez(r) ∝ J0(kSPPr), with
kSPP = 2π/λSPP for the SPP wavenumber. The isolated and
azimuthally symmetric SPP nano-focus in the center of the spiral
has a theoretical full width at half maximum (FWHM) of 387 nm,
which is smaller than half the SPP wavelength.

Using the spectroscopic photoemission electron microscopy
(PEEM) capabilities of the SPELEEM, we experimentally verify
the focusing performance of the Archimedean spiral by imaging
the spatial distribution of the nonlinear electron emission from
the center of the spiral (Fig. 1e). Since at least 4 SPP quanta with
ℏω= 1.52 eV are required to overcome the work function of
ϕ ≈ 5.3 eV of the clean Au(111) surface52, the electron emission
from the SPP nano-focus must be dominated by a 4th order
electron emission process. The pass energy in the energy-filtered
PEEM image in Fig. 1e was chosen such that only the dominant
4th order electron emission was detected to minimize chromatic
aberrations. The spatial distribution of the electron emission
shows an isolated maximum at the center of the spiral, indicating
that the liberated electrons predominantly originate from the
strong out-of-plane component of the SPP nano-focus. Notably,
by the time the SPP pulse has propagated from the perimeter of
the spiral to its center (≈20 µm propagation length), the exciting
laser pulse (<15 fs pulse duration) has already decayed and is thus
not relevant for the nonlinear electron emission. To distinguish
such electron emission triggered exclusively by the SPP pulse
from conventional photoemission, the former is usually referred
to as plasmoemission29,50.

Considering the 4th order nonlinearity of the electron emission
process, the spatial distribution of the PEEM signal is given by
Y4PPE (r) ∝ ISPP (r)4 ∝ J0 (kSPPr)8, where ISPP (r) is the spatially
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dependent intensity of the SPP field. We therefore expect that the
FWHM of 387 nm of the electric field of the SPP nano-focus
results in an electron emission maximum with an FWHM of
148 nm. This expectation is in excellent agreement with FWHMs
extracted from the marginal distributions of the PEEM signal
(black lines in Fig. 1e), which experimentally verifies the
diffraction-limited focusing performance of the spiral. That
higher-order side lobes from the J0-like out-of-plane component
are not observed is also due to the 4th order nonlinearity of the
emission process, which suppresses emission from the first-order
side lobe already by a factor of ≈1450 and higher-order side lobes
by increasingly larger factors.

The extraordinary focusing performance of the spiral and the
high nonlinearity of the electron emission process confine the
electron emission such that laterally only a deep-subwavelength
area of the sample surface is probed. In addition, the depth of the
material that is accessible to the SPP’s electric field is confined by
the high nonlinearity of the emission process. The evanescent SPP
electric field decays within the gold substrate with a decay constant
of zm ≈ 25.5 nm. Because of the nonlinearity, the electron emission
probability scales as Y4PPE (z) ∝ ISPP (z)4 ∝ exp (−z/zm)8, such that
the effective decay length is reduced to zm/8 ≈ 3.2 nm. Remarkably,
this depth corresponds to less than 5 atomic layers of the Au(111)

surface and is comparable to typical inelastic mean-free paths of
low energy photoelectrons.

Coupling of surface plasmon polaritons to electronic bands
during electron emission. We will now use the nonlinear elec-
tron emission from the presented SPP nano-focus to investigate
the coupling of SPPs to distinct electronic states in a band
structure. The (111) surface of the Au substrate is host to a
prototypical Shockley surface state in its projected L-band gap,
which recently has been classified as a topologically non-trivial
surface state53. The pure out-of-plane polarization in its center
makes the SPP nano-focus especially suited to investigate the
coupling of the excited SPPs to that SS.

In the SPELEEM, the electrons from the SPP nano-focus are
collected over the full solid angle in the vacuum half-space and
dispersed in the imaging hemispherical energy filter. A slit in the
exit plane of the energy filter in combination with imaging of the
reciprocal plane provides us with momentum maps at constant
final state energy. By applying a bias voltage to the sample relative
to the analyzer potential, we vary the detected final state energy
without varying the analyzer’s pass energy or affecting the
analyzer’s energy resolution. This enables us to record the full
three-dimensional angle-resolved electron spectrum from the SPP
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Fig. 1 Electron emission from nano-focused surface plasmon polariton pulses. a Sketch of the electron microscopy setup. Femtosecond laser pulses
impinge on the sample surface along the surface normal. The emitted electrons are dispersed in an imaging energy filter and detected using a CMOS
detector. b Scanning electron micrograph (SEM) of an Archimedean spiral like the ones used for the presented results. Upon excitation of the spiral with a
circularly polarized laser pulse a surface plasmon polariton (SPP) nano-focus is formed in the center of the spiral. c Typical low-energy electron diffraction
(LEED) pattern acquired after sample preparation in the microscope. d Plot of the calculated electric field vectors in the center of the Archimedean spiral.
e Photoemission electron microscopy (PEEM) image of the spatial distribution of the photoelectrons that are emitted from the center of the Archimedean
spiral in a linear false color scale (see color bar in panel e). The marginal distributions are plotted (black lines) and their respective full width at half
maximum is indicated.
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nano-focus, which we refer to as angle-resolved plasmoemission
spectroscopy (ARPLES) in the remainder of this work.

Figure 2a, b show exemplary momentum maps at final state
energies 5ℏω and 4ℏω above the Fermi energy, respectively. The
electron emission appears to be almost perfectly symmetric
around the Γ-point of the surface Brillouin zone (SBZ), as one
would expect from the out-of-plane SPP polarization and the
Au(111) surface band structure53–55. Azimuthal averaging of the
three-dimensional dataset enabled by this symmetry leaves us
with the ARPLES spectrum as a function of in-plane momentum
(Fig. 2c). The quantal excitation ladder from the SS into the
vacuum is sketched in Fig. 2d. Note, that in Fig. 2d the SPP
absorption is symbolized by vertical arrows, i.e., the SPP’s
momentum is neglected, just like it is usually done for light-
driven electron emission at optical energies. This approximation
is justified by the fact that at ℏω= 1.52 eV both the momentum of
the SPP of <10−3 Å−1 as well as the difference between the
photon and the SPP momentum of <10−5 Å−1 are negligible
compared to the electron momenta considered in Fig. 2a–c.
Accordingly, no evidence for effects caused by a finite SPP
momentum is found in the data presented in Fig. 2a–c.

The ARPLES spectrum (Fig. 2c) is dominated by two parabolic
features close to the Γ-point (red lines labeled SS(4) and SS(5)),
which appear as ring-like features in the momentum maps
(Fig. 2a, b). Considering that the absorption of at least 4 SPP
quanta is required to overcome the work function of the Au(111)
surface, we must attribute the energetically lower-lying feature
(SS(4)) to 4th order electron emission from the SS. The parabolic
feature appearing at higher final state energy (SS(5)) must be
attributed to 5th order above-threshold electron emission, as it is
located exactly one SPP quantum ℏω above the SS(4) feature.
Similarly, the Fermi edge is replicated in 4th and 5th order
electron emission. In 5th order emission, however, the accessible
in-plane momentum range is significantly larger compared to 4th

order emission. This advantage has recently been proposed as a

technique to access states in the SBZ outside of the lowest-order
photoemission horizon56.

A second, independent determination of the orders of the
electron emission processes can be obtained by measuring the
power-law behavior of the electron yield for each feature as a
function of the incident laser power (see Supplementary Note 1)29.
That the SS(4) and SS(5) features indeed originate from the SS is
verified by fitting the parabolic dispersion of these features in the
ARPLES spectrum. The extracted effective mass of the SS is in
reasonable agreement with previous studies performed using
conventional ARPES (see Supplementary Note 2).

Coherence of the electron emission process probed by inter-
ferometric time-resolved plasmoemission spectroscopy. The
results in Fig. 2 demonstrate that SPPs couple to distinct elec-
tronic states in the band structure of a solid, using 4th order near-
threshold electron emission and 5th order above-threshold elec-
tron emission from the Au(111) surface state. Comparable
experiments with optical excitation have recently shown that if
light is used to excite above-threshold electron emission from
noble metal surfaces, the emission process must be considered a
single quantum coherent one-step nonlinear process44,57. In the
case of intense SPP fields, it is questionable whether nonlinear
electron emission similarly is a quantum coherent one-step pro-
cess or if the coherence is lost along the nonlinear quantal exci-
tation ladder: SPPs are collective excitations of the electron
system at the surface and their collapse into individual emitted
electrons is intrinsically a many-body scattering process.
Recently, the collapse of bulk plasmons into individual electrons
during photoemission has been demonstrated58,59 and at least the
quantum state of the bulk plasmon excitation has been described
as being partially coherent. Still, it is unclear whether electron
emission involving collective excitations such as SPPs or bulk
plasmons in sum is a coherent or incoherent process, although
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quantum coherence in these interactions would be essential for
plasmonic Floquet engineering15,16.

To probe the coherence of the observed SPP-driven electron
emission, we performed interferometric time-resolved plasmoe-
mission spectroscopy of the SPP nano-focus. We use
interferometrically-stable phase-locked pairs of mutually delayed
femtosecond laser pulses to excite SPP pulses instead of the single
pulse excitation that was used for the results discussed above.
Since the excitation of SPPs at an Archimedean spiral (Fig. 1b) is
generally a linear process, the exciting laser pulse pairs directly
result in equally interferometrically-stable phase-locked pairs of
SPP pulses with the same mutual time delay. By scanning the
time delay between the SPP pulses with sub-femtosecond
precision we can track the coherent and incoherent dynamics
of the electron emission process. Note, that by working in the
dispersive plane of the analyzer we obtain an increased signal-to-
noise ratio by partly integrating the electron spectrum over the
emission angle at the cost of a slightly reduced energy
resolution45,60.

Figure 3a shows a typical plasmoemission spectrum acquired
from the SPP nano-focus. In analogy to the ARPLES data (Fig. 2),
we observe a peaked spectrum with a peak spacing that again
matches the SPP energy of ℏω= 1.52 eV. As the ARPLES
spectrum was dominated by above-threshold emission from the
SS of the Au(111) surface, the peaks in the spectrum in Fig. 3a
must also correspond to above-threshold electron emission from
that SS. Due to the improved detection, we are able to resolve
above-threshold emission up to 7th order (SS(7) peak) in the
spectrum in Fig. 3a. Considering that only a moderate-power
Ti:Sapphire oscillator is used for the experiments, these results are
indicative of the high nonlinearity of the interactions and the
strong field-enhancement achieved in the SPP nano-focus. As a
result of this strong field-enhancement, we detect electrons below
the work-function cutoff of ≈5.3 eV52 that could possibly reflect
space-charge effects due to the high emission intensity in the SPP
focus61.

Interferometric time-resolved plasmoemission spectra are
presented in Fig. 3b for a final state energy range covering the

SS(4) to SS(6) peaks. Generally, the data is dominated by
interference fringes of the electron yield as a function of the
time delay for all final state energies. The period duration
T ≈ 2.7 fs of the fringe oscillations matches the oscillation period
of the SPP field amplitude. This can be understood by either
considering the excitation of SPPs by the combined interfering
laser pulses or equivalently by considering the interference of the
SPP pulses that are excited by the individual laser pulses in each
pulse pair. The two equivalent perspectives are due to the linearity
of the excitation process, in which the superposition principle for
the conversion of light into SPP fields needs to be fulfilled. If the
exciting laser pulses are in-phase, the light intensity on the
Archimedean spiral is maximal, which results in a maximal SPP
intensity and thus maximal electron emission. In the equivalent
picture, the SPP pulses that are excited by the individual in-phase
laser pulses in each pulse pair also need to be in phase and
interfere constructively, which again results in maximal SPP
intensity and thus maximal electron emission. For out-of-phase
laser pulses, the laser intensity on the Archimedean spiral is
minimal and thus the excitation of SPP pulses is suppressed. In
the equivalent picture, the SPPs excited by the individual out-of-
phase laser pulses need to be out of phase as well such that the
destructive interference of the individual SPP pulses results in
minimal intensity and thus minimal electron emission in the
nano-focus.

Since the electron yield is modulated by the interference of the
fields, the temporal envelope of the electron yield needs to be
dominated by the envelope of the pulses as well. We can use this
to estimate a lower limit for the duration of the SPP pulse in the
nano-focus. Figure 3c–e show time-dependent line-profiles
through the data in Fig. 3b at the final state energies
corresponding to the SS(6) to SS(4) peaks. The line-profiles
resemble nth order autocorrelation functions, where the orders
match the orders of the respective electron emission processes.
The widths of the autocorrelation traces are anti-proportional to
the emission orders as one would expect from conventional
nonlinear autocorrelations of ultrashort laser pulses in nonlinear
optics or photoemission. The full width at half maximum of the
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autocorrelation traces FWHMacorr can be converted into dura-
tions of the SPP pulse intensity FWHMSPP by modelling the n-th
order electron emission from the SS using an effective two-level
system (see Supplementary Note 4). By combining the FWHMs
from Fig. 3c–e, we extract an SPP pulse duration of FWHMSPP=
(15.8 ± 0.3) fs. If compared to the laser pulse duration of <15 fs,
the extracted SPP pulse duration indicates a minuscule pulse
elongation induced by the response-function of the Archimedean
spiral. The measured FWHM, however, also includes the
electronic response of the Au(111) surface and is convoluted
with associated lifetimes and coherence decay times of inter-
mediate electronic states along the nth order excitation
ladder44,62–64. For electron emission from the SS at the used
SPP energy no real intermediate states are located in the projected
surface band structure of the Au(111) substrate that could
prolong the measured FWHM. Hence, the extracted number of
FWHMSPP= (15.8 ± 0.3) fs is a direct measurement of the SPP
pulse duration.

A closer inspection of the data in Fig. 3b reveals that in each
emission order the interference fringes are slightly tilted (see, e.g.,
enlarged view of the encircled region in Fig. 3b). Such tilts are
well known in interferometric frequency-resolved second harmo-
nic generation, where they indicate a coherent nature of the
underlying physical process65,66. In photoemission, such fringe
tilts form the basis of coherent two-dimensional photoemission
spectroscopy and are similarly interpreted: if coherence is not lost
along the nth order excitation ladder of the photoemission
process, the final state energy of a liberated photoelectron
correlates with the frequency components that constitute the
exciting laser pulse44. More specifically, if quanta from the higher
energy end of the pulse spectrum are combined, the final state
energy will be higher than if quanta from the lower energy end of
the spectrum are combined. The oscillation frequency of the
interference fringes varies accordingly and thus increases with
higher final state energies.

The plasmoemission process is further analyzed in Fig. 4 by
computing a Fourier transform of the data from Fig. 3b along the
delay axis. Such analysis yields a two-dimensional plasmoemis-
sion spectrum (Fig. 4a) as a function of the final state energy on
the y-axis and the modulation energy, i.e., the Fourier frequency,
on the x-axis. For each emission order n, peaks at harmonics mℏω
of the fundamental SPP energy ℏω= 1.52 eV are observed as a
function of the modulation energy for |m| ≤ n. Note that for
emission orders n > 4 some of the higher order modulation
energy peaks are not resolved as they are too close to the noise
level.

All peaks in Fig. 4a are expected for Fourier transforms of
autocorrelations from the nth order emission processes, even if
scattering along the nth order excitation ladders destroyed the
coherence. Whether the process is coherent or not is reflected in
the detailed shapes of the peaks. This is discussed in the
framework of Fig. 4b–e that show enlarged views of the m= 1
and m= 3 harmonics observed in the n= 4 and n= 5 electron
emission peaks, respectively. In all these peaks we find a range of
final-state energies where the modulation energy is fixed at the
harmonic mℏω, indicating an incoherent electron emission
process for these energies. The modulation energy, however, is
only fixed for final state energies below the band minimum of the
SS at ≈5.7 eV in the n= 4 case (Fig. 4b, c) and at ≈7.3 eV in the
n= 5 case (Fig. 4d, e). Below the SS band minima the ARPLES
spectrum in Fig. 2 only shows secondary electron emission
backgrounds, making the absence of coherences (and energy
correlations) plausible.

For final state energies involving electron emission from the SS,
we find a correlation between the final state energy and the
modulation energy. The slopes of the observed peaks

asymptotically match the ratios m/n, where again m is the
modulation energy harmonic and n is the order of the emission
process.

Based on the same reasoning as in coherent two-dimensional
photoemission spectroscopy44, the observed correlations directly
indicate that the nonlinear emission from the SS triggered by the
intense SPP nano-focus needs to be interpreted as a quantum
coherent one-step electron emission process. Only in this case the
final state energies correlate linearly with the different frequency
components in the SPP pulses and thus with the modulation
energy, as observed by the fringe tilts in Fig. 3b and by the slopes
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Fig. 4 Coherent two-dimensional plasmoemission spectroscopy.
a Coherent two-dimensional plasmoemission spectrum computed by a
Fourier transform of the data in Fig. 3b along the delay axis, represented on
a logarithmic false-color scale (see color bar in panel a). b–e, Enlarged
views of different coherences in the electron emission process extracted
from panel c, shown in a linear false-color scale (colors comparable to the
color scale in panel a). b, c show the m= 1 and m= 3 coherences in 4th

order electron emission (n= 4), whereas d, e show the same coherences in
5th order emission (n= 5). The tilts of the coherences match the expected
asymptotic tilts starting from the position of the band minimum of the
Shockley surface state (SS). The solid black lines indicate this behavior and
are intended as guides to the eye.
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of the peaks in Fig. 4. Broadening, scattering, or dephasing along
the nth order excitation ladder would make the initial state
energy, the final state energy, and the modulation energy badly
defined quantities. As a result, the observed correlations between
the final state energy and the modulation energy would be lost,
which is clearly not the case for emission from the SS.

Conclusions
We investigated the nature of the coupling of SPPs to distinct
electronic states in the band structure of a solid, using the pro-
totypical SS of the Au(111) surface as an example. The coupling
of SPPs to the SS during nonlinear electron emission was iden-
tified by resolving the SS dispersion in ARPLES. In fact, the
ARPLES spectrum in Fig. 2c appears to be similar to results
obtained with conventional light-based above-threshold photo-
emission from the SS67. By performing interferometric time-
resolved plasmoemission spectroscopy and analyzing the fringe
structure of the electron yield44, the emission process and thus
the coupling of SPPs to the SS were determined to be of fully
quantum coherent nature. In this sense, both the angle-resolved
and time-resolved electron spectra reported in our work support
the interpretation that SPP-driven electron emission is not dif-
ferent from conventional light-based above-threshold photo-
emission and can thus be described using standard above-
threshold electron emission theories.

Strong SPP fields in combination with interferometric time-
resolved plasmoemission spectroscopy are thus a promising
candidate to possibly enable SPP-based dressing of electronic
states and transitions, similar to the recent light-based experi-
ments by Reutzel et al19. Compared to their work, the diffraction-
limited nano-focusing of SPPs in an Archimedean spiral provides
an extraordinary field-enhancement and nanoscopic spatial
selectivity. Our approach could thus enable Floquet engineering
already at low optical excitation intensities and on nanoscopic
scales. To verify the existence of the therefore required SPP-
induced Floquet-Bloch states it would be interesting to perform
an SPP-pump UV-laser-probe photoelectron spectroscopy
experiment, where the appearance of such states should be
directly visible18.

Our work forms the basis to study and manipulate the inter-
action of SPPs with more complicated band structures, such as
SPP-based excitations of electrons in topological surface states18

or in two-dimensional materials like graphene20 and WSe215. The
midinfrared excitation energies that are required for these
materials are easily supported by surface plasmon resonances27.
Furthermore, the general enhancement of strong-field light-
matter interactions for these energies should appear advantageous
for Floquet engineering. Extending our work to other polaritonic
excitations, such as SPPs in the SS of topological insulators68 or
exciton-polaritons69 and phonon-polaritons70 in two-
dimensional materials could make a broader class of materials
accessible to Floquet engineering. Ultimately, our work provides a
feasible route towards SPP-based Floquet engineering of elec-
tronic states in nanoscopic systems.

Methods
Experimental Setup. Archimedean spirals were milled into single-crystalline Au
platelets46 by focused ion-beam milling (FIB) either at the University of Duisburg-
Essen using a FEI Helios NanoLab 600 equipped with a Ga ion-source, or at the
University of Stuttgart using a Raith ionLINE Plus equipped with a Au ion-source.
The inner diameter of the fabricated spirals was kept fixed at 40 µm while the depth
of the spirals was kept in the range of 150 nm to 250 nm. The samples were
transferred through air into a spectroscopic photoemission and low energy electron
microscope (ELMITEC SPELEEM III)45, where they were cleaned by oxygen
plasma etching and several cycles of Argon ion sputtering and annealing at elevated
temperature in ultra-high vacuum (p < 10−10 mbar). The microscope is equipped

with a highly linear CMOS-based electron detector71 (TVIPS TemCam F216),
which enables high dynamic range imaging. An aperture in one of the conjugate
image planes of the microscope is used to select only the electrons that originate
from the studied SPP focus.

The microscope is combined with a Ti:Sapphire oscillator (Femtolasers
Femtosource Compact) to excite SPP pulses and trigger the observed electron
emission. Such combination of a photoemission microscope with an ultrafast laser
setup has been established as a standard technique to investigate SPPs on their
intrinsic energy, length, and time scales72. The used oscillator emits laser pulses
with a pulse duration <15 fs and a central energy of ℏω= 1.52 eV at a repetition
rate of ≈80MHz. For the time-resolved experiments, we used a Pancharatnam’s
phase stabilized Mach-Zehnder-interferometer73,74 to create pairs of mutually
delayed laser pulse pairs with sub-femtosecond stability and accuracy. The delay
was tracked by recording the spectral interference of the laser pulses on a
spectrometer (see Supplementary Note 3) and the time-dependent electron spectra
were interpolated onto an equidistant delay grid to enable the presented Fourier
analysis. The circular polarization of the laser was adjusted with a quarter-wave
plate before the laser pulses were focused onto the sample in a normal-incidence
geometry49. Dispersion introduced by transmissive optics and a vacuum window in
the beam path was compensated using a pair of chirped mirrors (Venteon DCM7)
and a pair of BK7 wedges (Newport FemtoOptics) by maximizing the electron
emission signal in the microscope as a function of the wedge insertion.

The microscope is equipped with an imaging hemispherical energy filter, which
provides an electron-optical energy resolution of typically <200 meV. It is,
however, not sufficient to only consider the electron-optical resolution of the setup,
but instead one needs to include the bandwidth of the SPP pulses that trigger the
observed electron emission. The estimated SPP pulse duration of 15.8 fs (see
discussion of the time-resolved data in Fig. 3) translates to a SPP pulse bandwidth
of ≈120 meV. For 4th order electron emission we can thus estimate the combined

energy resolution as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð200meVÞ2 þ 4 � ð120meVÞ2

p
� 320meV, and for higher

emission order the energy resolution scales accordingly.

Data Analysis
Calibration of plasmoemission spectroscopy data. While the imaging energy filter of
the SPELEEM provides us with angle-resolved photoemission spectroscopy cap-
abilities, its energy and momentum calibration depend on the instantaneous
alignment of the microscope and need to be performed individually for each
analyzed dataset. The momentum scale of the ARPLES data in Fig. 2 was calibrated
by detecting the three-dimensional photoelectron horizon using an edge detection
algorithm and fitting the detected edge using the free electron dispersion relation
Ekin ¼ _2k2k=2me, with me denoting the free electron mass. This fit was also used to
correct for stigmatism related distortions of the momentum maps. Furthermore,
the intrinsic linear nonisochromaticity of the energy filter in reciprocal space was
corrected by cutting along slanted planes through the three-dimensional data. The
typical S-shaped distortion of the line-like spectrum in the SPELEEM’s dispersive
plane was corrected by fitting a cubic polynomial to that S-shape and extracting the
electron yield along this polynomial line. In all presented spectra, the photoelectron
energy scale was calibrated by scanning the sample bias and tracking the linear shift
of the respective spectrum. The offset between this energy scale and the final state
energy scale was calibrated by fitting the point of infliction of the lowest order
Fermi edge and attributing its energetic position to Efinal= EF+ 4ℏω as discussed in
the main text.

High dynamic range imaging. The used electron detector is operated in conjunction
with dark current and flat-field corrections71. While these corrections greatly
enhance the image quality and enable linear imaging, the comparably small signals
from the high nonlinearities observed in this work are prone to remaining hot
pixels. Hot pixels were identified by comparing the recorded images to median-
filtered versions of these images. Subsequently, each identified hot pixel was cor-
rected by replacing its value by the respective local median. To further increase the
dynamic range of the electron detector, which is necessary for resolving the signals
from the individual electron emission orders (data in Figs. 3 and 4) over several
orders of magnitude, we employ a simple high-dynamic range reconstruction
algorithm. At each delay step Δt we record a series of images Si (Δt) with varying
exposure times ti. The recorded images are clipped by choosing appropriate noise
and saturation cutoffs and ignoring pixels outside of this range. For each delay step
the images are then combined according to

�SðΔtÞ ¼ ∑iwiSiðΔtÞ=ti
∑iwi

to yield the averaged high-dynamic range signal �SðΔtÞ. The weights wi are chosen
assuming a linear detector response75, such that wi ¼ t2i .

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. Additional data related to this paper are available from the
corresponding authors upon request.
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