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Abstract: Quantum path interferences occur whenever
multiple equivalent and coherent transitions result in a
common final state. Such interferences strongly modify the
probability of a particle to be found in that final state, a
key concept of quantum coherent control. When multiple
nonlinear and energy-degenerate transitions occur in a sys-
tem, the multitude of possible quantum path interferences
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is hard to disentangle experimentally. Here, we analyze
quantum path interferences during the nonlinear emission
of electrons from hybrid plasmonic and photonic fields
using time-resolved photoemission electron microscopy. We
experimentally distinguish quantum path interferences by
exploiting the momentum difference between photons and
plasmons and through balancing the relative contributions
of their respective fields. Our work provides a fundamental
understanding of the nonlinear photon—plasmon-electron
interaction. Distinguishing emission processes in momen-
tum space, as introduced here, could allow nano-optical
quantum-correlations to be studied without destroying the
quantum path interferences.

Keywords: PEEM; surface plasmon polaritons; photoemis-
sion

1 Introduction

Quantum path interference occurs when multiple coher-
ent pathways can take a system from an initial state to a
final state, as epitomized in Feynman’s path-integral inter-
pretation [1]. In the last century, Tannor & Rice [2] and
Brumer & Shapiro [3] realized that coherent light can be
used to create quantum path interferences in matter. Coher-
ent control of such quantum path interferences has been
experimentally demonstrated for numerous physical sys-
tems including photoexcitation and -ionization of atoms
[4]-[7] and molecules [8]-[12], the interaction of free elec-
trons with light [13]-[15], photoinduced structural dynamics
[16], [17] and nonlinear photoemission [18]-[21] at surfaces.
In all these cases, quantum path interference relies on not
knowing which path a system takes. Measurements aiming
at obtaining this information destroy the interference, as
observed in “which-way” experiments [22].
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Nonlinear electron emission at surfaces can also be
triggered by the absorption of surface plasmon polaritons
(SPPs) [23]-[28], in similarity to the absorption of light [29].
Microscopically, SPPs are a quantized (collective) many-
body excitation of the electron system. It has been demon-
strated that coherent control of SPP excitation [30] and
SPP-triggered electron emission [31] is possible. A particu-
larly interesting situation arises in electron emission dur-
ing the simultaneous presence of light and SPPs, where the
absorption of energy-degenerate quanta from both fields
can create multiple quantum pathways [32]-[34]. As these
pathways result in a common final state of the liberated
electron, quantum path interferences appear in the electron
yield [35]-[38].

The multitude of possible nonlinear interactions that
form the different pathways during simultaneous light and
SPP absorption makes it difficult to experimentally disen-
tangle the resulting quantum path interferences. Here, in
analogy to optical nonlinear spectroscopy [39], [40], we
use a novel momentum space approach to separate quan-
tum path interferences in nonlinear photoemission electron
microscopy (PEEM).

2 Experimental details

The experiments were performed in a spectroscopic photoemission
and low-energy electron microscope (ELMITEC SPE-LEEM III) [41]
equipped with a highly sensitive and linear electron detector [42].
The microscope is combined with a Ti:Sapphire oscillator (Femtolasers
Femtosource Compact) that provides us with <15 fs laser pulses with
a central wavelength of 800 nm (% = 1.55 V) at a repetition rate of
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80 MHz. We worked in a normal-incidence geometry [43] and used a
Pancharatnam’s phase stabilized Mach—Zehnder interferometer [44],
[45] to create pairs of mutually delayed pump and probe laser pulses
with sub-femtosecond accuracy. The setup is similar to the one used in
Ref. [46]. Half-wave plates in each of the two arms of the interferometer
in combination with a Brewster polarization plate at the output of
the interferometer were used to independently tune the power of the
pump and the probe laser pulses while maintaining a common linear
polarization axis. Before the laser pulses entered the microscope, the
final linear polarization was adjusted to be perpendicular to a grating
coupler on the sample (cf. Figure 1A) with another, freely adjustable,
half-wave plate.

The grating coupler was cut into a single-crystalline Au(111)
platelet [47] by focused ion beam milling (FIB) using a FEI Helios
NanoLab 600. The sample was transferred through air into the micro-
scope and subsequently cleaned by in situ oxygen plasma etching,
Argon ion sputtering, and degassing at elevated temperature in ultra-
high vacuum. Prior to the photoemission experiments, we lowered the
work-function of the sample by deposition of a sub-monolayer of Cs
from a commercial dispenser (SAES Getters) to enable a second-order
electron emission process.

3 Results

An overview of the experiment is shown in Figure 1A. A
first femtosecond laser pulse (pump) excites an SPP pulse
at the grating coupler. We do not take the conversion of
the pump pulse into an SPP pulse by the grating coupler
into consideration and instead treat the SPP as an indepen-
dent propagating polarization field. After the SPP has freely
propagated for about 80 fs, a subsequent laser pulse (probe)
arrives at the surface and forms an interaction region with
the SPP pulse. At this time, the pump laser pulse has already
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Figure 1: Mixing of SPPs and light in electron emission. (A) Sketch of the utilized pump-probe scheme. The scanning electron micrograph shows a
platelet similar to the one used for the presented experiments. The arrows illustrate the different light and SPP pulses. (B) Dispersion relation for SPPs
and light as a function of the momentum in the surface plane. It is the momentum mismatch between normally incident light and the SPPs that we
exploit to distinguish individual quantum path interferences. (C) Energy-level diagram of the different couplings that can occur in the interaction
region of SPPs and probe photons. The different states and couplings are sorted by the in-plane momentum transfer during the electron emission.
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decayed. Thus, only the combined SPP and probe pulse initi-
ate second-order absorption liberating an electron from the
surface.

A simple measurement of the electron emission yield
from the interaction region provides no information about
from which of the two fields quanta are absorbed. However,
the different propagation directions of the SPP pulse and
the probe laser pulse at the metal surface result in a sig-
nificant momentum difference between them (Figure 1B).
As such, despite being degenerate in energy, during absorp-
tion different combinations of SPPs and probe photons are
associated with different in-plane field momenta [39], [48],
[49]. Figure 1C summarizes the possible couplings between
electronic states during electron emission due to the inter-
action with the SPP and probe field sorted by the associated
in-plane field momenta. Naively, from these couplings one
might expect thatin lowest emission order an electron could
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be liberated by either the consecutive absorption of two
photons from the probe field, the consecutive absorption of
an SPP and a probe photon, or the consecutive absorption
of two SPPs. As the key concept of the current work, we
will show that the involved field momenta provide an elec-
tron emission signature that enables us to experimentally
identify and separate quantum path interferences that arise
from the different couplings.

The interaction region formed by the SPP and the probe
laser pulse appears in the PEEM image as a spatial fringe
modulation (Figure 2A), which is a signature of the propa-
gating SPP pulse at this particular pump-probe delay. In the
classical field picture, this characteristic electron emission
pattern [43], [50], [51] is due to the interference of the SPP
and the probe laser field. In a quantum description, such
a fringe modulation must be attributed to quantum path
interferences in the electron emission process, as shown in
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Figure 2: Fourier decomposition of SPP-light correlations in PEEM. (A) Time-resolved PEEM image of an SPP pulse 80 fs after excitation at the grating
coupler, depicted in a linear false-color scale. The fringes in the center of the image are a direct conceptual visualization of the propagating SPP pulse.
(B) Section through the fringe-pattern in the electron yield distribution in real-space as indicated by the arrows in (A). (C) Sketch of the contribution of
the different terms in Eq. (4) to the spatial fringe-pattern in the electron yield (B) sorted by powers in the SPP and the probe field. (D) Wavevector
spectrum computed via a windowed Fourier transform of an electron-optically magnified image of the interaction region in (A) depicted on a
logarithmic false-color scale. The five visible peaks arise from the fringe modulation in real space, and their equidistant spacing is given by the SPP
wavenumber. (E) Section through the SPP wavevector spectrum as indicated by the arrows in (D). (F) Sketch of the contribution of the different terms
in Eq. (4) to the wavevector spectrum in (E) sorted by powers in the SPP and the probe field.
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a recent experiment [52] on spin-orbit mixing of SPPs with
orbital angular momentum [53] and circularly polarized
light. Since the period length of the fringe pattern is deter-
mined by the SPP wavelength Agpp, the pattern is commonly
referred to as a “direct conceptual visualization” of the SPP
pulse [43], [54]. A profile taken through the fringe pattern,
however, shows a distinct nonlinearity (Figure 2B), which
appears as a second-order cross-correlation of the pulses.
In Figure 2C, we decompose this profile into contributions
arising from the featureless envelopes of the pulses, con-
tributions with periods equal to the SPP wavelength, and
one contribution with half the SPP wavelength. These con-
tributions to the nonlinear profile are a direct manifestation
of different quantum path interferences that occur in the
electron emission.

To understand the origin of the quantum path interfer-
ences, we first consider the electron emission probability
amplitude S; from the couplings depicted in Figure 1C. For
standard photoemission, the coupling is usually described
as a dipolar coupling of the involved electronic states to a
classical light field. In contrast, the SPP is a quantized many-
body excitation of the electron system itself, consisting of
the hybridization of a surface plasmon, i.e., a coherent sum
of electron—hole pair excitations, with a photon [55]-[57].
In the case of SPP-driven electron emission, the coupling of
SPPs to the single-electron states involved in the emission
appears to be similar to the case of light [29] and can also
be described as a dipolar coupling [55], [58]. Accordingly, if
the electronic part of the SPP is neglected, a quantization of
the evanescent electromagnetic field of the SPP [58], [59] is
approximately sufficient to describe the emission. To arrive
at a consistent description of the electron emission, we thus
quantize the electromagnetic field at the sample’s surface
and treat both, the SPPs and the probe photons, equally as
independent quantized modes thereof. Note that a quanti-
zation of the probe field is not strictly necessary to describe
the experimental signatures here but aids in understand-
ing these signatures in a particle picture in terms of
quantal absorptions of SPPs and photons by the electron
system.

As we will show, the quantal absorption processes
are combined to form the discussed quantum path inter-
ferences during electron emission. Neglecting the already
decayed pump laser pulse, the electron emission requires
the absorption of at least two quanta from a joint initial state
|w) of the probe field and the SPP, arriving in a joint final
state |¢) of these fields. Similar to the theory of two-photon
absorption by Mollow [60], assuming weak dipole couplings,
we expand the electron emission probability amplitude S;
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in the dominant emission order using second-order pertur-
bation theory in the quantized fields and arrive at

SaR, Ab) = // dtydt,L (8, )
X (DI (Eire (6= A1) + B (R 1) )

()
X <EPr0be

(t,— At)) +ED (R 4)ly) @

where R is the position on the surface and At is
the pump-probe delay. The details of the second-order
response of the electron system and in particular the asso-
ciated dipole moments are contained in the two-time dipole
correlation function £ ﬁ(tl, t,) [60]. We focus on the quan-
tum transition of the fields, which is due to the annihila-
tion of photons and SPPs by the positive-frequency field
operators E\*) (f) and E)(R, 1). Only the SPP operator
depends on the spatial coordinate R due to the normal inci-
dence of the laser pulses [43]. On expanding the terms in
Eq. (1), we can find all time-ordered combinations of con-
secutive interactions with both fields, such as E‘;J;gbeﬁggbe,
E(S;;ﬁ'g(’)be,f-?g;beé(s;;, and E(S;;E(S;,, which have been indi-
cated in Figure 1C.

The overall probability P for a second-order electron
emission process is given by the magnitude square of the
probability amplitude S; summed over all final states of the
fields and over all possible initial and final electronic states.

We arrive at

PR) = //// dt/dejde, de, M, )5 b, t,)

X E(R 1, )5t ty) @

where the dipole correlation functions are absorbed into
the response function M as discussed in the Supplemen-
tary Note 1. While the response function M can in prin-
ciple capture excited electrons and thus long-lived corre-
lations, we assume it to be instantaneous and only con-
sider equal-time interactions of the electron system with the
excited SPPs and the probe photons. This is motivated by
the absence of real intermediate states in the sp-band gap of
the Au(111) surface along the I' — L direction [61] such that
onlyvirtual intermediate states can facilitate a second-order
electron emission process. Furthermore, at the moment
of emission, the electron system is considered to be in a
thermalized ground state because of the short relaxation
times of electrons excited by one pump photon above the
Fermi edge in Au(111) [62], [63]. Considering the 80 fs large
pump-probe delay in our experiment and the substantially
smaller relaxation time, we can safely assume that effects
from a transient population induced by the pump can be
neglected.
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The electron emission probability P in Eq. (2) essentially
depends on the second-order coherence function £ of the
field operators (see Supplementary Note 1) with

E(R A Gtrty) = (B0 (6 — ) + B (R 1))

(=) (=) /
<EPr0be At) +ESPP R t )
E® £(+)
X( Probe At) +ESPP R b )
(+) £(+)
X <EPr0h - ESPP (R ))

©)

Here, (...); = Tr(6 ...) denotes an expectation value
with respect to the joint initial state density matrix 6

of the probe field and the SPP field, and E{~ = <E‘§+))'
are the negative-frequency field (i.e., creation) operators.
The second-order electron emission probability depends
on fourth-order interactions with the probe and the SPP
field, i.e., on fourth-order products of annihilation and cre-
ation operators, as in cross-terms like E;rgbeE;rgbeEggbeE;;
These cross-terms represent the quantum path interfer-
ences that are formed by the different couplings sketched

in Figure 1C.
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The spatial fringe modulation with the SPP wavevector
kgpp Observed in the electron yield is obtained by consid-
ering the (approximate) plane-wave nature of the SPP in
the surface plane 15'SPP o exp(ziKgpp - R). The terms involv-
ing products of dissimilar operators, E‘S;i,Eg;;,, are inde-
pendent of the SPP wavevector, those involving just one
SPP field operator Eg;f; depend on exp(zikgpp - R), and the
terms involving only products of similar operators, E&) E&)

depend on exp(+i2Kgpp - R). On this basis, the mesapl;uil;}:i
electron emission yield profile of Figure 2B can be decom-
posed into the different contributions of Figure 2C. They
arise from different mixings of the fields during electron
emission, which in turn depend on integer multiples of the
SPP wavevector.

To clarify which of the contributions to the electron
yield must be interpreted as quantum path interferences,
we obtain the quantum-mechanical electron emission rate
by expanding Eq. (2) in a momentum space that is spanned
by the real-space periodic modulations of the electron yield.
This momentum space must not be confused with the
momentum space spanned by the emission angles of the
liberated electrons. As derived in Supplementary Note 1 for
the aforementioned approximations, the resulting electron
emission rate in momentum space is

¢ (a*ataa), (b*h*hb),
Fg;l;]rg\ um(K, At) x 5(K)( szmbe £§PP NSZPP
+ 800~ — (@B aby, + (ba'ba), + ek, ((Ba"aD), + (@'b'ha), ))
NProbe SPP
g—iwAt ((a'l'a'*aB)A +(a‘a‘bay, . , (a'b'bb), + (h*a'hb), >
+5(K—k & 6+ & &
( SPP) V NPI‘O]JGNSPP NProbe SPP NSPP
gloAt ( (b*ataay, + (atbtaay, =, (b'b'ba), + (b*h'ab), )
+ 5 K + k o o £ o o
( SPP) V NProbeNSPP NProbe SPP NSPP

+5(K — 2kgpp ) lem% + 5 (K + 2Kgpp )
Probev " SPP

Here, K is the wavevector in the surface plane and aspp
is the squared magnitude of the SPP polarization vector.
The field operators have been decomposed into annihilation
and creation operators for the probe photons, @ and a', and
likewise for the SPPs, b and b, where Ny and Nypp are
the associated normalization constants.

While Eq. (4) consists of 16 different fourth-order equal-
time initial state correlation functions of the SPP and
the probe field, only 6 of these correlation functions are
independent. The correlation functions for positive and
negative wavevectors, i.e., the correlation functions in the

siwne (bThTad),

e 4 4
N Probe N SPP

third and fourth line of Eq. (4) as well as the two correlation
functions in the last line of Eq. (4), are identical up to
complex conjugation. Moreover, some of the remaining cor-
relation functions are identical up to equal-time commuta-
tions of the involved operators. Each of these correlation
functions is interpreted as an individual electron emission
pathway in Liouville space [64], and we will identify which
of these pathways correspond to quantum path interfer-
ences in the context of Figure 4.

First, however, we compare our experiment to Eq. (4)
and demonstrate the existence of all of the 6 independent
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Liouville pathways in the experimental data. For this pur-
pose, we calculate the wavevector spectrum of the data
(Figure 2D and E) via a spatial Fourier transformation of
the PEEM image of Figure 2A. The wavevector spectrum
consists of 5 distinct peaks at multiples of the SPP wavenum-
ber |Kgpp| = 277/ App, located on a line perpendicular to
the SPP phase fronts. The first-order peaks at K = +kgpp
correspond to the fringe modulation of the electron yield
in real space with periodicity Agpp, justifying the usual
interpretation of the fringe pattern as a “direct conceptual
visualization” of the SPP pulse. The second-order peaks at
K = +2Kgpp, however, correspond to a periodic modulation
of the electron yield at half the SPP wavelength and are a
direct consequence of the nonlinear emission process. We
do not observe third-order peaks at K = +3Kgpp, which cor-
roborates that electron emission orders higher than second-
order are negligible and the perturbative derivation of the
theory outlined above is justified.

Each of the different Liouville pathways in Eq. (4) is
characterized by a distinct wavevector K, a distinct har-
monic delay-dependence, and a distinct dependence on
the product of annihilation and creation operators. The
quantum-mechanical transition rate closely resembles the
structure of the common phenomenological model [50], [65],
which can be obtained from Egs. (2)-(4) using the corre-
spondence principle. In the resulting classical field approx-
imation, each of the annihilation and creation operators
contributes to the correlation functions with the square-
root of the intensities of the respective fields, i.e., the field
strengths.

This relationship allows us to sort the contributions
of the 6 independent Liouville pathways by the powers of
their field strengths and their signatures in the electron
yield in momentum space (Figure 2E). The second-order
peaks at K = +2Kgpp exclusively consist of a contribution
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proportional to EZE3 . The first-order peaks at K=
+Kkgpp, however, originate from two contributions: one is
proportional to ESPPEls’robe and the other one is proportional

to EéPPEPmbe. The situation is even more complicated for
the central peak at K = 0: it consists of three contributions,
proportional to E‘S‘PP, Egmbe, and EéPPEiﬁmbe. Note that the
contributions proportional to E‘S’PP and to Egmbe are not
shown in Figure 2C-F as these only correspond to spa-
tially broad plasmoemission [23] and photoemission back-
grounds, respectively.

The different scaling behavior of the Liouville path-
ways with the field strengths provides a means to dis-
entangle them experimentally. We systematically change
the pump and probe powers to independently control the
absorption probability from the SPP field and the probe
laser field, respectively. This procedure provides informa-
tion on which of the two fields and pathways dominate
the electron emission. Figure 3 shows data points of the
measured integral amplitude of each wavevector peak as
a function of the normalized probe field strength, i.e., the
normalized square-root of the probe power. We repeated the
measurement for 4 representative pump powers to vary the
field strength of the SPP. Each of the curves was normalized
to its maximal integral amplitude. The results are plotted on
a double-logarithmic scale in Figure 3 such that power laws
would appear as straight lines with respective slopes. The
solid colored lines in Figure 3 are fits to the data points using
the polynomials expected from Eq. (4) combined with the
correspondence principle as discussed above. In Figure 3A,
the integral amplitude of the second-order peaks at K =
+2Kk¢pp depends for all pump powers on the normalized
probe field strength as EZ, E3  , which again suggests that
higher emission orders and thus higher-order interactions
of the electron system with the SPP and probe fields are
negligible. Figure 3B shows the integral amplitude of the
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Figure 3: Separation of wavevector peak contributions. (A) Integral amplitude of the second-order wavevector peak at K = +2kpp, (B) the first-order
wavevector peak at K = +kpp, and (C) the central wavevector peak at K = 0 as a function of the normalized probe field strength for four different
pump powers, plotted on a double logarithmic scale. The measurements are fitted well by the polynomials expected from Eq. (4). As a guide to the eye,
the limiting monomial contributions to the expected polynomials are depicted by the straight black lines.
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first-order peaks at K = +kgpp. We find that for low pump
powers, i.e., weak SPP excitation, the amplitude is domi-
nated by the contribution proportional to }5‘.51,}))‘313,robe with
a slope of three. This characteristic motivates the recently
reported vector microscopy [46]. For high pump powers, i.e.,
strong SPP excitation, the amplitude in Figure 3B becomes
dominated by the contribution proportional to EéPPEPmbe
with a slope of one. Figure 3C shows the results for the
central wavevector peak at K = 0. As this central peak also
contains all long-range background modulations of the TR-
PEEM images, such as plasmo- and photoemission back-
grounds, we subtracted a probe-power—independent con-
stant from each of the curves in Figure 3C (see Supple-
mentary Note 2 for details). Note that this subtracted con-
stant includes the contribution proportional to E;‘PP. For low
pump powers, i.e., weak SPP excitation, the amplitude of the
central peak is dominated by the contribution proportional
to Eﬁmbe. As we increase the pump power, the amplitude
of the central peak becomes dominated by the contribution
proportional to EZ, EL .

In a classical particle picture, one would expect the
probability for an electron to absorb a photon or an SPP
to depend on the intensities of the respective fields, which
are proportional to the squared magnitudes of the field
strengths. This expectation implies it must be possible to
attribute a number of absorbed quanta from each of the
involved fields to every liberated electron. However, in this
classical particle picture, it is difficult to interpret the exper-
imental existence of contributions to the electron yield like
EgpE, . that scale as odd powers of the field strengths.
Such difficulties are not encountered in the quantum anal-
ysis leading to Eq. (4).

After having demonstrated the existence of all Liou-
ville pathways in Eq. (4) in the experimental data, we now
identify which of these pathways must be interpreted as
quantum path interferences that arise from the interference
of the SPP and photon absorption processes in Figure 1C.
All Liouville pathways for the electron emission process in
Eq. (4) (except for complex conjugate pathways) are sum-
marized in analogy to double-sided Feynman diagrams [40]
in Figure 4. Each of the pathways in Figure 4 consist of
four arrows, where the colors red and blue represent an
interaction with the probe field and SPP field, respectively.
The arrows on the left side of each pathway correspond
to creation operators, and the ones on the right side cor-
respond to annihilation operators. Each of the depicted
Liouville pathways is associated with a momentum equal
to the momentum difference between the left- and right-
hand side, which gives rise to the respective peaks in the
wavevector spectrum in Figure 2D.
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Figure 4: Microscopic picture of the quantum pathways during electron
emission. An electron is liberated from an initial state |/) below the Fermi
energy £, to afinal state | f) in the vacuum by a fourth-order interaction
with probe photons (red arrows) and SPPs (blue arrows). In each of the
diagrams, the consecutive interactions given by the two arrows on the
left-hand side interfere with the consecutive interactions given by the
arrows on the right-hand side of that same diagram. The diagrams are
grouped by their dependence on the strength of the SPP and the probe
field and by their wavevector contribution.

The central wavevector peak at K = 0 arises from elec-
tron emission by the consecutive absorption of two probe
photons (pathway (A)), the consecutive absorption of two
SPP quanta (pathway (B)), as well as cooperative pathways
(C)-(E). While pathway (C) and (D) correspond to the con-
secutive absorption of each an SPP quantum and a probe
photon, pathway (E) corresponds to the mixing of the con-
secutive interaction with an SPP quantum and a probe pho-
ton (left side of the diagram) and the respective inversely
ordered interactions (right side of the diagram), which has
been coined nonoscillatory double-mixing [52]. It is worth
noting, however, that only within the approximations we
applied to the electron system (Supplementary Note 1), the
pathways (C), (D), and (E) are physically equivalent, as they
can only then be transformed into each other via trivial
equal-time commutations of the creation or annihilation
operators. Thus, all Liouville pathways that contribute to the
central wavevector peak only depend on the SPP and probe
photon populations.

The remaining Liouville pathways (F)-(J) cannot be
explained by the simple consecutive absorption of SPPs and
probe photons. Instead, each of these diagrams must fun-
damentally be interpreted as a quantum path interference
that consist of the interference of electron emission by the
consecutive interactions on the left side of a diagram with
electron emission by the consecutive interactions on the
right side of that same diagram. In the probe-dominated
pathways (F) and (G), the consecutive interaction with two
probe photons interferes with the consecutive interaction
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with an SPP and a probe photon. This situation is reversed
for the SPP-dominated pathways (H) and (I), where instead
the consecutive interaction with two SPPs interferes with
the consecutive interaction of an SPP and a probe photon.
Moreover, the second-order wavevector peak at K = +2Kgpp,
i.e., pathway (J), consists exclusively of the interference of
the consecutive interaction with two SPPs and the consecu-
tive interaction with two probe photons. The single-mixing
pathways of the first-order wavevector peak and the double-
mixing pathway of the second-order wavevector peak probe
the mutual first and second-order coherences of the SPPs
and of the probe photons, respectively.

Some of the discussed Liouville pathways correspond
to observable quantum path interferences in the electron
emission — a consequence of the nonlinear mixing of differ-
ent fields in each of the diagrams contributing to the over-
all electron emission. By utilizing momentum resolution,
we could experimentally distinguish which quantum path
interferences (Figure 4F-]) contribute to the electron emis-
sion. Itisimportant to note, however, that we did not resolve
the individual interactions (as in Figure 1C) that constitute
the quantum path interferences. Resolving the individual
interactions would be the goal of a which-way experiment,
and doing so would indeed destroy the observed quantum
path interferences.

4 Discussion

Quantum path interferences are a manifestation of the
inherent quantum nature of fundamental interactions. Our
approach to electron emission in the simultaneous presence
of SPPs and light confirms that Liouville pathways can be
disentangled by their power-dependent contributions in a
momentum space that consists of discrete spots. The here
presented work is complementary to a recent time-resolved
PEEM experiment where contributions to the electron yield
by quantum coherent superpositions of few-plasmon Fock
states were disentangled and identified with corresponding
Liouville pathways [66]. This work and our work were both
carried out on Au(111) substrates that do not host long-lived
intermediate electronic states such that in our case elec-
tronic excitations by the pump pulse could be neglected.
At higher excitation strengths and on different sample sub-
strates, contributions by higher-order interactions with a
possibly excited electron system could as well be probed and
disentangled in time- and power-dependent measurements
[67].

Addressing more complex nontrivial quantum correla-
tions between light and SPPs, like in entangled SPP—photon
pairs [68], constitutes a natural progression of our work.

DE GRUYTER

We believe that interferences between transitions involving
additional quantum numbers for the SPPs, such as spin and
orbital angular momentum [52], [53], [69], can be studied
most effectively in momentum space as well. Ultimately,
adding energy resolution and electron momentum resolu-
tion to our technique could provide a route to study non-
trivial quantum correlations between interacting quantum
electrons, quantum light, and quantum SPPs in the future.
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