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Coherent multidimensional optical spectroscopy methods overcome some of the limitations found in their
one-dimensional counterparts and allow us, for example, to resolve overlapped spectral features, to sepa-
rate homogeneous and inhomogeneous broadening, and to track the energy transfer kinetics and coherent
dynamics in complex quantum systems. In their most common configurations, signal detection is achieved
by optical means, making these techniques widespread in studies of bulk systems but less common in the
surface and interface sciences. In this paper, we demonstrate an inherently surface-sensitive two-dimensional
coherent spectroscopy scheme, based on photoelectron detection, by studying the interface formed between
tris(8-hydroxyquinolinato)aluminium (Alqg;) and a ferromagnetic Co surface. Despite the inhomogeneous
linewidth broadening (800 meV) in the ensemble of disordered molecules, we resolve two narrow resonances
(~10 meV linewidth) with an energy spacing of ~80 meV. By combining experimental data and simulations,
using the Lindblad master equation, we identify these resonances as lowest unoccupied molecular orbital
(LUMO) to LUMO + 1 transitions in chemically decoupled second-layer Alq, molecules and deduce related
optical coherence lifetimes of at least 120 and 240 fs. These observations establish that Alq; molecules in a
disordered adsorbate layer exhibit well-defined and rather homogeneous internal electronic transitions, although
the absolute energetic positions of the involved states with respect to the substrate reference are significantly
affected by the disorder. The results indicate that inhomogeneous line broadening in a disordered Alq; layer and
pure dephasing have only a minor impact on optical transitions in individual molecules. This opens interesting
opportunities for coherent control schemes and emphasizes the importance of optical coherences for all electron

dynamics, even in disordered hybrid metal-molecule interfaces.

DOI: 10.1103/PhysRevB.105.205415

I. INTRODUCTION

Multidimensional optical spectroscopy methods, as intro-
duced more than two decades ago [1-4], are invaluable tools
for the investigation of structural, energetic, and dynami-
cal properties of matter. Their application has disclosed the
complex photophysics and the dynamics of a broad range
of phenomena, including molecular motion in protein fold-
ing [5-7], solvation dynamics [8,9], exciton dissociation in

“mirko.cinchetti @tu-dortmund.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2022/105(20)/205415(13)

205415-1

photovoltaic thin films [10—12], excitation energy transfer in
natural and artificial light-harvesting complexes [13—16], pho-
tochemical reactions [17,18], and others [19,20]. The spectral
range of multidimensional spectroscopy ranges from the tera-
hertz regime [21,22] over the infrared [5-8] and near-infrared
[13-16] to the visible [9-12,17,18] and ultraviolet range
[23,24], and potential x-ray applications are discussed [25].
Among the growing number of multidimensional spec-
troscopy implementations, coherent two-dimensional (2D)
vibrational spectroscopy in the infrared spectral range and
coherent 2D electronic spectroscopy in the visible spec-
tral range, as it is used in this paper, are by far the most
widespread. A 2D spectrum obtained with these methods
correlates an excitation energy 7w, on the one axis with a
detection energy /iw; on the other axis so that it allows over-
coming the issue of spectral congestion [26] common in one-
dimensional (1D) pump-probe techniques. The correlation
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of excitation and detection energies facilitates researchers to
disentangle, e.g., the inhomogeneous and homogeneous con-
tributions to the lineshape of a spectroscopic feature, or to
determine the coupling between states in complex systems
with multiple interacting components [27]. Such couplings
are seen as spectroscopic features at detection energies dif-
ferent from excitation energies, i.e., fiw, # hw,. In coherent
2D electronic spectroscopy, these spectra can be recorded
by scanning two time delays 7 and ¢ which separate three
ultrashort optical laser pulses interacting with the system,
followed by 2D Fourier transformation of the delay-dependent
measurement signal. Moreover, by splitting the second mid-
dle pulse into two pulses, it is also possible to introduce an
additional intermediate time delay T, the so-called waiting
time, that allows one to follow the population evolution of
the system on a femtosecond time scale. Formally, the in-
troduction of a systematically varied measurement parameter
or any additionally resolved measurement quantity increases
the dimensionality of the method so that one generally speaks
of multidimensional coherent electronic spectroscopy. Addi-
tionally, these methods are sensitive to and can disentangle
the types of quantum coherences induced by the interaction
with the optical fields [28]. However, the identification of the
type of coherence is not always uncontroversial, and some
ambiguities arise from the fact that different basis states can
be used to describe a quantum system. Here, we follow the
discussion in the recent review by Cao et al. [16] and define
coherences as off-diagonal elements in the density matrix
in eigenstate representation. More precisely, following again
Cao et al. [16], the coherences reported here are optical coher-
ences and reveal upper limits for the homogeneous linewidth
of the involved optical transitions in the system.

Despite the outstanding achievements realized with coher-
ent 2D spectroscopies, most of their current implementations,
being based on all-optical methods, are intrinsically bulk sen-
sitive. This hinders the applicability of these techniques in
many surface-science-related fields, such as molecular elec-
tronics and spintronics, where the interaction of a molecular
layer with the substrate plays a major role in the emergent
physical properties of the system [29-31]. Driven by the
necessity to overcome this limitation, surface-sensitive and
surface-specific techniques were developed using 2D sum-
frequency generation [32-34], total internal reflection [35], or
reflection 2D infrared spectroscopy [36]. However, the studies
employ infrared pulses for light-matter interaction, therefore
restricting the applicability of the respective methods mostly
to vibrational transitions and their dynamics.

Here, we demonstrate the applicability of coherent 2D
spectroscopy to the electronic structure of a molecular surface
system by using photoelectrons of photoemission electron
microscopy (PEEM) as the detection channel. Photoemission
methods offer intrinsic surface sensitivity due to the short
inelastic mean free path of the photoemitted electrons as
they propagate toward the surface. We investigate a hybrid
interface formed between a Co film and a bilayer of tris-
(8-hydroxyquinolinato)aluminum (Alq;) that is a common
component of organic light-emitting diodes and experimental
organic spintronic devices [37]. By isolating specific excita-
tion pathways of the surface system from a broad substrate
background signal, which is usually dominating the outcome

of two-photon photoemission (2PPE) experiments, with the
phase-cycling technique of coherent 2D spectroscopy, we
detect coherence times on the order of hundreds of fem-
toseconds at second-layer states of the bilayer and determine
upper limits for the homogeneous linewidth of the transitions
involved in the process. The existence of such long optical
coherence times at a molecular interface is promising for
ultrafast all-optical manipulation of molecular optoelectronic
devices.

An additional pathway-selective key feature that we em-
ploy in this paper is the resolution of the kinetic energy
of the emitted photoelectrons. This feature is known from
conventional 2PPE spectroscopy [38,39], facilitates the iden-
tification of involved electronic states within the surface
system, and allows restricting the analysis to a specific set
of states involved in the transition. One frequency dimension
has been added previously by employing two-pulse excita-
tion followed by Fourier transformation [40]. In this paper,
however, we implement the full multipulse 2D spectroscopy
pulse sequence and combine it with kinetic energy resolution
of detected electrons, leading to another frequency axis, i.e.,
a full three-dimensional (3D) coherent spectroscopy, which
reveals more details about the quantum dynamics. To avoid
confusion with population time variation as the third mea-
surement dimension, we refer to our method as coherent
optical 2D photoelectron spectroscopy. This term was only
recently introduced by Uhl er al. [41], who exploited the
resolution of the kinetic energy of photoelectrons to study
atomic vapors. In this paper, the photoelectron kinetic energy
resolution of the acquired 2D spectra reveals that the inho-
mogeneity of the randomly oriented molecules mainly affects
the absolute energy of molecular orbitals (i.e., their alignment
with respect to the Co Fermi level), while their relative en-
ergy spacing stays rather constant. Note that this additional
information channel distinguishes coherent optical 2D pho-
toelectron spectroscopy from, e.g., coherent 2D fluorescence
spectroscopy [42—45] that also utilizes a population-based
observable. There, the fluorescence yield of molecules is in
general exclusively linked to the population of the molecular
S, state, and hence, no state-selective investigation is possible.
Moreover, the presence of a metal can significantly quench
molecular fluorescence, and it becomes impossible to dis-
criminate the signal from the background. In contrast, emitted
electrons provide an almost background-free detection chan-
nel if the delay between pump and coherent probe pulses is
adequately chosen.

II. RESULTS

The ultrafast relaxation dynamics of electronic excitations
at metal-Alq; interfaces depends on the choice of the metal
substrate, as was already shown in previous works by, e.g., Ino
et al. [46] and Min et al. [47] for various Cu and Au surfaces.
Here, we use ferromagnetic Co as the substrate since, in this
hybrid molecular interface, nontrivial spin properties arise
due to the complex and tunable molecule-metal interaction
[29-31]. We prepare samples by electron beam evaporation
epitaxy of 40 monolayers of Co on an Au(111) crystal and
subsequent evaporation of ~1.3 nm Alq; that forms the
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FIG. 1. Schematic representation of the Co-Alq, interface. (a)
Alq, adsorption with two molecular layers: a chemisorbed first layer
in direct contact with the surface (green shading) exhibits spectrally
broad hybridized interface states (HISs) and a weaker bound second
layer retaining its molecular character (blue shading) [48]. Molecule
A and B exemplify different orientations of Alq, molecules in the
second layer. (b) Energy level scheme of Co-Alq, for the two-layer
configuration [48]. States of individual molecules, e.g., the lowest
unoccupied molecular orbitals (LUMOs) of molecules A and B,
are shifted in energy with respect to each other (red and yellow,
respectively), resulting in an overall inhomogeneous broadening of
second-layer energy bandwidths (=800 meV, shaded areas in blue)
as derived from photoelectron spectroscopy experiments [49].

two-layer molecular system, which does not exhibit discern-
able long-range order, depicted in Fig. 1(a).

The electronic structure of the Co-Alqj; interface, routinely
prepared and previously investigated by some of us [48,49],
is shown in Fig. 1(b). The first-layer Alq; molecules form
a hybridized interface with the Co surface, commonly re-
ferred to as hybridized interface states (HISs) [48], and show
a broad, metallic density of states arising from the strong
chemisorption [green in Fig. 1(b)]. The second-layer Alq,

molecules are weakly bound to the surface and thus can be
described quite well by the molecular orbitals of free Alqs
molecules. Hence, electronic excitations are mainly localized
on individual molecular sites [50], and the molecular orbitals
are energetically shifted and broadened due to the weak inter-
action with neighboring molecules and with the hybridized
interface layer [48]. As a consequence, the second-layer
molecular features are, in addition to the dissipation-related
linewidth, strongly inhomogeneously broadened [indicated as
blue-shaded areas in Fig. 1(b)] due to the variation of the
relative molecular orientations and screening effects [exempli-
fied by lowest unoccupied molecular orbital (LUMO) levels
of molecules A and B in Fig. 1(a)] [51,52]. The 1D method
of incoherent 2PPE revealed that the spectral feature of the
LUMO state of the second Alq, layer, centered at ~1.5 eV
above the Fermi energy (EF), is strongly broadened by AE ~
800 meV [48,49]. Note that an 800 meV linewidth of the
LUMO corresponds to a coherence lifetime of only ~1.5 fs.
To investigate coherence effects in both the inhomoge-
neously broadened LUMO and the energetically higher-lying
Alq; states of the second layer, we apply pump-pulse-
supported coherent optical 2D photoelectron spectroscopy. In
this scheme, a pump laser pulse centered at 400 nm (3.1 eV)
creates a transient population in the LUMO. As shown in
Fig. 1(b), the energy difference between highest occupied
molecular orbital (HOMO) und LUMO, AEgomo-Lumo =
3.9 eV, exceeds the pump photon energy, i.e., direct excitation
within the second molecular layer is not possible. Thus, as
shown by Steil et al. [49], the LUMO population occurs via
the excitation of states in the hybridized Co substrate and
first-layer Alq; molecules and a direct or indirect charge-
transfer process to second-layer molecular states. Acting upon
the so-excited state manifold of adsorbed molecules, four
pulses centered at 800 nm (1.55 eV, ~55 fs), illuminating
the sample in a collinear geometry (65 ° incidence angle with
respect to the surface normal, p polarization), induce and
probe the optical coherence. Figure 2(a) shows the two-color
excitation pulse scheme. The 400 nm pump pulse always
overlaps with the first of the 800 nm probe pulses in space and
time, while the other pulses arrive after relative time delays
7, T, and t. By scanning the first time delay t and the last
time delay 7, while keeping 7T = 0 fs, we effectively apply a
three-pulse sequence. The kinetic-energy-resolved local pho-
toelectron yield is recorded with a PEEM equipped with a
time-of-flight delay-line detector [53] (ToF-DLD) resulting in
a dataset Y (x, y, T, ¢, Exin). In our previous work on coher-
ent 2D nanoscopy [54-56], we have emphasized the value
of additional spatial resolution, the key to the disclosure of
ultrafast collective electronic dynamics at the nanoscale and
therefore to the investigation of plasmonic systems with pho-
toelectronic techniques [57]. In this paper, each image dataset
is integrated over the two lateral dimensions x and y over an
area of 30 x 30 um? since the sample is, in our case, spatially
uniform. The resulting signal Y (7, ¢, Exin) can then in prin-
ciple be converted into kinetic-energy-resolved 2D spectra
by performing a Fourier transformation along both t and .
However, such an evaluation comprises all possible excita-
tion pathways in the Liouville space of the system. To select
and analyze specific excitation pathways in our collinear
excitation geometry, we record the signal Y (7, ¢, Ey,) for
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FIG. 2. Coherent optical two-dimensional (2D) photoelectron
spectroscopy. (a) Excitation scheme consisting of a 400 nm (3.1 eV)
pump pulse and a collinear sequence of four 800 nm (1.55 eV) probe
pulses. The second and third pulses are kept in temporal overlap
(T = 0fs) in this experiment, resulting in an effective three-pulse
sequence, while the time delays T and 7 and relative phases ¢, =
@y — ¢ and ¢, = @4 — @3 are scanned. 2D Fourier transformation
with respect to T and ¢ yields a 2D spectrum with axes for the exci-
tation energy 7i(w, — wy) and detection energy fi(w, — wy), centered
at the energy of the probe laser photons at /iwy = 1.55 eV. (b) Nor-
malized absolute-value part of the retrieved three-dimensional (3D)
spectroscopic data for reverse-transient-grating-equivalent phase cy-
cling |Srrc (@, — wy), H(w, — wy), Exinll, consisting of 2D spectra
as a function of the electron kinetic energy. Two distinct peaks are
visible (black arrows), corresponding to two transitions in the Algs
state manifold, and they persist over the entire range of the observed
electron spectrum from 0.1 to 1.1 eV. Hence, without the coherent
multipulse excitation scheme spanning the excitation energy and
detection energy axes, these transitions would be obscured in the
electron spectrum by an inhomogeneous broadening of > 0.8 eV.
Isovalues of plotted surfaces are indicated inside the color bar by
black tick lines. The green plane at Ey;, = 0.6 eV illustrates the cut
position of the 2D spectrum shown at the bottom of the data cube
(black contour lines) and in Fig. 3(d). Blue planes indicate cuts along
constant /i(w, — wy) = —0.43 meV and h(w, — wy) = —0.43 meV
that are shown on the back right and left planes, respectively (black
contour lines). The contour lines of all cuts are drawn at values of
0.05,0.1,0.2,0.3,0.4, 0.5, 0.6, and 0.7.

a corresponding set of relative phases (¢; = ¢» — @1, ¢ =
@4 — @3) between the pulses, where ¢;, j=1,...,4,
indicates the absolute offset phase of pulse number j. The rel-
ative phase between the second and third pulse g7 = @3 — ¢,
is set to zero throughout the experiment. By taking an appro-
priate linear combination of the datasets Y.((7, 7, @7, ¢r, Exin)
collected with different values of the relative phases according
to the phase-cycling technique [58] and subsequent Fourier
transformation along 7 and ¢ for each constant kinetic en-
ergy slice, the linear background is filtered out, and only
the kinetic-energy-resolved 2D spectrum S(hiw., hw;, Exin),
ascribable to a defined set of excitation pathways, is retained.
We choose a 1 x 3 x 4 = 12-fold phase-cycling scheme and
extract the contribution with the same phase dependence as
the so-called reverse transient grating (RTG) [59] in conven-
tional noncollinear coherent 2D electronic spectroscopy (see
Materials and Methods). Note that we use the term RTG
in our studies even though transient grating is commonly
associated with a noncollinear measurement geometry. Nev-
ertheless, since we obtain analogous response contributions
from phase cycling, we employ this term in accordance with
a phase-cycling overview by Tan [58], who linked the sig-
nal contributions of phase-matched noncollinear coherent 2D
experiments to those obtained by phase cycling. This signal
Srrg (w,, hiw,, Eyiy) belongs to a set of various nonrephasing
pathways in which the coherence between LUMO states of
the molecule evolves during the time intervals t and ¢. Note
that there is no fixed phase relation between the 400 nm pump
pulse and the sequence of 800 nm probe pulses. The sample
coherence is only investigated via the ~800 nm probe pulse
sequence interacting with the optically pumped molecules.
Using the RTG phase-cycling scheme instead of the rephasing
photon-echo phase-cycling scheme—that additionally would
allow us to directly read homogeneous and inhomogeneous
line widths from 2D spectra—might seem inconvenient. How-
ever, when applying the 16-fold photon-echo phase-cycling
scheme, we noticed unphysical signals that extended over
the entire diagonal of 2D spectra, an artifact that we have
discussed previously [60] and which results from pixel-to-
pixel crosstalk in the spatial light modulator (SLM) inside the
pulse shaper. We therefore pragmatically applied the 12-fold
phase-cycling scheme since the retrieved signal shows no sign
of artifact contamination, and it can likewise be used to probe
the coherence between molecular states.

We stress that, by employing a sequence of four collinear
pulses with the phase-cycling technique, our excitation
scheme allows the full characterization of the nonlinear
optical response function of the sample, in analogy with
all-optical four-wave mixing techniques like noncollinear
coherent 2D electronic spectroscopy [54,61]. The formal
difference lies in the signal detection: In conventional 2D
spectroscopy techniques, the sample emits a coherent signal
field in a phase-matched direction after n interactions with
the noncollinear pulse sequence, while in our case, the system
resides in a population, i.e., a photoemission state, after n + 1
interactions with the collinear pulse sequence. Although the
detection of coherent and incoherent observables seems to
be quite different, both methods systematically map out the
nth order nonlinear response function. Although there are
some differences in the 2D lineshapes and the interpretation
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of cross-peaks, analyzing the Liouville space pathways shows
that a response function of nth order with coherent detection
corresponds to an (n 4 1)th order perturbation expansion with
population detection [61-63].

Figure 2(b) shows the absolute-valued kinetic-energy-
resolved 2D spectrum |Sgrg[A(w, — @), A(w; — wy), Exinll,
i.e., the correlation of the optical excitation energy /i(w, —
wp) and optical detection energy 7i(w; — wp) with respect to
the central laser frequency wy corresponding to the 800 nm
pulse sequence, i.e., the 2D spectra as a function of the pho-
toelectron kinetic energy Eyj,. Two separated peaks [black
arrows in Fig. 2(b)] exist in the 2D spectra, which persist
over the entire observed kinetic energy range. These two
kinetic-energy-independent features can be clearly seen in
both vertical cross-sections through the full 3D data cube
shown in Fig. 2(b), displayed as contour-line plots in the
corresponding Cartesian planes for constant excitation energy
of i(w, — wy) = —43 meV (back right plane) and at a con-
stant detection energy of fi(w; — wy) = —43 meV (back left
plane). Interestingly, the linewidths of the peaks in the 2D
spectrum at a kinetic energy of Ey, = 0.6 eV, displayed as
a contour plot at the bottom plane of the 3D cube, are much
narrower (10 meV) than the inhomogeneously broadened
absorption profile (=800 meV) retrieved from incoherent
2PPE spectra in previous studies [48,49]. Furthermore, the
appearance of a substructure of two peaks indicates that the in-
homogeneously broadened spectral feature seen in incoherent
2PPE [49] is composed of inhomogeneous contributions from
multiple states that are involved in the excited-state dynamics
of Alg; molecules. Note, as it will become evident in the
discussion, that the lack of variance of the spectral features
for different final-state kinetic energies is a key feature of the
observed kinetic-energy-resolved 2D spectrum that is essen-
tial for identifying the underlying excitation mechanism.

To further analyze the origin of the observed features, we
deduce the multiphoton order n of the photoemission process,
as this limits the number of possible excitation pathways. For
this purpose, we perform power law measurements (see Sup-
plemental Material [64]), i.e., we measure the photoemission
yield as a function of the incident laser power. Figure 3(a)
(top panel) shows the result for constant 400 nm pump power
and varying power of an 800 nm single probe pulse in spatial
and temporal overlap. The fit of a power law dependence to
the data retrieves a multiphoton order of ngyonm = 1.05 +
0.05; hence, the photoemission yield scales linearly with
the incident laser power. In a similar manner, the case of
constant 800 nm single-probe-pulse power (fluence < 1.0 x
10~* J cm™?) and varying 400 nm pump-pulse power yields
naponm = 1.12 £ 0.07, i.e., again a dominantly linear depen-
dence (see Fig. S1(b) in the Supplemental Material [64]).
In addition to the static power law experiments, we deduce
the linear dependence of the signal yield on the probe-pulse
intensity also from time-resolved pump-probe experiments
using a pair of 800 nm probe pulses (see Supplemental
Material [64]).

III. DISCUSSION

Any conceivable model for light-matter interaction at the
Co-Alq, interface must consider the experimental results de-

scribed above, i.e., the linear dependence of the photoemission
process with respect to probe and pump pulse power, and the
narrow spectral features of the 2D spectrum which persist over
the entire observed kinetic energy range of photoelectrons.
First, we discuss the power dependence of the photoemission
process. As one conceivable model, the dashed arrows in
Fig. 3(b) show a trivial scheme that might be envisioned to
explain the linear power dependence for the pump and the
probe step: In that scenario, a pump-induced hot electron
population in Co and first-layer Alq; HIS would be probed
with the 800 nm probe pulse [blue and red dashed arrows in
Fig. 3(b)]. However, this scheme cannot explain the observa-
tion of narrow spectral features in kinetic-energy-resolved 2D
spectra [Fig. 2(b)] because rapid dephasing at the hybridized
interface would lead to significantly broadened peaks that are
not observed. Thus, for modeling the data, the interplay of
the Co substrate and the weakly bound second-layer Alqg;
molecules in the excitation scheme is crucial. Note that any
attempt at modeling the almost linear power dependence with
respect to the 800 nm excitation based on a coherent coupling
of the second-layer LUMO states to continuum photoemission
states (|PE)) failed to reproduce the observed 2D spectra. Only
one model that relies on an Auger-like energy transfer mecha-
nism succeeded and is shown in Fig. 3(b) (solid arrows). Note
that we employ the term photoemission throughout this paper
since, here, the Auger emission occurs from a photon-excited
state.

The derived model is now explained in detail. Following
the experimental findings of Steil ef al. [49], the 400 nm
pump pulse [right solid blue arrow in Fig. 3(b)] induces
an Alq; LUMO population by optical excitation from the
hybridized Co substrate and first Alq; layer (|HISO) —
|HIS1)) and subsequent charge injection into the LUMO
(state |1)) in the second Alq; layer (dotted purple ar-
row). In parallel, the blue pulse also excites a higher
lying state |X) either in the first or second Alq; layer
[left solid blue arrow in Fig. 3(b)]. One of these 400 nm
excitations is close to saturation, presumably the pump pro-
cess of the LUMO state, explaining the just slightly nonlinear
power law for the 400 nm excitation with the multiphoton
order n40onm = 1.12 £ 0.07. Then the probe-pulse sequence
induces a coherence between the LUMO (state |1)) and the
LUMO + 1 (states |2) and |3)), indicated with the solid red
double arrow in Fig. 3(b). The two spectral features observed
in the experimentally retrieved kinetic-energy-resolved 2D
spectrum, visible for all kinetic energies [Fig. 3(c)], thus cor-
respond to |1) <> |2) and |1) <> |3) transitions. To support an
electron emission process in this excitation scheme, the co-
herence driven between the LUMO and the LUMO +- 1 states
is converted into a population of the LUMO + 1 states by the
last interaction within the probe-pulse sequence. To obey the
observed linear order of the emission process, energy released
from the decay of the LUMO + 1 population is transferred via
an Auger-like mechanism to the excited | X) state in either the
first or the second Alq; layer [orange arrows in Fig. 3(b)].
From this |X) state in either layer, the continuum can be
reached with 1.55 eV excitation energy, and thus, the trans-
ferred energy leads to electron emission. Note that the excited
state |X) must be in the vicinity of the Alq; molecule in which
the LUMO state was initially pumped to ensure an efficient
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FIG. 3. Comparison of experimentally retrieved kinetic-energy-resolved two-dimensional (2D) spectrum with model simulation. (a) Top:
Single-probe-pulse power dependence (black symbols) of the photoemission yield from the Co-Alq; interface at constant pump-pulse power
of 1 mW (fluence < 1.4 x 107% J cm~2, see Experimental Method section) at zero delay time, with power law fit (green) and the extracted
multiphoton order n. Bottom: Simulated photoemission signal probe intensity dependence for the model represented in B along with power
law fit (line) and multiphoton order n. (b) Energy diagram and excitation scheme of direct two-color photoemission in the hybridized Co
and first-layer Alq, molecules (dashed arrows, unsuccessful trivial model) and for the proposed applicable model (solid arrows) based on an
Auger-like energy transfer (solid orange arrows) leading to electron emission from state |X) into state |PE). The blue solid arrow indicates the
pump-pulse excitation and the red solid arrow the probe-pulse-sequence interactions. (c) Absolute value of the experimental kinetic-energy-
resolved 2D spectrum at the highest signal magnitude [Ey;, = 0.6 eV, cut at green plane in Fig. 2(b)]. (d) Simulated 2D spectrum (Ey;, =
0.6 eV) based on the model shown in (b) with time delays and phase cycling equivalent to the experiment. For both 2D spectra, the pixel size
underneath the contour lines indicates the spectral resolution in experiment and simulation, while the contour lines result from zero-padded
data.

Auger-like energy transfer. We would like to point out that the excited state |X) lies close to the vacuum potential, as in our
rearrangement of excited electronic configurations, in which case, an electron can be emitted in an Auger-like process.
the energy of the de-excitation of one electron is converted  Ionization caused by the electronic relaxation of a neighboring
into the excitation of another electron, is a well-known process molecule is a common and extensively studied nonlocal decay
in time-resolved photoelectron spectroscopy [65,66]. If the mechanism, termed intermolecular Coulombic decay, which
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can take place within only a few femtoseconds [67]. It is even
conceivable that state |X) is in the same molecule. However,
in that case, the increased energy transfer efficiency would be
balanced by the lower probability of a double excitation in the
same molecule than another excitation in the vicinity.

One key aspect of the coherent optical 2D photoelectron
spectroscopy scheme is that spectral features of the induced
system dynamics can, in principle, be assigned to specific
molecular states due to the kinetic energy resolution of photo-
electrons. Here, irrespective of the disorder of Alq; molecules
at the interface and the previously measured inhomogeneous
broadening of ~800 meV of LUMO(+1) states in incoherent
2PPE experiments, we observe that the narrow linewidths of
~10 meV of the two spectral features, as well as their spectral
position, is maintained in the 2D spectra for a continuous
range of kinetic energies up to Ey, = 1.1 eV [Fig. 2(b)]. This
implies that the states involved in the respective transitions
exhibit both the character of individual molecules, i.e., a
rather narrow linewidth, as well as similar transition ener-
gies. Hence, we conclude that the relative energies of states
involved in the LUMO-to-LUMO + 1 transitions, which are
according to our model coherently driven by the multipulse
sequence, stay constant, while disorder-induced inhomogene-
ity mainly affects the absolute state energies of individual
molecules. This absolute shift of state energies (with respect
to the Co Fermi level) leads to a broad excited-state manifold
of |X) and hence to a large range of kinetic energies for which
the narrow spectral features are observed. We draw only one
possible state of the |X) manifold in Fig. 3(b) that leads to the
highest kinetic energy of the final state |PE). The maximum
kinetic energy of photoelectrons is given by the substrate
Fermi level and the subsequent absorption of a single pump
and a single probe photon. Note that we do not expect spectral
diffusion to have a significant influence on our experiment, as
will be discussed below.

To test the proposed model in comparison with experi-
mental data, we perform simulations by numerically solving
the Lindblad quantum master equation and propagating the
density matrix in the time domain upon interaction with
external laser pulses. We set the time delays and phase com-
binations like in the experiment (see Materials and Methods).
The population in the photoemission state |PE), accumulated
over the simulation time, defines the simulated photoemission
yield. As a first step, we evaluate the probe-pulse power law
dependence. Figure 3(a) (bottom panel) shows the simulated
electron yield as a function of probe-pulse intensity. In
agreement with experimental observation (top), the model
exhibits a linear dependence of the electron yield on laser
power with a multiphoton order of n = 0.95 £ 0.01. Next, we
explain the numerical model in more detail and apply it to the
coherent optical 2D photoelectron spectroscopy scheme.

We simulate a 2D spectrum at the specific kinetic en-
ergy of maximum signal intensity (Eyj, = 0.6 eV) of the full
kinetic-energy-resolved 2D spectrum and optimize the model
parameters to match the experimental data. The restriction to
simulate a 2D spectrum at a specific kinetic energy is based on
the conclusion that the disorder-induced inhomogeneity only
affects the absolute energy of states while their energy spacing
stays rather constant. Hence, all molecules are expected to
produce a similar 2D spectrum, while the variable absolute

energy of states only results in a different kinetic energy of the
Auger-emitted electron from |X). All energy levels are defined
with respect to the Fermi energy Ep and, correspondingly,
E(JHIS0)) = —1.60 eV and E(|HIS1)) = 1.50 eV. The en-
ergy levels in Alq; molecules in the second layer, E(|n)) with
n € {1,2,3}, are deduced from a phenomenological fit model
of two Lorentzian oscillators to the kinetic-energy-integrated
2D spectrum (see Supplemental Material [64]) and the pre-
viously measured energetic peak positions of the LUMO
state [51], yielding E(|1)) = 1.50 eV, E(]2)) = 3.01 eV, and
E(]3)) = 3.09 eV. The interaction of these three states with
the multipulse probe sequence is treated using a Lindblad
master equation for the quantum system (see Materials and
Methods). In addition, our model requires an occupied excited
state |X), pumped with the 400 nm pulse, from which the
electron is emitted in an Auger-like process. Its energy is
irrelevant in the present simulation since there is no coherent
coupling to other states, and its population change is treated
using rate terms in the master equation.

To model the temporal dynamics of the system, all involved
states require appropriate time constants in the Lindblad for-
malism. These are the population relaxation time 77 and the
pure dephasing time 7,". Both contribute to the decoherence
time 7>, which is essential for the coherent interaction with
external light fields:

1 1 1 ]
T2_2T1+T2*' M

To keep the parameter space as small as possible for op-
timization procedures, we make the following assumptions:
Pure dephasing times of 7;* = 0.1 fs are assigned to the states
|X) and |PE) to account for the metal character of the substrate
and for a state above the vacuum potential, respectively. In
contrast to that, we do not consider pure dephasing of the
states |1), |2), and |3) of second-layer Alq; molecules that in-
teract with the multipulse probe sequence. This is because the
experimental investigation of 7,* times requires the scanning
of the waiting time 7', which was kept constant at 7 = 0 fs
in our experiments. Note that the same is true for spectral
diffusion. The reason for not scanning 7 is that, in our experi-
ment, it takes approximately one day of measurement time to
record a single T step. Consequently, it would not have been
possible to maintain comparable experimental conditions for
longer than one day of continuous measurement with the
present setup. However, we assume that both phenomena have
a minor contribution to the linewidths of the spectral features,
as will be justified below. Hence, the only free parameters
in the simulation are the population relaxation times 77(|1))
of the LUMO, T(]2)) and T;(|3)) of the LUMO + 1 states,
and T1(|X)). The parameters are varied systematically (see
Materials and Methods) to obtain a good match between the
simulated 2D spectrum [Fig. 3(d)] and the measured 2D spec-
trum at the specific kinetic energy of Ey, = 0.6 eV [Fig. 3(c)].
By comparing the simulated spectra with experimental data,
we find the set of values giving the smallest root-mean-square
deviation from the measurement.

Figure 3(d) shows the resulting absolute-valued simulated
2D spectrum of the RTG contribution, which is in very good
agreement with the experimental observation in Fig. 3(c).
The lowest root-mean-square deviation is found for 7; (| X)) =
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100 fs. Since long-lived states in Co are not known [68], this
rather long lifetime for a highly excited state excludes the
option that an excited Co state acts as an initial state for this
Auger-like emission process. However, both in the first and
second layer, excited states with such lifetimes are conceiv-
able. Of great interest are the extracted population relaxation
times of the LUMO and LUMO + 1 states in the second
layer for which we obtain 7(|1)) = 300 fs, 71(|2)) = 75 fs,
and 77(]3)) = 200 fs. Note that these values are given with-
out uncertainty margins since a complete statistical analysis
of the parameter space is beyond our computational means.
However, the values provide a reliable order-of-magnitude
estimate since significant changes in these values lead to
significant discrepancies between measured and simulated 2D
spectrum.

The rather long lifetimes of the Co-Alq; interface states
[1), |2), and |3) are not completely unexpected. The ob-
tained population relaxation time 77(]1)) = 300 fs is in good
agreement with the value determined from time-resolved
incoherent 2PPE measurements [49] that revealed spin-
dependent population relaxation times between 400 and 800 fs
for majority and minority electrons, respectively. This agree-
ment between independent experiments also renders the
population relaxation times for the states |2) and |3) as re-
liable. Note that these times are exclusively accessible with
the here-presented experimental scheme and not from conven-
tional 2PPE measurements since the signal at the final-state
energy of the |2) and |3) manifold is dominated, in conven-
tional 2PPE experiments, by the contributions from the Co
substrate [49]. We isolate the signal of the almost resonantly
driven |1) <> |2) and |1) < |3) transitions from the undesired
incoherent Co background by the excitation pathway selection
introduced by the phase-cycling procedure.

According to Eq. (1), the retrieved population relaxation
times represent lower limits, and they can, in principle, be
slightly longer. For instance, if we assume 7} = 400 fs, as
retrieved from conventional 2PPE experiments [49], a pure
dephasing time of 7," = 2.5 ps is required to give the same
decoherence time 7>, like in our model, in which this time
is solely determined by 7;. Comparing these time scales,
the population relaxation seems to be the major contribution
to the linewidths of the spectral features in the 2D spectra.
Hence, although we cannot clearly differentiate between dif-
ferent contributions to linewidths, due to the constant waiting
time 7 = 0 fs in our multipulse sequence, the rather good
agreement between the 7i(|1)) reported here and the in-
dependent population lifetime measurements [49] indicates
that pure dephasing processes, spectral diffusion, and other
processes leading to an inhomogeneous broadening of the
LUMO-LUMO + 1 transitions, i.e., the relative energy shift
of LUMO states, play only a minor role.

Having justified the approximation of the absence of
pure dephasing, we now determine the lifetime 7, for
the decay of the optical coherence between states |1)
and |2) as well as between the states |1) and |3)
via To(]1) < [2)) = 2[7;' (1) + 777" (12)] 7" and Tr(|1) <
13)) = 2[7,7'(I11)) + T, (13))]7", respectively. The time con-
stants 71(|1)), T1(]2)), and T;(|3)) are the corresponding
population relaxation times. This yields the lower limits for

the optical coherence lifetime of the here-probed electronic
transitions as 7>(|1) <> |2)) =120 fs and 7>(|1) <> |3)) =
240 fs. For pure dephasing absent, the full width at half
maximum linewidth T" of an optical transition is given by
I' =2h/T, yielding ~11 and 5.5 meV for the low- and high-
energy LUMO-LUMO + 1 transitions probed, respectively.
Here, these values for the linewidth are upper bounds for the
actual homogenous linewidth since these values can still be
affected by inhomogeneous line broadening. The observed
upper limit for the homogeneous linewidth sets a bound for
possible intralayer coherent energy transfer mechanisms that
can become highly relevant if ultrafast dynamics in such films
are considered, for example, in a carrier injection or charge
separation process at such an interface.

Lastly, we examine the origin of the closely spaced peaks
which we associate with the 80 meV energy spacing of the
states |2) and |3) in Fig. 3(b) and for which both electronic
and vibrational origins are conceivable. Concerning the for-
mer, it is known from the literature [69] that the LUMO and
LUMO + 1 in Alq; are composed of closely spaced levels
with an energy separation of ~100 meV [48] (calculated for
the LUMO states of second-layer molecules on Co), which is
in accordance with the energy difference of 80 meV observed
here. In addition, calculated homogeneous LUMO linewidths
of 3—6 meV [48] are in close accordance with the values
derived from our models. As a second possible explanation
for the observed states, vibrational transitions are conceivable
since a skeletal in-plane vibration at 534 cm~! (66 meV),
mainly localized on the a-quinolate ligand, was previously
identified by density functional theory calculations [50]. A
matching mode was observed experimentally with Raman
spectroscopy in powdered Alq; samples at low temperatures
[70]. Both possible candidates for energy levels in the second-
layer Alq; molecules, either electronic or vibrational, make
the observed level structure in coherent optical 2D photoelec-
tron spectroscopy plausible, and vibronic mixing effects [71]
may also be relevant.

IV. CONCLUSIONS

In conclusion, we applied coherent optical 2D photoelec-
tron spectroscopy which connects the correlation of excitation
and detection energies of conventional coherent 2D electronic
spectroscopy with the kinetic energy resolution of emitted
electrons. The surface sensitivity, due to the photoelectron
detection, allowed us to study the coherent electron dynamics
in the unoccupied state manifold of a ferromagnetic metal-
molecular interface, previously populated by an additional
pump pulse. Our findings demonstrate long-lived optical
coherence up to 240 fs in the ensemble of disordered, second-
layer molecules of the hybrid Co-Alq; interface. Despite the
inhomogeneous arrangement of molecular orientations and
couplings to the environment, our measurements reveal rather
small linewidths of the involved excitations (=10 meV). Since
the small linewidths persist throughout the entire range of
kinetic energies of emitted electrons, we conclude that the re-
spective transition energies stay rather constant for individual
molecules and that disorder only affects absolute state ener-
gies. With our analysis, based on a Lindblad quantum master
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equation, we find that the coherent dynamics of two LUMO-
LUMO + 1 transitions in the second Alqs layer can only be
probed and mapped onto experimental data via an Auger-like
electron emission process. Candidates for the two narrow
excited-state energy levels have either electronic, vibrational,
or mixed vibronic character. Independent of that, the observed
long coherence times are attributed to a superposition of
states in two electronic level manifolds, LUMO and LUMO +
1, and they thus arise from an optical coherence centered
at 800 nm. Our findings pave the way to the systematic
investigation of coherence effects on the electron dynamics
at hybrid molecular interfaces. We envision that the manip-
ulation of these coherences, via pulsed laser excitation, could
lead to the development of spintronic and molecular electronic
devices where the function of the organic layer is manipulated
on a femtosecond time scale in a coherent nondissipative
fashion.

V. MATERIALS AND METHODS

A. Sample preparation

Experimental results were obtained from an
Au(111)/Co/Alq; sample prepared in an ultrahigh vacuum
chamber. The system consists of two evaporation chambers
for Co and Alg; with base pressures of 3 x 107!' and
2 x 10~° mbar, respectively, and a PEEM chamber with a
base pressure of 9 x 107! mbar. The Au crystal was first
prepared by several Ar-ion sputtering and annealing (800 K)
cycles. Here, 40 monolayers (=3.5 nm) of Co were deposited
by electron beam evaporation epitaxy and annealed at a
temperature of 600 K, leading to a hexagonal, bulklike Co
structure with an in-plane magnetic uniaxial anisotropy along
the high-symmetry axis of Co [72]. For the deposition of
first- and second-layer Alq; molecules (in total 1.3 nm), we
used a Knudsen cell and a quartz crystal balance calibrated
with ellipsometry to monitor deposition rates. The in situ
preparation of the sample leads to reproducible interfaces and
all obtained experimental results were reproduced on multiple
samples prepared, as described above.

B. Experimental method

We used femtosecond laser pulses from a Ti: Sapphire
oscillator (Mai Tai, Spectra-Physics GmbH) to emit electrons
from the sample. Photoelectrons were detected by TR-PEEM
(IS-PEEM, Focus GmbH) [73]. The PEEM signal was spa-
tially averaged over the imaged field of view (30 x 30 um?)
to maximize the signal-to-noise ratio. No local differences of
the PEEM signal were detected within the observed field of
view. Spin-integrated and kinetic-energy-resolved PEEM im-

J

ages were obtained with a ToF-DLD with a typical energy res-
olution of 70 meV [49]. For all time-resolved experiments, we
overlapped a pump pulse (400 nm, 3.1 eV) with the first pulse
of a sequence of four probe pulses (800 nm, 1.55 eV, 55 fs)
that were directed collinearly onto the surface. For this pur-
pose, the beam path of the fundamental laser pulse was split
into two arms. Frequency doubling of the fundamental laser
radiation (800 nm) in a 8-BaBOj crystal generated the 400 nm
pump pulse. A home-built liquid-crystal-based pulse shaper
created the pulse sequence in the other arm [74]. The pulse
shaper enabled control of the relative phases and time delays
between the probe pulses, while the relative phases between
the 800 and 400 nm pulses were not stabilized. The probe
pulses were fully characterized using frequency-resolved opti-
cal gating in combination with spectral interferometry [75,76].
The laser spot size of the 800 nm fundamental beam and
the frequency-doubled 400 nm beam exhibited a size larger
than the field of view so that the corresponding maximum
fluence in the power-dependent yield measurements roughly
amounts to values < 1.0 x 107 Jcecm™2 (75 mW beam
power) and 1.4 x 10°Tem™? (1 mW beam power),
respectively.

In all-optical 2D spectroscopy, the RTG signal reveals the
coherence evolution in a system [59]. The same is true for
our collinear arrangement, with the only difference that we
use phase cycling [58] to filter the photoemission contribution
that is linked with the state populated by the interaction with
the second pulse after the time interval . The same signal
also comprises weaker higher-order contributions in which
the second pulse immediately places the system back into
the same coherence established by the first pulse, and after
a second time interval ¢, the system is then again switched
to a population state by the third pulse of the sequence. The
coherence decay, and hence the dephasing time 75, is probed
during both time intervals.

For coherent optical 2D photoelectron spectroscopy, the
local electron yield was recorded as a function of the
time delays 7, T, and ¢t and relative phases ¢, = ¢, —
01, o7 = @3 — @2, and ¢, = @4 — @3 between the four dif-
ferent probe pulses. With 7 =01fs and ¢y =0 for all
experimental data shown here, the pulse sequence effectively
consisted of three pulses. Time delays t and ¢, according to
Fig. 2(a), were varied from O to 192 fs in steps of 8 fs. A
1 x 3 x 4 = 12-fold RTG-equivalent phase-cycling scheme
[58,59] extracted the coherence information from the to-
tal measurement signal, i.e., for each time-delay step,
the kinetic-energy-resolved (energy Exi,) PEEM measure-
ment was repeated for 12 different phase combinations
of ¢, and ¢, (with ¢y =0), and the coherent signal
SrrG (T, t, Exin) was obtained from the various photoelectron
yields Yq (7, t, ¢, ¢r, Exin) via

Srr6(T, 1, Exin) = 15 {Ya (7, 1,0, 0, Exin) + iYa (7, 1,0, /2, Exin) — Ya (7.1, 0, 7, Exin) — iYar (7, 1, 0, 37 /2, Eyin)

+Ya(r,t,2n /3, =27 /3, Exin) + iYei (7, 1,270 /3, =7 /6, Eiin) — Yei(7, 8,27 /3, 7w /3, Eyin)

—iYa(r,t,2m /3,57 /6, Exin) + Yai (7, t, 4 /3, =47 /3, Exin) + iYa (7, t, 47 /3, =57 /6, Exin)

—Yu(z, 1,47 /3, =7 /3, Exin) — iYa (v, 1,47 /3,70 /6, Exin) }. 2
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A 2D Fourier transform of Sgrrg(t,?, Exn) With
respect to T and ¢ then led to the complex-valued
kinetic-energy-resolved 2D spectra Sgrg(fiw,, hoy, Exin),
with a spectral resolution along the optical axes of 22 meV
that corresponds to the size of the pixels in Fig. 3(c), i.e.,
no zero padding was applied. The absolute-valued part of
Srrg (hw;, hiw,, Eyiy) is shown in Figs. 2(b) and 3(c) in
this paper. For contour lines and isosurfaces, 11-fold zero
padding was applied to Srrg(7,?, Exin) before Fourier
transformation.

C. Quantum dynamical simulations

For the simulations of the model in Fig. 3(b), we numeri-
cally solved the Lindblad quantum master equation [77]:

0 A i / / 1 N T
P = —g[H(t ), p(1)] + ;i[hp(r M,

L hp ) = 2 p T
_5 n np(t ) - Ep(t )Jan . (3)

In the Lindblad formalism, the Liouville—von Neumann
equation, which describes the time evolution of the density
matrix p(¢") under the Hamiltonian H(¢'), is extended with
additive terms that comprise relaxation and dephasing pro-
cesses induced by the interaction of the quantum system with
the environment. In Eq. (3), depending on the quantum jump
operator J,,, T, either denotes the time constant of an inelastic
population relaxation, i.e., 7, corresponds to the population
relaxation lifetime 7, or is attributed to the pure dephasing
time 7,. Here, H(¢') is the sum of the time-independent
Hamiltonian:

Ho = hwn y_|m)(ml, “

in energy eigenstate basis {|m)} with eigenenergies hw,,, and
the interaction Hamiltonian:

Hi(t) =E@) Zum,n(lmﬂnl + [n)(ml), &)
m#n

with m, n € {HISO, HISg, HIS1, PE, 1, 2, 3}, the driving laser
field E(¢), and identical transition dipole moments [, , =
0.08 a.u. assumed for all transitions.

The density matrix evolution was calculated from#" = 0 fs
tot,. = 700 fs in steps of 8t = 0.1 fs in the rotating frame

of the 800 nm probe pulses. The external fields were defined
as

, @ =AY
E(t', At) = Epexp —210g(2)6—2 exp(iwot’ + ig),

(6)
for the pump (hiwg = 3.1eV,§ =301s, Ey =5 X 1073 a.u.,
At = 0 fs) and probe pulses (fiwy = 1.55 eV, = 50 fs, Ey =
5 x 1073 a.u., and the respective time delay At). The dipole
moments [, , were chosen such that only a small depopula-
tion (<10%) of the ground states of the subsystems occurred
to avoid saturation effects such as Rabi cycles. A detailed
description of the assumed transition pathways is given in the
Supplemental Material [64].

For the model in Fig. 3(b) (solid arrows), we represented
the states in the first-layer Alq; subsystem as a four-level
system and the second-layer Alg; subsystem as a three-level
system which led to a 12 x 12-dimensional density matrix.
The energy levels were E (|JHISO)) = —1.60 eV, E(|HISg)) =
0eV,E(X)) =3.10eV,and E(|PE)) = 4.65 eV for the first-
layer Alq; system and E(|1)) = 1.50 eV, E(]2)) =3.01 eV,
and E(|3)) = 3.09 eV for the second-layer Alq, system. Here,
|HISO), (HISE), |HIS1), and |X) denote the Co + first-layer
Alq; hybridized states, |PE) the photoemission state, and |1),
|2), and |3) second-layer Alq, states. In the simulations, we
assumed that the Auger-like process occurs via a unidirec-
tional energy transfer between the second and the first Alq,
layer. Note that the alternative, i.e., a transfer to neighboring
excited molecules in the second layer, is only a change of
names but does not affect the outcome of the simulation.
Absolute energy differences E(|2)) — E(]1)) = 1.51 eV and
E(]3)) — E(|1)) = 1.59 eV were taken from the result of a
phenomenological fitting (see Supplemental Material [64]).
Unidirectional energy transfer from the second-layer Alqs
to the substrate subsystem was modeled using population-
lowering operators in the second layer and raising operators
in the substrate subsystem, while the total population was
conserved (see Supplemental Material [64]). The large
number of states and related free model parameters and the
time for simulating a full 2D spectrum of ~3.5 h makes a full
fit of the model to the experimental data unfeasible. Hence, to
find an optimized set of parameters, the population relaxation
times T7(|X)), T1(|1)), T1(]2)), and Ti(|3)) were modified
by hand, while the ratio 7;(|2))/7;(|3)) was kept constant.
The best parameter set out of 20 different sets was found by
evaluating root-mean-square deviation of the diagonal of the
simulated 2D spectrum from the diagonal of the experimental
2D spectrum. Short pure dephasing times in the Co system
of T,)(JHIS1)) = 0.1 fs and 7, (|PE)) = 0.1 fs accounted for
the metal character of the substrate and for a state above
the vacuum potential, respectively, leading effectively to
rate terms in the master equation for the corresponding
transitions. Finally, the electron yield was determined by the
population of the |PE) state which served as a container, i.e.,
the population relaxation time was 71 (|PE)) — ooc.
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