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Ultrafast orbital tomography of a pentacene film
using time-resolved momentum microscopy
at a FEL
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Time-resolved momentum microscopy provides insight into the ultrafast interplay between

structural and electronic dynamics. Here we extend orbital tomography into the time domain

in combination with time-resolved momentum microscopy at a free-electron laser (FEL) to

follow transient photoelectron momentum maps of excited states of a bilayer pentacene film

on Ag(110). We use optical pump and FEL probe pulses by keeping FEL source conditions to

minimize space charge effects and radiation damage. From the momentum microscopy

signal, we obtain time-dependent momentum maps of the excited-state dynamics of both

pentacene layers separately. In a combined experimental and theoretical study, we interpret

the observed signal for the bottom layer as resulting from the charge redistribution between

the molecule and the substrate induced by excitation. We identify that the dynamics of the

top pentacene layer resembles excited-state molecular dynamics.
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Photo-induced phenomena of adsorbates on solid surfaces
have been intensively investigated over the last decade1–4.
Despite some success in controlling physical properties

and initiating femtochemistry by light, the description of ultrafast
dynamics upon excitation remains challenging. Significant
advances in photo-induced surface chemistry require deciphering
the complex interplay between excited electronic wave packet
dynamics as well as the rapid rearrangement of atomic positions
and interactions at the metal-organic interface. Angle-resolved
photoelectron spectroscopy (ARPES) is a well-known and pow-
erful method to investigate the electronic structure of molecules.
In the last decade, orbital tomography has emerged as an exciting
extension of the photoemission technique for imaging localized
electronic wave functions in thin-film molecules5–10. In this
framework, the photoemission process can be described either
in a one-step model or using more sophisticated final state
approximations11–15. Although the phase of the electronic
wave function is not an observable, it can be retrieved under
suitable experimental conditions16, or by use of iterative algo-
rithms traditionally employed in coherent diffraction imaging17,18.
This enables more intricate data analysis, like reconstructing of the
electron density of molecular orbitals in real space.

Expanding the orbital tomography technique into the time
domain requires XUV or x-ray photon energies and ultrashort
pulses with sufficient flux presently only provided by self-
amplified spontaneous emission (SASE) free-electron lasers
(FELs) or high harmonics generation (HHG) sources. FELs based
on superconducting linear accelerators such as FLASH at DESY
in Hamburg19 offer not only tunable photon energies but also
repetition rates ranging from hundreds of kHz to MHz. In the
near future full polarization control of the x-ray pulse with a
duration of <10 fs with sufficient fluence will be available20,21.
FELs are thus an excellent source for a variety of pump-probe
experiments such as time-resolved orbital tomography. However,
SASE pulses have strong shot-to-shot intensity fluctuation and
the data must be sorted by temporal jitter and pulse energy
accordingly. The high brightness of a FEL can lead to radiation-
induced damage in the sample and unwanted space charge effects
in photoelectron experiments that limit the energy and momen-
tum resolution in time- and angle-resolved photoemission
spectroscopy22. For soft matter, in particular, the influence of
radiation damage may result in significant peak broadening or
side features in the spectra caused by bond-breaking or radical
formation23. A careful survey of the sample degradation under
illumination at various light intensities and time scales is there-
fore crucial to gauge and suppress radiation damage. The effects
of optical pump and x-ray probe pulse-induced space charge in
photoemission were intensely studied over the last years, both
from a theoretical point of view and by experiments22,24–26.
Coulomb interaction between excited photoelectrons during and
after the FEL pulse can lead to a significant shift in binding
energy, spectral broadening, and a smeared-out photoelectron
angular distribution. Pump laser multiphoton excitation results in
a cloud of slow electrons in the vicinity of the sample surface and
perpendicular to the axis of the flight path in the time-of-flight
(TOF) instrument. On their trajectories towards the detector they
can interact with faster photoelectrons passing by and cause
an additional shift and broadening in the detected photoemission
signal. It is thus essential to reduce the number of slow electrons
and photoelectrons per bunch by attenuating the optical laser and
FEL22,24.

Studying the formation and relaxation dynamics of charge car-
riers and electron transfer between molecules and at the molecule-
substrate interface are of crucial importance for the optimization
of organic device properties. Pentacene is a well-characterized
molecule, which has attracted considerable interest in the scientific

community due to its potential to exceed the Shockley-Queisser
limit in solar energy conversion27,28. Specifically, we investigate a
bilayer of pentacene atop Ag(110). This system exhibits a well-
ordered growth structure with high reproducibility. As recently
shown12, the spectral features in the electronic structure of the first
and second layer are well separated in energy from each other.
While in the bottom layer the lowest unoccupied molecular orbital
(LUMO) is partly filled due to charge transfer from the substrate,
the top layer is largely electronically decoupled. This simplifies the
identification and reconstruction of the orbitals of individual layers
and the capturing of ultrafast charge transfer dynamics within
frontier orbitals and at the molecule-substrate interface on a fem-
tosecond time scale. Here, we observe a transient charge redis-
tribution across the molecule-substrate interface in the bottom
layer. In the top pentacene layer we observe dynamics, which
resemble excited-state molecular dynamics.

Results and Discussion
The experiments were performed at the PG2 beamline at
FLASH29. The experimental geometry is depicted in Fig. 1(a).
Optical pump and FEL probe pulses (both p-polarized) impinge
on the sample at a polar angle of θ= 68◦ and an azimuthal angle
of φ= 64◦ with respect to the [−110] direction of the Ag(110)
surface, and are aligned to have spatial overlap. The photoelec-
trons emitted into the hemisphere above the sample are detected
by a TOF momentum microscope30,31 and recorded according to
their wave vector and kinetic energy. The photon wavelength of
the FEL is 35 nm and the average FEL pulse energy of 30 µJ is
attenuated by nitrogen gas and thin-film filter foils to acquire
spectra similar to reference measurements in static experiments12.
The energy resolution in the experiment is 80 meV (see supple-
ment, Fig. 1(b)). The optical pump laser provides a maximum
flux of 1 mJ/cm2 at 400 nm wavelength, and is synchronized with
the FEL to allow for pump-probe delay scans. The temporal
cross-correlation between the optical laser pump pulse and FEL
probe pulse is (215 ± 10) fs FWHM. Within a so-called bunch
train of 330 pulses with 1 µs spacing, at a repetition rate of 10 Hz,
299 pulses are optically pumped, while the remaining 31 are
unpumped (effective repetition rate of 3.3 kHz). The temporal
overlap of FEL and optical laser (τDelay= 0) is established by
analyzing the intensity evolution at the Fermi edge of a bilayer of
pentacene on Ag(110). The beam spot size of the FEL and optical
laser at the sample position is about (250 × 150) µm and (260 ×
150) µm, respectively. For capturing the dynamics, the pump
pulses are synchronized with the FEL in such a way that the
optical delay can be chosen freely between several tens of fem-
toseconds to tens of picoseconds with respect to the FEL bunch.
A typical time-resolved orbital tomography measurement sam-
pling over 3 ps is obtained within ∼6 h. A bilayer of pentacene is
deposited on Ag(110). All molecules are aligned with the long
molecular axis along the [001] direction of the silver substrate and
tilted along their long axis by 6◦ and 8.5◦ within the first and
second layer, respectively12.

Figure 1(b) displays the normalized, angle-integrated energy
distribution curve (EDC) of the frontier orbitals measured with
35 eV photon energy, during constant illumination at the same
sample position. The red curve shows the pumped photoemission
signal integrated over the first 15 min after the beginning of the
illumination together with the following 15 min of measurement
(orange) and the parallel detection of the unpumped photo-
emission signals (dark and light blue). Several molecular features
as well as the onset of the Ag 4d-bands towards higher binding
energies are visible in the recorded valence region: the partly filled
LUMO of the first layer (LUMO1st), the highest occupied mole-
cular orbital (HOMO) of the first layer (HOMO1st), the HOMO
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of the second layer (HOMO2nd), and the second highest occupied
molecular orbital (HOMO-1) of the first layer (HOMO-11st).
Even though molecular thin films tend to be susceptible to
temperature- and light-induced deterioration23, there is no
observable radiation damage within the error of the photoemis-
sion intensity for a total measurement time of 30 min at the same
sample position reasoned by the similarity of the red and orange
curves as well as of the light and dark blue curves in Fig. 1(b). As
expected for the optically pumped photoemission signal, the
spectral features are only marginally broadened in energy due to
additional space charge-induced effects from slow electrons. They
are also shifted in binding energy by about 150 meV with respect
to the EDCs obtained from the 31 unpumped pulses (Fig. 1(b),
light and dark blue). Note, this energy shift is corrected in
Fig. 1(b). Nevertheless, they are still easily discernible in the EDC
and can be assigned to their corresponding molecular initial states
by comparison to theoretical photoemission calculations.

Figure 2 (a–d) displays the experimental time-integrated photo-
electron momentum maps (PMMs) of the pentacene film. All
momentum maps are integrated in an energy window of 500meV
centered at the maximum intensity position of LUMO1st,
HOMO1st, HOMO2nd, and HOMO-11st. These four states in the
valence region can unambiguously be identified as orbitals of pre-
dominantly molecular character using ab initio calculations. The
orbitals of isolated pentacene and pentacene on the Ag(110) cluster
are calculated using the Hartree-Fock theory. The PMMs calculated
within the plane-wave approximation to the photoelectron wave
function. They are proportional to the Fourier transform of the
Dyson orbital φD(r) squared, |F[φD(r)]|2, where the Dyson orbital
φD(r) is the overlap function between the N-electron wave function
of an electronic system and its (N− 1)-electron wave function
produced by the emission of an electron6. If the state of a system
before ionization is a neutral ground state, the Dyson orbital is well
approximated by the molecular orbital, from which a photoelectron
was detached. Thus, we substitute Hartree-Fock orbitals for the
calculation of PMMs in an unexcited state and compare experi-
mental and stationary theoretical results. We find that the simulated
PMMs for LUMO, HOMO, and HOMO-1 of isolated pentacene in
Fig. 2 (f)–(i) reproduce the main features of the experimental
PMMs quite precisely, which allows us to unambiguously identify
them as orbitals of predominantly molecular character. There is

already a good agreement between the experimental and calculated
results for an isolated pentacene, including the spectral weight
asymmetry resulting from the experimental geometry and polar-
ization of the probe pulse. While similar comparisons are routine in
the evaluation of static photoemission data, they are unprecedented
in a pump-probe scheme at a FEL.

In addition to the features in the PMM due to molecular-type
orbitals, the central feature close to normal emission is present in all
experimental PMMs in Fig. 2 (a–d). In order to explain this peak at
the Γ-point and better understand the charge transfer between
pentacene and the substrate, we calculated the electronic structure
and PMMs of a model system consisting of a pentacene and a
cluster of silver atoms (see SI for details). We obtain that the orbitals
of this system are of three types: ones that have only silver con-
tribution, ones that have a major contribution of molecular-type
orbitals and some contribution of silver orbitals, and orbitals that
have a minor contribution of molecular-type orbitals and a major
contribution of silver orbitals. In our calculations, we reproduced
the occupation of the LUMO-type orbital, which indicates that the
molecule-substrate interaction is relatively strong and cannot be
explained by van-der-Waals interactions32. This interaction leads to
the emergence of hybridized bonds between the molecule and the
substrate as can be observed in Fig. 3 showing orbitals of pre-
dominantly molecular character. The relative energies of the
molecular-type orbitals hybridized with the substrate are slightly
shifted in comparison to the isolated molecular orbitals (see Fig. 2(j)
and (n)). For the simulation of the PMMs in Fig. 2 (j–l), we took
into account that all experimental momentum maps were inte-
grated in an energy window of 500meV. Thus, we included all
orbitals with the energies in the range of 500meV around the
energy of the orbitals of predominantly molecular character in the
calculation of PMMs. We reproduced the peak at the Γ-point for
the HOMO-type orbital in Fig. 2(b) and (c), which arose due to the
contribution of orbitals of all three types. We could not reproduce
the central features for all PMMs likely because electrons from Ag
atoms in the deeper layers also contribute to the experimental
signal, enhancing substrate features in the PMMs (see Fig. 2(e)).
This feature is also visible for clean Ag(110) and stems from silver
sp-bands, see Fig. 2(e).

Besides these time-integrated data sets, the high repetition rate
of the FEL and high efficiency of the momentum microscope

momentum
microscope

NIR pump

ky [-110]

kx [001]

kz [110]

68°

64°

(a) (b)

Fig. 1 Adsorption geometry of pentacene on Ag(110) and energy distribution curves of the pumped and unpumped valence region. a Schematic
illustration of the experimental geometry. All of the pentacene molecules are adsorbed with the long molecular axis along the [001] direction of the silver
substrate. Pump and probe pulses are aligned to coincide in the same sample region. b Time-integrated photoelectron spectra for a bilayer of pentacene on
Ag(110) with an excitation energy of hν= 35 eV. The measurements are taken at the same sample position for a total measurement time of 30min. Within
a bunch train of 330 pulses with 1 µs spacing at a repetition rate of 10 Hz, 299 bunches are optically pumped (red and orange lines). The dark and light blue
lines show the time-integrated signals of the 31 unpumped bunches. LUMO1st, HOMO1st, HOMO-11st of the first layer and HOMO2nd of the second layer are
indicated in the spectra. The spectra are normalized at 2.15 eV binding energy. The LUMO1st is partly filled due to charge transfer from the substrate.
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enables resolving the time-dependent PMMs down to the femto-
second scale, as depicted in Fig. 4(a) for the photoemission signal
of LUMO1st, HOMO1st, HOMO2nd at EB= 0.2 eV, EB= 1.2 eV,
and EB= 1.8 eV binding energy, respectively. The PMMs have
been integrated over 350 fs with the center at the indicated pump-
probe delay τDelay and are smoothed in momentum space with a
Gaussian filter with a FWHM of 0.16 Å−1. As already apparent

for τDelay < 0 and in Fig. 1(b), the LUMO is partially occupied due
to charge transfer from the substrate. After optical excitation, the
characteristic molecular features of LUMO1st and HOMO1st show
subtle changes. The intensity of the molecular features of
HOMO1st drop after time zero while the intensity of the partly
occupied LUMO1st slightly increases. The most significant inten-
sity change is around the Γ-point.

Fig. 2 Comparison of experimental and simulated momentum maps of a bilayer pentacene on Ag(110). Time-integrated measured (a–d) photoelectron
momentum maps (PMMs) for the pentacene valence orbitals at an excitation energy of hν= 35 eV under simultaneous illumination with the pump and
probe pulses. The partly filled LUMO1st (a), the HOMO1st (b), HOMO2nd (c), and the HOMO-11st (d) can be clearly distinguished from one another and
identified by comparison to the simulations (f–i) and (k–m). The simulations take into account that the pentacene molecules are tilted along the long
molecular axis by 6.0◦ and 8.5◦ in the first and second molecular layer, respectively12. (e) An unpumped, symmetrized PMM of clean Ag(110) at
EB= 1.2 eV with otherwise identical parameters for comparison. The color scale in the experimental PMMs has been adjusted to suppress the background
signal. Simulated PMMs for the (f) LUMO, (g) and (h) HOMO, and (i) HOMO-1 orbitals and (j) Hartree-Fock energies of occupied molecular orbitals of
isolated pentacene. The alignment of isolated pentacene was adjusted to fit the experiment. (j–l) Simulated PMMs for the pentacene on Ag(110) cluster.
The orbitals of the molecular (k) LUMO-, (l) HOMO-, (m) (HOMO-1)-type character and all orbitals with energies within the 500meV range
(experimental energy averaging range) around their energies contribute to the simulated signal. (n) Hartree-Fock energies of the pentacene on Ag(110)
cluster. Thick black lines outline energies of orbitals with a predominantly molecular-type character.

Fig. 3 Calculated orbitals of pentacene on the Ag(110) cluster. Orbitals with a major contribution of (a) LUMO-, (b) HOMO-, and (c) (HOMO-1)-type
character. The orbitals do not noticeably change with the increase of the cluster size in any direction. The orbitals are visualized using the VESTA
software49.
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For both, LUMO1st and HOMO1st, the intensity around the
center increases after time zero and drops after τDelay= 200 fs.
The observed dynamics of the wavepacket can be explained in the
framework of charge transfer between molecules and substrate33.
After time zero, charge is redistributed from HOMO1st to the partly
filled LUMO1st, apparent in Fig. 4(b) by the variation of the total
intensity of the molecular features. This process is most probably
accompanied by the change of the molecular shape, since molecular
equilibrium geometry strongly depends on the electronic state. Due
to the strong interaction with the substrate, the molecule can also
move relative to the surface after excitation, which is supported by
the computational observation that the strength of the intensity of
the central feature depends on the distance between the molecule
and the substrate (see SI). While on clean Ag substrate, the lifetime
of electronic excitation is typically a few femtoseconds34, the
observed dynamics around the Γ-point are about two orders of
magnitude slower and correspond to the time scales of atomic
motions in a molecule. We thus suggest that the dynamical
response of the overall shape in the PMMs of LUMO1st and
HOMO1st and in the intensity around the Γ-point reflects the
charge redistribution between the molecule and the substrate fol-
lowed by a change in adsorption height and shape of the molecule.

However, due to limitations to treat photoemission from extended
systems in an excited state theoretically, we could not reconstruct all
details of photo-induced dynamics at the molecule-substrate
interface from PMMs.

In contrast, time-resolved PMMs in Fig. 4(i)–(k) show a nearly
constant Γ-point feature at the HOMO of the second pentacene
layer. This can be explained by a weak interaction of the second
pentacene layer with the substrate and thus its dynamics could be
closer to the behavior of isolated pentacene molecules upon
excitation. In order to verify this hypothesis, we calculated PMMs
of the excited isolated pentacene molecule. Since the experimental
energies of the first and second bright singlet excited states, S1 and
S2, are 2.3 eV and 3.7 eV, correspondingly35, a molecule should be
most probably excited to S1 by the excitation energy of 3.1 eV.
The N-electron wave function in S1 and (N− 1)-electron wave
functions of possible final states after the ionization that are
needed for the calculation of the Dyson orbital are obtained using
the RASSCF approach36 (see SI for details). Upon excitation, the
atoms of the molecule rearrange from the equilibrium geometry
of the ground state to the equilibrium geometry of the excited
state. Using the second-order multiconfigurational perturbation
theory37,38, we find the optimized geometry of pentacene in S1

Fig. 4 Time evolution of experimental photoelectron momentum maps (PMMs) and comparison to theory. PMMs of pentacene of the (a–c) LUMO1st,
(e–g) HOMO1st and (i–k) HOMO2nd at EB= 0.2 eV, EB= 1.2 eV and EB= 1.8 eV binding energy, respectively. The PMMs are integrated in intervals of
350 fs and smoothed in momentum space with a Gaussian filter. Momentum distribution curves for (d) LUMO1st, (h) HOMO1st and (l) HOMO2nd (bottom)
in the direction as indicated by the dashed lines in the corresponding PMMs. The shaded bands reflect 1σ error-bars. Calculated PMMs for a pentacene
molecule excited to the first singlet state (m) in the ground-state geometry and (n) excited-state geometry. (o) Schematic representation of the proposed
molecular dynamics in the second layer after excitation: the shape of a molecule changes after the electronic excitation.
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and compare PMMs of excited pentacene in the ground-state
geometry and in the excited-state geometry. We find that the
shape change of pentacene in the singlet excited-state appears as a
broadening of the strongest peak in the PMM (the peak in the left
bottom in Fig. 4(m)–(n)). This agrees very well with the peak
broadening in the experimental data for the second pentacene
layer in Fig. 4(k). We also find that the geometrical relaxation in
S1 leads to an overall intensity increase of the signal, which is also
observed in the experimental data after the excitation (blue and
green lines in Fig. 4(l), see also Fig. S3). The broadening and
intensity increase are less pronounced in the experiment because
both excited and unexcited pentacene contribute to experimental
PMMs. The reported lifetime of the singlet excited-state in pen-
tacene dimers of about 0.5 ps39 allows us to assume that the
singlet fission process has not started during the experimental
time frame. This excellent agreement indicates possible perspec-
tives for employing the second layer of the pentacene dimer
absorbed on the substrate as an experimental model system
simulating the electron dynamics of an aligned isolated pentacene
molecule. Without a need to apply challenging techniques of
molecular alignment in a gas phase, such systems combined with
our method of time-resolved orbital tomography can open up
opportunities to perform molecular movies15,40–42.

In summary, we have demonstrated that sub-picosecond time-
resolved orbital tomography of molecular thin films are feasible at
SASE FELs. We established the experimental conditions to
minimize space charge induced effects and radiation damage.
This allowed us to identify and distinguish pumped molecular
orbitals from substrate derived signatures of a pentacene bilayer/
Ag(110) by comparison with theoretical calculations of both
isolated pentacene and pentacene adsorbed on the silver sub-
strate. From the time-resolved PMMs we observe shape changes
within the molecular features after excitation which are accom-
panied by intensity redistributions of molecular and substrate
features. The transient changes observed for molecules in direct
contact to the substrate differ from those observed for decoupled
molecules. A comparison to state-of-the-art theoretical models
allows us to identify the most likely origins of the different
dynamics. Excited-state theory calculations connect the changes
of the molecular features in the decoupled molecules to a rear-
rangement of atoms in a molecule. The simultaneous time evo-
lution of molecular and substrate features in the momentum
maps of molecules in contact to the substrate indicates rearran-
gements in their geometry and adsorption height during inter-
facial charge transfer upon excitation. Given the upcoming
improvements in time resolution towards sub-femtoseconds and
full polarization control at FEL light sources alongside with
progress in the theoretical framework based on quantum
electrodynamics43, time-resolved tomography of molecular wave
functions during chemical reactions based on our work will
provide unprecedented insight into photo-induced dynamics.

Methods
Sample preparation. Pentacene (purity 99%, purchased from Sigma-Aldrich) is
deposited from a homemade Knudsen cell evaporator at a deposition rate of one
monolayer per 30 min. The overall preparation time of the sample including
annealing and sputtering cycles of the metal substrate is about 3.5 h. Before con-
ducting the photoemission experiment the film thickness and quality were verified
by low-energy electron diffraction (LEED), evidencing the pentacene bilayer
structure on Ag(110)12 (see supplement, Fig. 1(a)). The sample is kept at room
temperature during the deposition and experiment. The base pressure in the
analyzer chamber is ∼1·10−10 mbar.

Theory. We use the Molcas software package44 for all electronic-structure calcu-
lations. We use a CC-PVDZ basis45,46 for H and C atoms and a CC-PVDZ basis
including a pseudo-potential46–48 for the Ag atoms (citation). The ground-state
calculations of the electronic structure are performed within the Hartree-Fock

theory. The excited-state calculations of the electronic structure are performed
using the RASSCF approach36.

Data availability
Most data analyzed during this study are included in this article or the Supplementary
Materials. All data are available from the authors upon reasonable request.
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