Ultrafast molecular orbital tomography of a pentacene thin film using
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SAMPLE PREPARATION AND ENERGY CALIBRATION

For every film preparation we checked the film quality and thickness by low-energy electron
diffraction (LEED). The first layer of pentacene on Ag(110) exhibits a characteristic pattern that
is distinguishable from the second and subsequent layers [1, 2]. Fig.1a) shows a typical LEED
pattern of a bilayer of pentacene atop Ag(110).
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Figure 1: a) LEED pattern of pentacene bilayer on Ag(110) for an electron energy of 30eV. b)
Fermi edge of Ag single crystal at 295 K. From fitting the Fermi edge we determine an energy
resolution of about 80 meV (Fig. 1 b)).

The momentum microscope was energy calibrated at the Fermi edge of a Ag single crystal at
295 K. The instrumental energy resolution was determined by fitting the Fermi edge of Ag and

considering the temperature. From the fit parameters, we estimate an energy resolution of about
80 meV.

PHOTOEMISSION SIMULATION

The photoemission simulations are based on DFT calculations of an isolated pentacene molecule
using Gaussian 09W [3] with a 6-31G+ basis set. We employ the linear combination of atomic or-
bitals (LCAO) and the B3LYP functional [4, 5] to quantify the matrix elements of Fermi’s Golden

Rule with final states in the independent atomic center approximation (IAC). This one-step model
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of photoemission is similar to methods already detailed in literature [2, 6—8]. The photoemis-
sion intensity ]n(lZ) at wavevector k of a molecular orbital n is constructed from the coherent

superposition of all atomic contributions:
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with the interaction operator € - 7 of the incoming electromagnetic field and the partial initial and
final states 1); , and 1)¢ , at atom a.

Similarly, the final state is the coherent superposition of partial final states ¢ , at each atomic site a
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with spherical Bessel functions j;, spherical harmonics Y ,,,, inelastic damping D, and phase shift
d! from the potential of the emitting atom a. The interaction operator is taken from the known

geometry and light polarization in the experiment.

Fig. 2 displays the thus calculated initial states and the PMM based thereon for the pentacene
LUMO (top row) and HOMO (bottom row). For a two layer pentacene film on Ag(110), a mirror
domain with a tilt around the long molecular axis was reported [2]. Subsequently, the PMM is
the superposition of calculations for both tilt angles, e.g. -6.0° (f) and +6.0 °, around the long

molecular axis of isolated molecules.
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Figure 2: (a) Pentacene LUMO calculated with DFT for an isolated molecule. The simulated
PMM under excitation conditions identical to the experiment for molecules rotated around the
long molecular axis by -6.0 ° (b), +6.0° (c), as well as their superposition (d) are shown in the
top row. Analogously, the bottom row displays the calculated pentacene HOMO (e), the PMM for
rotations of -6.0 ° (f) and +6.0 ° (g) as well as their superposition (h).

ERROR ESTIMATION

The 10 error-bars of the momentum distribution curves are estimated by two procedures.
Firstly, we determine the intensity fluctuation within a region of interest (ROI) in the PMMs. In
Fig. 4 the ROI (white rectangular) is exemplary shown for LUMO; (left), HOMO;; (middle) and
HOMOg,q (right) for Tpelay =-5001fs. The ROI does not contain any signal originating directly
from the molecular orbitals, as shown by the simulations of the free molecule. We assume that the
intensity is constant within the ROI and over time. Thus, we estimated an experimental error from
the intensity fluctuation. Secondly, we compare the momentum distributions at two time steps
before time zero (Tpelay = -300 fs and Tpejay = -1501s). Therefore, we analyze five linecuts along
the direction in momentum space, marked by the green dashed lines in Fig. 4. The 1 o error-bars

is then calculated as the mean of the both errors.
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Figure 3: Time-resolved photoelectron momentum mapps (PMMs) of Pentacene of the LUMO

(left), HOMO;; (middle) and HOMO,,4 (right). The green dashed lines the and the white rectan-

gular areas in the PMMs indicate, where the errors were estimated.
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