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We  present  a computational  study  on  the  angular-resolved  photoemission  spectra  (ARPES) from  a  number
of polycyclic  aromatic  hydrocarbons  and  graphene.  Our  theoretical  approach  is  based  on ab-initio  density
functional  theory  and  the  one-step  model  where  we  greatly  simplify  the evaluation  of the  matrix  element
by  assuming  a  plane  wave  for the  final  state.  Before  comparing  our ARPES  simulations  with  available
experimental  data,  we discuss  how  typical  approximations  for the  exchange-correlation  energy  affect
orbital energies.  In particular,  we show  that  by employing  a hybrid  functional,  considerable  improvement
can  be  obtained  over semi-local  functionals  in  terms  of  band  widths  and  relative  energies  of  �  and  �
rganic–metal interface states.  Our  ARPES  simulations  for graphene  show  that  the  plane  wave  final  state  approximation  provides
indeed  an  excellent  description  when  compared  to experimental  band  maps  and  constant  binding  energy
maps.  Furthermore,  our  ARPES  simulations  for a  number  of  polycyclic  aromatic  molecules  from  the  oligo-
acene, oligo-phenylene,  phen-anthrene  families  as  well  as for  disc-shaped  molecules  nicely  illustrate  the
evolution  of the electronic  structure  from  molecules  with  increasing  size  towards  graphene.

©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction

Driven by the fact that the angular dependence of the
hotoemission current from oriented molecular films can be well-
nderstood by assuming a plane wave as the final state of the
hotoemission process [1], a renaissance of angular-resolved pho-
oemission spectroscopy (ARPES) in the field of organic electronics
ould be witnessed [2–6]. Thereby a technique, called orbital
omography [5,7–9], emerged which enables one to deconvolute
hotoemission spectra into individual orbital contributions. It can
rovide an orbital-by-orbital characterization of large adsorbate
ystems allowing one to directly estimate the effects of bonding on
ndividual orbitals and also yields most stringent tests for ab initio
lectronic structure theory [5,10–12]. The reciprocal relationship
etween the ARPES intensity and the spatial distribution of the
nitial orbital has also been utilized to study the hybridization of
olecular states with the substrate [13,14], explore intermolecular

and dispersions [15,16,12], shed light on the role of intermolecular
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/).
versus molecule-substrate interactions [17–19], determine molec-
ular orientations [20–23], reveal the nature of doping-induced
states [24], or even enable the reconstruction of molecular orbitals
from ARPES data [4,25,26]. To date, however, the technique has
been only applied to molecular adsorbate systems and the theoreti-
cal description has been based on ab-initio calculations for isolated
molecules. In this work, we extend the theoretical description of
the photoemission process to two-dimensionally periodic systems.
As a prototypical example, we choose graphene and are able to
demonstrate a seamless description of the electronic structure as
observed by angle-resolved photoemission starting from molec-
ular systems, poly-cyclic hydrocarbons, up to two-dimensionally
extended systems, i.e., graphene.

Since graphene’s first experimental realization, graphene
research has expanded quickly leading to numerous ground-
breaking experiments regarding the two-dimensional character
of graphene. In quite simple terms, its electronic structure and
mechanical stability is due the sp2-hybridized valence electrons
leading to three �-bonds and one �-bond. The pz electron makes

up the �-bond, and is the key to the half-filled band that permits
free-moving electrons. On the other hand, graphene can also be
regarded as an infinitely large aromatic molecule, the limiting case
of the family of flat polycyclic aromatic hydrocarbons (PAHs) [27],
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hat is, hydro-carbon molecules composed of multiple aromatic
ings, where biphenyl (2P) and naphthalene (2A) would therefore
e considered as simple examples (Fig. 1).

The approach of the electronic structure of PAHs with increas-
ng size towards graphene, or conversely, confinement effects in
ano-graphene, have been the subject of numerous investigations.
tarting from Clar’s empirical aromatic �-sextet rule, the elec-
ronic and structural properties of various PAHs and nano-graphene
an be understood [28–32] and the energetic stability of graphene
anoflakes and nanocones has been investigated [33]. In partic-
lar, graphene based quantum dots [34] and quantum-confined
lectronic states in graphene nanostructures [35] have been inves-
igated. The wave functions and image potential states of graphene
uantum dots could be mapped [36,37], or the confinement of
irac electrons in graphene quantum dots have been observed [38].
ith recent advances in ab-initio electronic structure theory, the

eometric and electronic structures in the gas-phase have been
creened for a comprehensive set of PAHs [39], a recent review
n acene based molecules and materials can be found in Ref. [40].

Angle-resolved photoemission spectroscopy (ARPES) presents
 powerful experimental tool to investigate the valence electronic
tructure of molecules. In order to unravel the full angular depend-
nce of the photo-current, highly oriented films of molecules are

 pre-requisite. In the past ten years, the growth of such highly-
rdered molecular films, either as mono- or multilayers, could be
emonstrated for a variety of PAHs on various substrates (see Ref.
41] an references herein). Specifically, much effort has been put
n understanding the electronic structure of pentacene (5A) mono-
ayers [42,25,43–45,12] and multi-layers [46–48,4] or that of other
od-like PAHs such as para-sexi-phenyl (6P) [3,4,14,24] or picene
5PA) [49,11]. But also disc-shaped PAHs, such as coronene (2DG) or
exa-benzo-coronene (3DG) have been the subject of ARPES inves-
igations [8]. On the theoretical side, much progress could be made,
nce it was realized that for these systems, i.e. large �-conjugated
ydro-carbon molecules, the final state of the photoemitted elec-
ron can be well approximated by a simple plane wave [3,4]. This
llowed, for instance to gain information on the spatial electron
harge distribution within individual molecular orbitals in good
greement with ab-initio electronic structure calculations [4,25]
nd similar in shape to images obtained by scanning probe tech-
iques [50–52].

The success of using a simple plane wave for the final state for
he description of the photocurrent from PAHs has been tied to
hree conditions [4]. First, �-orbital emissions from large planar

olecules, second, an experimental geometry in which the angle
etween the polarization vector A and the direction of the emitted
lectron k is small, and third, the presence of only light atoms (H,
, N, O) which are expected to lead to small scattering cross sec-
ions. It is interesting to investigate whether the plane wave final
tate description can also be successfully applied to graphene as the
imiting case of large PAHs. Experimentally, ARPES of graphene has
een discussed extensively in the literature [53–56] and final-state
ffects in photoemission experiments from graphene on Ni(111)
ave also been discussed [57]. Early theoretical work on ARPES
n graphite [58] suggest that plane waves indeed serve as a good
pproximation for the final state. This would be interesting since it
llows for a reconstruction of graphene wave functions from ARPES
ata in an analogous way to what could already be demonstrated
or molecules [25]. More precisely, the coefficients of Wannier
unctions can be determined from ARPES leading to images of the
lectron density in graphene [59]. As a first step towards this direc-
ion, the current manuscript explores how the orbital tomography

pproach can be applied to a two-dimensionally extended and
trongly dispersing system such as graphene.

The paper is organized as follows. In Section 2 we present the
omputational set up of our calculations and outline the theoretical
y and Related Phenomena 200 (2015) 193–208

description of the photoemission intensity based on the one-step
model and a plane wave final state. In the results section 3, we
first summarize our DFT results in terms of orbital energies and
(projected) density of states contrasting findings from a semi-local
functional with those from a hybrid functional (Section 3.1). The
remaining subsections are devoted to ARPES simulations which
represent the main focus of the paper. First ARPES band maps
as well as constant binding energies maps of graphene are pre-
sented and compared to available experimental data from the
literature (Section 3.2). Then corresponding simulation results for
oligo-phenyls (3.3), oligo-acenes (3.4), phen-anthrenes (3.5), and
disc-shaped nano graphene (3.6) are presented where similarities
and differences between the parent compound graphene and the
molecular systems are highlighted. Finally, we  give a conclusion in
Section 4.

2. Theory

2.1. Density functional calculations

All theoretical results presented here are obtained within the
framework of density functional theory (DFT) using the VASP code
[60,61]. The projector augmented wave (PAW) method [62] has
been used to account for the treatment of core electrons. We  use
two types of exchange-correlation functionals, namely the gener-
alized gradient approximation (GGA) [63] or the range-separated
hybrid functional HSE [64]. Preceding the computation of the elec-
tronic structure with either functional, all structures have been
geometry-optimized using the GGA. Note that the oligo-phenyls
have been constrained to be planar in order to allow for a better
comparison with the other PAHs and graphene. Effects of non-
planarity, i.e., inter-ring torsion angle, on the electronic structure
of para-sexiphenyl are discussed in a separate publication [65].

All calculations for the molecules have been performed using a
supercell with a minimum of 15 Å vacuum between the molecules’
periodic replica. The graphene computations are performed for
a free-standing layer with 30 Å distance between periodic layer
replica.

2.2. Simulation of ARPES maps

The Kohn–Sham energies εnq and orbitals  nq of the relaxed
structures serve as input for the subsequent simulation of ARPES
intensity maps within the one-step model of photoemission [66].
Here, the angle-resolved photoemission intensity I(�, �, Ekin ; ω,  A)
is a function of the azimuthal and polar angles � and �, respectively,
the kinetic energy of the emitted electron Ekin, and the energy ω and
polarization A of the incoming photon:

I(�, �, Ekin; ω, A) ≈
occ∑

n

BZ∑

q

∣∣〈 f (�, �; Ekin)|A · p| nq〉
∣∣2

× ı(εnq + � + Ekin − ω), (1)

This formula can be viewed as a Fermi’s golden rule expression, in
which the photocurrent I results from a summation over all occu-
pied initial states  nq, characterized by the band index n and Bloch
vector q, weighted by the transition probability between the initial
state and a final state. For the transition operator A · p, the dipole
approximation is assumed, where p and A are the momentum oper-
ator and the vector potential connected to the incoming photon.
The ı function ensures energy conservation where � denotes the
work function.
In the following, we approximate the final state  f by a plane
wave [1]. As outlined in more detail in a previous paper [4], and
also noted earlier [58,67], this approximation allows us to greatly
simplify the evaluation of the matrix element appearing in Eq. (1).
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Fig. 1. Atomic structure of graphene and of the hydro-carbon molecules treated in this work: oligoacenes (nA), oligophenylenes (nP), phenanthrenes (nPA), and disc-shaped
nano  graphene (nDG). Note that all structures are to scale, and that the x and y axes have been chosen along the armchair and zig-zag directions of graphene, respectively.
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Fig. 2. (a) Comparison of the density of states for graphene calculated within HSE
(top) and GGA (bottom), � and � states are indicated by red solid and blue dashed
lines, respectively. Energies are with respect to the vacuum level, the Fermi energy
is  indicated by the vertical line. Panels (b–e) show the corresponding data for 6P,
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f we denote the wave vector of the final, free-electron state by k,
hus Ekin = (�2/(2m))k2, Eq. (1) simplifies to

(kx, ky, Ekin; ω, A) ≈
occ∑

n

BZ∑

q

∣∣A · k
∣∣2∣∣〈eikr| nq〉

∣∣2

× ı(εnq + � + Ekin − ω). (2)

e  obtain the simple result that the matrix element from a given
nitial state nq is proportional to the square modulus of the Fourier
ransform of the initial state wave function  nq modulated by the
eakly angle-dependent factor |A · k|2 which depends on the angle

etween the polarization vector A of the incoming photon and the
irection k of the emitted electron.

We  also see from Eq. (2) how the photon energy ω affects the
hotocurrent. When holding the initial state energy εnq constant,
n increasing photon energy results in a larger final state energy Ekin
nd correspondingly final state wave number |k|. Thus, the matrix
lement in Eq. (2) probes the Fourier transform of the initial state
nq at a larger k-value as, for instance, illustrated by the Ewald-like

phere depicted in Ref. [4]. Due to the smooth and weakly varying
z-dependence of � and � orbitals of typical organic molecules,
lso the photon energy dependence of the simulated photocurrent
s rather simple. Apart from the fact that with an increased photon
nergy a larger portion of the k space can be probed and that the
verall intensity changes, the orbital-characteristic features in the
‖ direction turn out to be quite insensitive to the choice of the
hoton energy in a range between 20 and 200 eV.

Note that Eq. (2) can be applied to single molecules as well as to
xtended systems such as organic layers adsorbed on metallic sur-
aces. In the former case the summation of the Brillouin zone (BZ)
educes to just one point, the 	 point, while for the latter situation,
he possible dispersing bands are taken into account by the band
tructure εnq and Bloch states  nq and an appropriate sampling of
he Brillouin zone. For graphene, we used a lateral sampling 72 × 72
-points which leads to a resolution of roughly 
k  = 0.035 Å−1 in
he ARPES spectra. Note that also for the ARPES simulations of the

olecules, the Brillouin zones of the supercells have been sampled
ith typically 4 × 4 ×4 k-points in order to achieve a comparable

-resolution in the ARPES simulations.

. Results

.1. Semi-local vs. hybrid functional

Before discussing the angle-resolved photo-emission cross sec-
ions of the systems depicted in Fig. 1, we study the role of the
xchange-correlation functional on the electronic structure. In par-
icular we compare the valence density of states (DOS) obtained
ithin the generalized gradient approximation (GGA) [63] and

he range-separated hybrid functional HSE [64] in Fig. 2. Panel (a)
hows the DOS of graphene, while panels (b)–(e) depict the DOS
f sexiphenyl (6P), pentacene (5A), picene (5PA), and of the disc-
haped nano graphene 5DG, respectively, i.e.,  one representative of
ach class of molecules studied in this work.

Inspection of the graphene DOS reveals that the hybrid func-
ional HSE leads to overall larger valence band widths compared to
GA, both for the � band (full, red line) as well as for the � bands

dashed, blue lines). The GGA � band width is stretched from 7.7 eV
o 9.0 eV when taking into account a fraction of exact exchange in
he HSE functional. Similarly, the total � band width is increased
rom 16.6 eV (GGA) to 18.3 eV (HSE). There is also a differential shift

etween � and � states when comparing GGA and HSE, i.e.,  � states
re pushed to larger binding energies compared to � states in the
SE. This trend, already well-known for several molecular systems,

s due to the partial correction of self-interaction errors which are
5A,  5PA, and 5DG. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

more pronounced in more localized � states as compared to the
more de-localized � states [68–70]. Regarding the position of the
Fermi energy with respect to the vacuum energy, that is the work
function, there is only little influence of the exchange-correlation
functional, −4.28 eV (GGA) and −4.37 eV (HSE), a finding which is
also to be expected.

The DOS’s of the molecular systems sexiphenyl (6P), pentacene
(5A), picene (5PA), and 5DA are reminiscent of their parent com-
pound graphene with similar binding energy ranges of the � and
� states. Also, the incorporation of a fraction of exact exchange in
the HSE stretches the bands and pushes � levels to larger bind-
ing energies compared to � states. Clearly, the overall band width
of the valence � states is somewhat lower compared to graphene
due to the finite size effects in the molecular systems. Here, 6P and
5PA have in fact similar HSE � band widths of 5.55 eV and 5.62 eV,
respectively, while 5A has a considerably larger value of 6.55 eV.
This can be rationalized by the fact that oligo-acenes can be viewed
as a graphene snippet with zig-zag termination, that is along a
direction which encompasses the Dirac point along the 	 − K direc-
tion, while 6P and 5PA are snippets with arm-chair termination, i.e.,
their � states are beaded on the graphene �-band along the 	 − M
direction. The position of the Fermi-energy with respect to the vac-
uum energy, defined as gap center in Fig. 2, is about the same for all
three molecules and lies slightly higher than in graphene. Finally

as depicted in Fig. 1e, also the disc-shaped 5DG with the chemical
formula C84H24 follows the same trends regarding the difference
between the GGA and the HSE functional.
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Fig. 4. Brillouin zones of graphene (honeycombs) with special points labelled in
black. The red dashed lines indicate the directions for which the photoemission
cross-section has been simulated. In addition, points P and A display the one-
dimensional Brillouin zone boundaries of poly-para-phenylene (∞P) and poly-acene
(∞A),  respectively. The surface depicts the occupied �-band of graphene in an
ligo-phenanthrene, and the nDG series. Note that a reciprocal scale has been cho-
en  for the molecular length n, 1 and ∞ denoting the phenyl ring and the infinite
olymer, respectively.

In order to discuss the trends with molecular length, in Fig. 3,
e focus on the positions of the highest occupied molecular orbital

HOMO), i.e. the ionization potential (IP), and the lowest unoccu-
ied molecular orbital (LUMO), i.e. the electron affinity (EA), for the
olecular systems. The left panel shows the results for the GGA

unctional while the right panel displays the results for the HSE
unctional. The figure summarizes the results for all molecules as

 function of the molecular length n for the oligo-acene (nA), the
ligo-phenylene (nP), and the phenanthrene series (nPA), as well
or various disc-shaped molecules denoted by nDG as depicted in
ig. 1. First we observe that, when plotted versus a reciprocal axis

1
n , the HOMO and LUMO levels nicely follow a linear dependence
hereby symmetrically lifting the IP level upwards and lowering the
A level when increasing the molecular length n. Note that for the
ligo-phenylenes and the phen-anthrenes, the plot also includes
he infinite chain result for poly-para-phenylene (PPP = ∞P) and the
rm-chair graphene nano-ribbon 4-AGNR, respectively. In terms of
he IP, the EA, and the band gap, the electronic structures of nP and
PA are quite similar as opposed to the oligo-acene series which
xhibit significantly less stable HOMO and more re-active LUMO
evels, and thus also smaller band gaps. As already mentioned in the
revious paragraph, this behaviour can be derived from the band
tructure of graphene, to be discussed in the subsequent section,
nd is also the origin for the chemical instability of acenes longer
han hexacene [40].

Comparing the two  functionals GGA and HSE, we find that
SE symmetrically opens the gap throughout all molecules. For

nstance, GGA results in a band gap of only 5.1 eV for the benzene
ing (n = 1), while HSE opens the gap to 6.7 eV, i.e. by a factor of
oughly 1.3. We  note that this HSE band gap is still considerably
maller than the quasi-particle gap of 10.5 eV from a GW calculation
71]. In a sense, the HSE functional can be viewed as incorporating

 screened Coulomb interaction in the long-range which reduces
he band gap [70]. However when shifted appropriately, it can be
xpected that the HSE valence band spectrum is a good approx-

mation for the true, quasi-particle valence band spectrum of the

aterials under investigation. This assessment is strengthed by DFT
esults using an optimally tuned range separated hybrid functional
72,73,70].
extended zone scheme, and the color code denotes the photoemission intensity
with  35 eV incident photons. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

3.2. Graphene

The electronic structure of graphene has been intensively stud-
ied, both, experimentally and theoretically. In this section we first
review the valence band structure of graphene, before we  simulate
ARPES band maps and Fermi surface maps which we compare to
available experimental data from the literature.

Fig. 4 displays the � valence band of graphene as obtained from
DFT using the HSE functional in an extended zone scheme over
the kx − ky plane. As already indicated in Fig. 1, our choice for the
x-direction coincides with the arm-chair direction of graphene,
while the y-axis has been chosen along the zig-zag direction.
Correspondingly, the kx direction is along 	 − M − 	 (white dashed
line), while the ky direction is along 	 − K − M − K (red dashed
line). The � band exhibits the famous Dirac-cones at the corners
of the Brillouin zone hexgaon, i.e. at the K and K′ points, while
there are saddle points at the M points. In addition to the high
symmetry points of the graphene Brillouin zone, we have also
indicated the location of two  points labelled as P and A which are
related to the quasi-periodic repeat units of the building blocks
of the molecular systems. More precisely, P denotes the kx value
corresponding to the Brillouin zone boundary of the infinite PPP
chain, (�/p) with p = 4.38 Å, and A denotes the ky value correspond-
ing to the Brillouin zone boundary of the infinite poly-acene chain,
(�/a) with a = 2.47 Å. The color code superposed the graphene �
band shown in Fig. 4 illustrates the ARPES intensity computed
according to Eq. (2) when using a photon energy of 35 eV. Note,

however, that here the polarization factor
∣∣A · k

∣∣2
has been

omitted.
3.2.1. Band maps
In order to analyze the simulated ARPES intensity in more detail

and to enable a better comparison with experimental data, we have
simulated the ARPES intensity for electrons emitted along the ky
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Fig. 5. Left panel: Band structure (blue lines) and simulated photoemission intensities (colormap) of graphene along the kx direction, i.e.,  along 	 − M − 	 for 50 eV photons
w l ARP
t n of th

a
t
s
5
i

t
t
r
t

ith  in-plane polarization and 60◦ off-normal incidence. Right panel: experimenta
he  references to color in this figure legend, the reader is referred to the web  versio

nd kx directions as shown in the left panels of Figs. 5 and 6, respec-
ively. Note that these simulations are based on the HSE electronic
tructure of free-standing graphene and that we  have assumed
0 eV photons, an angle of incidence of 60◦ and light polarized

n the plane of incidence and explicitly have taken into account∣ ∣2

he polarization factor ∣A · k∣ appearing in Eq. (2). In addition to
he color coded ARPES intensity, also the band structures along the
espective directions are plotted in an extended zone scheme. Note
hat for completeness also the ARPES intensity for initial states

Fig. 6. Same as Fig. 5 but for the kx-d
ES data of epitaxial graphene/SiC reproduced from Ref. [53]. (For interpretation of
e article.)

above the Fermi level has been included in the plots by omitting
the Fermi-Dirac occupation factor in the formula.

The experimental photoelectron intensity maps shown in the
right panels of Figs. 5 and 6 have been reproduced from Ref. [53]
which reports ARPES intensity maps from a graphitic layer on

SiC(0001) with a film thickness in the order of 2 nm.  It should be
noted that the photoemission data of a monolayer of graphene on
SiC(0001) looks qualitatively very similar. Here, additional emis-
sions from the SiC(0001) substrate become apparent while for a

irection, i.e.,  along 	 − M − 	.
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ultilayer graphitic film, substrate emissions are suppressed due
o the small free mean path of photoelectrons at the considered
inetic energy. The dependence of the photoemission signatures
n the graphene film thickness is discussed in Ref. [54].

Starting with the ky-azimuth along 	 − K − M − K shown in Fig. 5,
e observe an overall good agreement of the simulated and the

xperimental data, both in terms of the energy positions and band
idths of the � and � bands. Compared to the experimental binding

nergy of ≈8 eV, the bottom of the � band is slightly too deep in
he simulation which lies at 8.5 eV in HSE. On the other hand, the
omputed energy positions of the top and bottom of the � band are
n almost perfect agreement with experiment. It should be stressed
hat the HSE band structure indeed leads to an improvement over
he GGA band structure when assessed with the experimental data
hich can be seen in the DOS plots shown in Fig. 2a.

Turning to the photoemission intensities, both, the simulation
nd the experiment exhibits a pronounced asymmetry of the pho-
oemission cross section with respect to positive and negative
ake-off angles, that is positive and negative ky-values, respectively.
his is a consequence of the polarization factor which, for light inci-
ent at 60◦ off normal towards the negative ky axis has a maximum
n the positive ky side at a take-off angle of 30◦ that is when the
mitted electron direction k is parallel to the vector potential of
he incident light A (coinciding with the direction of the electric
eld vector). Formally, the plane wave final state approximation is
xpected to work only for emission directions k which are almost
arallel to the polarization vector A, i.e., here corresponding to
y ≈ +1.75 Å−1. Nevertheless, the agreement between theory and
xperiment is reasonable also in a larger ky range from roughly 0
o 3 reciprocal Angstroms corresponding to normal emission and
0◦ take off angle, respectively, thus deviating roughly ±30◦ from
he k ‖ A condition.

It is also worth noting that the valence � band leads to pro-
ounced emissions from 	 to K with an abrupt drop in intensity

rom K further out towards M.  Conversely, the top of the � band is
ot expected to lead to significant emissions within the first BZ, but
nly shows strong emissions around the M point of the second BZ,
hile the bottom of the � band again exhibits emissions within the
rst BZ, in particular at the 	 point. These intensity trends are also
bserved experimentally and are primarily due to the presence of
he two inequivalent C atoms per unit cell. The comparison in Fig. 5
lso demonstrates that the plane wave final state approximation
s not only appropriate for � band but also for � band emissions,

 finding which could not be confirmed in earlier work on organic
olecular layers [5]. However, it should also be mentioned that

here are some deviations from the simulation results. For instance,
he top of the � band, albeit weak, is observed at normal emission
at 	). Presumably, these differences are indeed related to a defi-
iency of the plane wave final state approximation which becomes
ore pronounced for experimental geometries strongly deviating

rom the k ‖ A condition.
Regarding the kx-azimuth along 	 − M − 	 shown in Fig. 6, the

greement between simulation results and experimental data is at
 similar level. For instance, the binding energy of the � saddle point
t M is slightly overestimated in the HSE electronic structure com-
ared to the experimental value. Comparing the simulated with the
easured ARPES cross sections, the relative intensities of the � and

 band emissions seem to be reversed. The simulation suggests the
trongest emission to arise from the � band at the 	 point in the
econd BZ, while this band is observed comparably weak in exper-
ment. On the other hand, the measurement shows the strongest
mission from the �-band at the M point. Moreover, the asymmetry

n the � band emission with respect to +kx and −kx directions is not
s pronounced in experiment as would be expected from the plane
ave final state approximation. This suggests that plane waves may

ndeed approximate the final state of initial states of � symmetry
y and Related Phenomena 200 (2015) 193–208 199

better than it does for � states. This should be the subject of further
investigations.

3.2.2. Constant binding energy maps
In this section, we focus on the �-band emission of graphene.

To this end, we  have simulated a constant binding energy (CBE)
momentum kxky map  at an energy of 0.7 eV below the Dirac point.
The simulation results (omitting the polarization factor) for 150 eV
photons are shown in panel (a) of Fig. 7, while panel (b) shows
corresponding ARPES measurements (reproduced from Ref. [59])
of a single-layer graphene sample prepared on a 6H-SiC(0001)
substrate. Note that on this substrate, the Fermi level is not at the
Dirac point but located 0.5 eV above in the upper Dirac cone due to
natural electron doping for graphene grown on SiC. Thus the exper-
imental data shown in Fig. 7b corresponds to a binding energy of
1.2 eV below the Fermi level, that is 0.7 eV below the Dirac point
in accordance with the energy position used for the simulation.

Both, in the simulation and experiment, one observes emission
pockets from the Dirac cones around each K and K′ points located at
the corners of the hexagons. Ideally, the pockets should be circles
but are warped to be rounded triangles due to the deviations from
the linear dispersion relation owing to second-nearest-neighbour
hopping [74]. Also, the intensity distribution of each pocket is not
uniform, but varies strongly when moving around a K or K′ point.
This variation is known to be due to the difference in the phases of
the two  pz orbitals of the inequivalent carbon atoms in the unit
cell. This phase difference also plays the role of the pseudospin
in forming the Dirac cone dispersion as discussed, for instance, in
Ref. [59]. The agreement between the simulation and experiment is
remarkable demonstrating that a plane wave represents an excel-
lent approximation for the final state of the photoemission process
from the graphene � bands. As already demonstrated for graphene
[59] and for various �-conjugated molecules, including sexiphenyl
(6P) [4] and pentacene (5A) [25], this indeed opens the possibility
to reconstruct real space orbital densities from multiple BZ ARPES
data.

3.3. Oligo-phenylenes

As can be seen from Fig. 1, oligo-phenylenes (nP) may  be viewed
as graphene snippets cut out along the armchair direction (x), or
in other words may  be termed finite length armchair graphene
nanoribbons (AGNR) with the least possible lateral extension. In
the gas phase, however, oligo-phenylenes are known to exhibit an
inter-ring torsion between adjacent phenyl rings [75,76]. This tor-
sion is a consequence of the electro-static repulsion of hydrogen
atoms on neighboring rings. The application of pressure [77,78] or
the adsorption on moderately strongly interacting substrates may
planarize the molecules [14]. Since here we  are interested in the
electronic structure of oligo-phenylenes as observed by ARPES from
highly oriented films, we  restrict ourselves to planar nP molecules.
Moreover, the comparison with graphene’s electronic structure
discussed in the previous section becomes more evident when
studying planar nP molecules. Effects arising from inter-ring tor-
sion angles are discussed in a separate publication [65]. Here, we
focus on the technologically most relevant 6P (sexi-phenyl).

3.3.1. Band maps
Sexi-phenyl consists of six phenyl rings linked together in the

para-position. Thus, it has a total of 36 carbon atoms each con-
tributing one electron to the � electronic orbitals, 18 of which are
occupied [76]. Inspection of a simulated ARPES band map  over the

entire valence band range given in the top panel of Fig. 8 clearly
reveals the similarities with the parent compound graphene. Com-
paring with Fig. 6, we observe that 12 out of the 18 valence � orbitals
are threaded as beads along the graphene � band in 	 − M direction
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Fig. 7. (a) Simulation of a constant binding energy ARPES map  of graphene 0.7 eV below
data  reproduced from Ref. [59].

Fig. 8. Top: Simulated ARPES band map  of sexiphenyl (6P) using 50 eV photons
along kx (from 	 to the right) and ky (from 	 to the left). In addition, the density
of  states is also shown. For a better comparison, the Brillouin zone boundaries of
graphene (vertical black lines) and of the infinite polymer chain (blue lines) are
shown. Bottom: Experimental ARPES of a 6P multilayer film along the molecular
axis with 21.2 eV photons [3]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web  version of the article.)
 the Dirac point with a photon energy of 150 eV. (b) Corresponding experimental

from −5.5 eV up to the HOMO energy (set to zero energy) forming
the so-called “bonding” band. The kx-width of these emissions is
inversely proportional to the length of the molecule which can be
nicely seen when comparing the corresponding band maps for the
shorter oligo-phenylenes. The remaining six � orbitals of 6P form
the so-called “non-bonding” orbitals [76,3]. Due to a nodal plane
along the x-direction, they are not visible along kx but only along
the ky direction, and they give rise to the pronounced peak in the
DOS slightly above −2 eV binding energy. Note that a small interring
torsion angle and/or a tilt angle of the molecular plane with respect
to the substrate’s surface would lift the symmetry restrictions and
make the non-bondings also observable along the molecular axis
[3,65]. The “intra-molecular” band dispersion in sexiphenyl could
already been measured for the upper 6 bonding orbitals for a mul-
tilayer film [3], reproduced in the bottom panel of Fig. 8, as well as
for monolayer films adsorbed on Cu(1 1 0) [14] and Al(1 1 0) [65].

Perpendicular to the long molecular axis, i.e. along the ky

direction, the orbitals belonging to the “bonding” band are not
observable except for the lowest lying one which has no nodal
plane along ky. Their ky width is inversely proportional to the short
molecular axis, thus of the order of the 	 − A distance.

Also the � valence electronic structure of 6P nicely resembles
the � bands of graphene in 	 − M direction (compare Fig. 6). Start-
ing from the bottom of the intra-molecular � band at 	, there are
6 orbitals threaded on the graphene band within each BZ of PPP
with small gaps appearing at the corresponding BZ boundaries P.
Compared to graphene, the relative positions of the � and � bands is
different owing to the significantly increased inter-ring C C bond in
6P which de-stabilizes its �-band compared to the graphene coun-
terpart. It should be noted that the intra-molecular dispersion of the
� bands in 6P has not yet been observed presumably because too
low photon energies have been used in experiments conducted so
far. It would be desirable to perform such ARPES experiments using
larger photon which could reveal the relative positions of � and �
states which would represent a stringent benchmark for electronic
structure methods.

3.3.2. Momentum maps
In this section we  compare simulated CBE kxky maps of selected

6P orbitals with corresponding emission patterns from graphene.
Panels (a) and (b) of Fig. 9 display momentum maps of graphene
calculated at the binding energy of the � band saddle point (M-
point) and 0.5 eV below it, respectively, assuming 150 eV photons.
Panels (c) and (d) depict the corresponding simulations of the 6P

HOMO and HOMO-1 orbitals. Several similarities as well as differ-
ences can be noticed. The positions as well as the intensities of the
molecular features along the kx direction can be well-understood
in terms of the respective emission features of graphene. Clearly,
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ig. 9. Panels (a) and (b) show simulated constant binding energy ARPES maps of g
50  eV photons. Panels (c) and (d) are simulated momentum maps of the 6P HOMO
P  HOMO and HOMO-1, respectively, as measured on a 6P monolayer on Al(110) us

nd as already mentioned in the previous section, the kx-width of
he HOMO and HOMO-1 emissions is a result of the finite length
f the molecule. Note that the finite width of the graphene feature
s only due to an artificial k-space broadening of 0.03 Å−1 which
ad to be applied for numerical reasons. Due to the short length of
he 6P molecule in y-direction, the molecular features are greatly
xtended in ky direction.

The simulated momentum maps of the 6P HOMO and HOMO-1
n panels (c) and (d) of Fig. 9 are also compared to corresponding

easurements depicted in panels (e) and (f), respectively. Note that
P momentum maps of the HOMO and the LUMO for a monolayer of
P on Cu(1 1 0) could already be measured by ARPES in accordance
ith our electronic structure calculations [4]. Furthermore, a 6P
onolayer doped with Cs could also reveal the momentum struc-

ure of the LUMO and LUMO+1 orbitals in agreement with theory
24]. Here, we reproduce ARPES data measured for a monolayer
f 6P/Al(1 1 0) from Ref. [65]. Both, the CBE maps at the binding
nergy of the HOMO (e) and HOMO-1 (f) reflect the characteristic
atterns predicted by the simulations, most notably, the splitting
f the main lobe into two features centered around the M point

or the HOMO-1. However, the experimental width of the lobes
long the ky direction appears to be somewhat increased compared
o the simulation. This may  be due to a not perfectly flat adsorp-
ion geometry of the 6P monolayer on Al(1 1 0). Concerning future
ne at the saddle point of the � band (M-point) and 0.5 eV below it, respectively, for
OMO-1, respectively. Panels (e) and (f) are experimental momentum maps of the

 eV photons [65].

experiments, it would also be interesting to investigate whether
the larger k‖ features predicted by the simulations can indeed be
measured when performing the experiments with a larger photon
energy.

3.4. Oligo-acenes

As opposed to oligo-phenylenes, oligo-acenes can be viewed
as snippets cut out from graphene along the zig-zag direction
(y), or in other words they may  be termed finite length zig-zag
graphene nanoribbons with the least possible lateral extension.
More traditionally, the linear acenes are characterized as polycyclic
aromatic hydrocarbons consisting of n linearly-fused benzene rings
(Fig. 1). Here, we focus on the technologically most relevant 5A
(pentacene). It should be noted that the actual synthesis of longer
acenes (n > 5) still remains as a challenging task for synthetic
chemists. The major challenges of preparing longer acenes include
their poor stability at room temperature, especially in solution,
and their poor solubility which hampers detailed experimental
characterization [40].
3.4.1. Band maps
Pentacene consists of five linearly fused phenyl rings, thus hav-

ing 22 carbon atoms where each carbon atom contributes one
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Fig. 10. Top: Experimental ARPES band map  of a multilayer pentacene film along
the long molecular axis (y-direction) using 21.2 eV photons as reproduced from Ref.
[46]. Bottom: Simulated ARPES band map  of pentacene (5A) using 50 eV photons
along a direction 60◦ rotated from kx (from 	 to the right) and ky (from 	 to the left).
In  addition, the density of states is also shown. For a better comparison, the Brillouin
zone boundaries of graphene (vertical black lines) and of the infinite polymer chain
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blue lines) are shown. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

lectron to the � electron system, 11 orbitals of which are occu-
ied. As already discussed in a previous publication [46], these �
rbitals can be further grouped into a “lower” and an “upper” intra-
olecular � band comprising 6 and 5 orbitals, respectively. ARPES

ata of a highly oriented multi-layer of pentacene nicely demon-
trates these two � orbital bands of pentacene as shown in the top
anel of Fig. 10 (reproduced from Ref. [46]). Here, the cyan crosses
white plus signs) indicate the energy and major ky positions of the
rbital emissions belonging to the upper (lower) band as obtained
rom a GGA-DFT calculation while the color-map represents the

easured photo-emission intensity. The green circles indicate the
nergy positions of the topmost � orbitals which are, however,
xpected to be seen only at larger k‖ values. With respect to 6P,

e observe that all molecular emissions have a broader k-range.

his is a direct consequence of the much shorter molecular length
f pentacene (≈14 Å) which is only about half the length of sexi-
henyl (≈26 Å). Comparing the simulated with the measured ky
y and Related Phenomena 200 (2015) 193–208

positions of the orbital emissions, we observe a good agreement for
the lower � band, while the measured ky positions are somewhat
larger than the simulated ones for the upper � band. This effect
has been explained by intermolecular interactions which lead to
a spatial compression of orbitals which could be nicely shown by
comparing simulations for the isolated 5A molecule with calcula-
tions for a 5A bulk structure [48].

The bottom panel of Fig. 10 shows an ARPES simulation for an
isolated 5A molecule over its entire valence band energy range.
Here, the six emissions from the lower band can be clearly observed
in the ky direction starting from 	 at a binding energy of −6.5 eV
following the graphene � band dispersion along the 	 − K. The
emission from the upper � band can neither be observed in the ky

(parallel to the long molecular axis) nor in the kx direction (perpen-
dicular to the molecular axis) due to nodal planes in these directions
(see Refs. [46,25] for respective orbital images). Therefore in the
bottom panel of Fig. 10, we have simulated an ARPES band map
at an angle of 60◦ from the x-axis which corresponds to another
	 − M direction of graphene. Here, both the upper and the lower �
bands can be observed although the upper one with smaller inten-
sity. The reason why both bands can be experimentally observed in
ky direction (top panel of Fig. 10) is that in the multilayer pen-
tacene film, the molecules are tilted but still retain a uniaxial
alignment [46].

As mentioned earlier, the highest occupied state of the lower �
band is in fact the HOMO-2 centred at the A point at a binding energy
slightly above −2 eV. Also the LUMO and LUMO+1 of pentacene
belong to this “band” and are located at ky values around the K point
of graphene. In contrast to 6P and owing to the zig-zag termination
of 5A, the “lower” intra-molecular � band including the HOMO-2
on the occupied side and the LUMO and LUMO+1 at the unoccupied
side of the spectrum can be viewed as the finite-molecule version
of the Dirac-cone dispersion of graphene in zig-zag direction.

3.4.2. Momentum maps
This point of view can be further illustrated by comparing CBE

maps of graphene and pentacene at appropriate energies as dis-
cussed in this subsection. Panels (a) and (b) of Fig. 11 display
constant binding energy ARPES simulations (150 eV photons) for
graphene 0.5 eV above and 0.7 eV below the Dirac point, respec-
tively. Note that the data shown in (b) is identical to the one
already depicted in Fig. 7 and is repeated here to enable a bet-
ter comparison with pentacene. To this end, panels (c) and (d)
show simulated momentum maps (for 150 eV photons) for the pen-
tacene LUMO+1 and LUMO. Clearly, pentacene is a linear, rod-like
molecular and therefore cannot be expected to exhibit the sixfold
symmetric momentum pattern observed for graphene. Rather it
is characterized by broad lobes slightly inside (outside) the first K
point in ky direction for the LUMO (LUMO+1) resembling the circu-
lar pockets around the K points in graphene. As already mentioned
above, the width of these lobes in ky (kx) direction is inversely
proportional to the length of the molecule along the long (short)
molecular axis. There are additional side lobes owing to the finite
lateral size of the acenes which are discussed in more detail in
Ref. [12].

As panels (e) and (f) of Fig. 11 show, experimental ARUPS
momentum maps of a monolayer of 5A on Cu(1 1 0) and Ag(1 1 0),
respectively, compare well with a simulated LUMO map  for iso-
lated 5A molecule [12]. Thus, on both substrates, there is charge
transfer from the metal into the LUMO of 5A, while the LUMO+1
remains unoccupied and can therefore not be observed with ARPES.
It should also be noted that the long molecular axis of 5A is ori-

ented parallel (perpendicular) to the [1-10] direction on Cu(1 1 0)
(Ag(1 1 0)) which can be directly inferred from the ARPES maps.
When analyzing the measured momentum maps of the filled LUMO
in more detail one finds that on Ag(1 1 0), it remains essentially
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Fig. 11. Panels (a) and (b) show simulated constant binding energy ARPES maps of graphene 0.5 eV above and 0.7 eV below the Dirac point, respectively, for 150 eV photons.
Panels  (c) and (d) are corresponding simulated momentum maps of the 5A LUMO+1 and LUMO, respectively. Finally, panels (e) and (f) compare experimental ARUPS
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omentum maps (exp) of a monolayer of 5A on Cu(1 1 0) and Ag(1 1 0), respective
olecular axis of 5A is oriented parallel (perpendicular) to the [1-10] direction on C

solated-molecule-like, while a pronounced substrate-enhanced
ispersion and an orbital modification are observed upon adsorp-
ion on Cu(1 1 0) [12].

.5. Phen-anthrenes

The three-ring molecule (3PA, Fig. 1) may  be viewed as compos-
te of phenyl and anthracene which leads to its conventional name
henanthrene (C14H10). The next molecule in the series (4PA) is
hrysene with the chemical formula C18H12, thus it is an isomer
f tetracene. In contrast to tetracene, chrysene is colorless owing
o its much larger band gap (compare Fig. 3). In fact the electronic
tructure of the whole phenanthrene series nPA is more closely
elated to the oligo-phenylenes rather than the oligo-acenes. This
an already be explained with the empirical �-sextet rule of Clar
31].

Here we focus on the five-ring member picene (5PA), which
s an isomer of pentacene with the chemical formula C22H14,

nd is probably the most prominent representative of the phen-
nthrene series. It has attracted considerable attention as a
ew candidate for an organic device material because of its
igh stability against oxidation, high mobility (3 cm2 V−1 s−1) and
th a simulated LUMO map for isolated 5A molecule (sim) [12]. Note that the long
 0) (Ag(1 1 0)).

superconducting properties (Tc ≈ 20 K) when doped with potas-
sium [79]. Recently, the band structure of picene single crystals
has been investigated by UPS [49], and the impact of molecular
orbital distribution on the photoelectron intensity for a picene film
has been discussed for a number of occupied molecular orbitals of
picene [11].

The left column of Fig. 12 shows simulated momentum maps
of the picene HOMO and HOMO-1 which are, according to the HSE
calculation for an isolated molecule, only 0.28 eV apart. The sym-
metries of the emissions patterns are, however, distinctly different.
While the HOMO is expected to show no emission along the kx

direction and the strongest emission along ky, the opposite is true
for the HOMO-1. Moreover, when concentrating on the emission
along these principal directions as a function of take-off angle, as
indicated by the blue lines in the maps, one expects a broad feature
for the HOMO while a sharper peak is predicted for the HOMO-
1. This is indeed observed experimentally as is shown by take-off
angle dependence of the photoemission intensity depicted in the

right column of Fig. 12 as reproduced from Ref. [11]. It should also be
noted that the simulation results presented in this Ref. [11], which
are based on a multiple-scattering theory, turn out to be very sim-
ilar to the simulations obtained in this work based on the plane
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ig. 12. Simulated momentum maps of the picene HOMO and HOMO-1 (left colum

ave approximation. This demonstrates that also for this system,
cattering effects do not alter the emission patterns significantly.

In Fig. 13, we present ARPES simulations for picene (5PA)
omprising the complete valence electronic structure as a band
ap  along the kx and ky directions. Focusing first on the HOMO

nd HOMO-1 orbitals again, we recognize their already discussed

roperties. The HOMO appears as a broad feature along ky, while
he HOMO-1 turns up as a sharper peak along kx. In fact these
idths reflect the inverse dimensions of the molecule in y and

ig. 13. Simulated ARPES band map  of picene (5PA) using 50 eV photons along kx

from 	 to the right) and ky (from 	 to the left). In addition, the density of states
s  also shown. For a better comparison, the Brillouin zone boundaries of graphene
vertical black lines) and of the infinite polymer chain (blue lines) are shown. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)
pared to the experimental polar angle dependence as taken from Liu et al. [11].

x direction, respectively. Moving down in energy along the kx-
direction, one can clearly reveal the similarities of picene with
the oligo-phenylenes, more precisely with terphenyl (3P). Picene’s
orbitals appear threaded as beads along the graphene � band in
	 − M direction from about −5.7 eV up to the HOMO-1.

3.6. Disc-shaped nano graphene

Finally in this section, we  present ARPES simulation results for
disc-shaped PAHs which we term nDG (inferred from the word disc-
shaped nano-graphenes) where n is a measure for the number of
rings across the diameter of the molecule. In particular, we concen-
trate on two representatives, namely coronene (2DG, C24H12) and
5DG (C84H24) which are depicted in Fig. 1. Both molecules are of
approximate circular shape and their dimensions in x and y direc-
tion are comparable to biphenyl (2P) and anthracene (3A) in the
case of coronene, while 5DG’s extent along x and y is equivalent to
quater-phenyl (4P) and hexacene (6A), respectively.

3.6.1. Band maps
In Fig. 14, we  compare a simulated band map  for an isolated

coronene molecule (a) with a measured ARPES band map  for
coronene adsorbed on Ag(111) (b) along the ky direction. Superim-
posed in both panels is the graphene band structure (red dashed
lines) which has been shifted in energy such that the bottom of
the � band of graphene coincides with the lowest lying � orbital
of coronene. The energy zero is set to the HOMO of coronene.
As already observed for the other PAHs discussed previously, the
molecular emission features are centered around the correspond-
ing graphene bands. When comparing the experimental data with
the simulation, several emissions can be unambiguously identified,
three of which, at energies 0.0 eV (the HOMO), −1.2 eV and −6.0 eV,
have been discussed in detail in Ref. [8] where they have been
denoted MO1, MO2, and MO3, respectively. Note that between 1.5
and 5.5 eV below the HOMO, the emissions are dominated by Ag d-

states, which prevents a definite assignment of emission patterns
to specific molecular states in this energy range. It is worth noting,
however, that below the Ag-d band, several emission features
are visible in the experimental map  which can be attributed to �
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Fig. 14. Simulated (a) and measured (b) band map  for coronene (2DG) along the
ky direction. For comparison, the red dashed lines represent the calculated band
structure of graphene. The measurement [8] is performed for a monolayer of
coronene/Ag(111) using He-II radiation (40.8 eV). Note that the intensity scale in
the Ag d-band region (black rectangle) has been re-scaled. (For interpretation of the
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Fig. 15. Simulated ARPES band map  of 5DG using 50 eV photons along kx (from 	 to
the right) and ky (from 	 to the left). In addition, the density of states is also shown.
For a better comparison, the Brillouin zone boundaries of graphene (vertical black

responding momentum maps of graphene. The obvious difference
eferences to color in this figure legend, the reader is referred to the web version of
he  article.)

rbitals of coronene. Note that similar results could also be obtained
or hexa-benzo-coronene (3DG) which are reported in Ref. [8].

We  now move on to the larger 5DG molecule. Fig. 15 displays
 simulated ARPES band map  of 5DG (C84H24) along the kx and
y directions based on 50 eV photons. Note that in contrast to all
ther band maps shown previously, this simulation is based on
GA results rather than the hybrid functional HSE due to compu-

ational limitations. The main difference between GGA and HSE
esults have already been summarized in Sec. 3.1. For instance,
he 5DG molecule has a GGA band gap of 1.68 eV which is some-
hat increased to 2.12 eV when using the range-separated hybrid

unctional HSE. Also, the total � and � band widths are increased
hen going from a semi-local to the hybrid functional. It should

e stressed, however, that the angular patterns of simulated ARPES
ntensities are hardly affected by the choice of the functional. This
s due to the fact that the orbital shapes are less sensitive to the
hoice of exchange-correlation functional than the orbital energies
5].

From what was said above, we expect the intra-molecular band
tructure of 5DG along kx and ky to resemble the band structures of
P and 6A, respectively. The valence band maps of 5DG, both, along
he 	 − M and 	 − K directions clearly resemble those of graphene
compare Figs. 6 and 5). Given the fact that the ky distribution of the
OMO of 5DG seen at Eb = 0 eV is centred slightly inside the K point,

t should be compared to a graphene state somewhat below the
irac point. Similarly, the 5DG LUMO corresponds to a graphene
tate slightly above the Dirac cone as exemplified by its ky max-
mum a little outside the K point. Looking along 	 − M,  we also
bserve that the top of the � band (Eb ≈ −1.7 eV) is located slightly
lines) and of the infinite polymer chain (blue lines) are shown. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web version
of  the article.)

inside the M point. This is due to a finite size effect. In contrast to the
infinite graphene, the wave function of this state is able to extend
somewhat beyond the edges of the molecule thereby increasing the
spatial wave length of the orbital. Moreover, we can also anticipate
that the electronic structure of such disc-shaped nano-graphene
will in fact be closest to that of the infinite graphene sheet. We
will demonstrate this statement by comparing constant binding
energy momentum maps of the 5DG HOMO with corresponding
ARPES simulations for graphene.

3.6.2. Momentum maps
CBE momentum maps of coronene (2DG) and hexa-benzo-

coronene (3DG) have already been simulated and compared to
experimental ARPES maps in Ref. [8]. There, for each molecule three
different molecular states of the adsorbed monolayers of 2DG  and
3DG on Ag(1 1 1) could be identified. Here, we  focus on the simula-
tion of CBE maps for the larger 5DG molecule for which currently
no experimental data is available.

In Fig. 16, we investigate the close connection between the spa-
tial structure of the 5DG orbitals and the corresponding states in
graphene which becomes evident by simulating ARPES momen-
tum map for graphene and 5DG at appropriate binding energies.
While panels (a) and (b) show simulations of ARPES kxky maps of
graphene, namely 0.7 eV below the Dirac point and at the M sad-
dle point, respectively, panels (c) and (d) display the simulated CBE
emission patterns of the 5DG HOMO and of the state 1.7 eV below
the HOMO energy, respectively. In contrast to the momentum maps
for the linear, rod-like molecules 6P and 5A, the momentum maps of
5DG are six-fold symmetric in the same way as the graphene maps.
The intensity patterns, both with respect to their positions in the kx

and ky plane and their relative intensities, nicely resemble the cor-
between graphene and the molecular system 5DG clearly is the k-
width of the feature in the momentum maps. As already mentioned
above, this width is inversely proportional to the spatial extent of
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ig. 16. Panels (a) and (b) show simulated constant binding energy ARPES maps of 

hotons.  Panels (c) and (d) are simulated momentum maps of the corresponding en

he molecule which is ≈15 Å in the case of 5DG in both x and y direc-
ions. More precisely, we can expect a FWHM of ≈(2�/15) ≈ 0.4 Å−1

n this example. Note that for the infinite graphene and neglect-
ng lifetime effects, as we do in our approach, the width would be
n principle infinitesimal small. However, for technical reasons we
ave included an artificial broadening of 0.035 Å−1 in our simu-

ations. In other words, this corresponds to a coherence length of
180 Å in the case of graphene.

. Conclusions and perspectives

We  have presented a comprehensive computational study
n the angle-resolved photoemission of polycyclic aromatic
ydrocarbons (PAHs). The oligo-phenylenes, the oligo-acenes, the
henanthrene series, a number of disc-shaped molecules as well
s free-standing graphene have been treated (an overview over
he investigated systems is provided in Fig. 1). We  have found that
he range-separated hybrid functional according to Heyd, Scuseria,
nd Ernzerhof (HSE) [64] provides an excellent description of all
ystems under study and represents a significant improvement
ver semi-local GGA functionals. This regards the valence band
idths of � and � states and also their relative energy alignment
hen compared with experimental photoemission data.

The simulations of the angle and binding-energy dependent
hotocurrent are based on the one-step model of photoemission

nder the assumption of a plane wave for the final state. It is
hown that this approach, sometimes called orbital tomography,
ot only works for molecules such as sexi-phenyl or pentacene,
ut the theoretical description can be straight-forwardly extended
ene 0.7 eV below the Dirac point and at the M saddle point, respectively, for 150 eV
s for 5DG, that is for the HOMO and 1.7 eV below the HOMO energy, respectively.

to two-dimensionally periodic systems exhibiting strong energy
dispersion. The simulated band maps and constant binding energy
momentum maps of graphene turn out to be in excellent agree-
ment with experimental findings from the literature. This opens
the possibility to experimentally determine Wannier functions of
graphene from ARPES data by making use of the relation between
the ARPES intensity and the Fourier transform of the wave func-
tion of the emitting state. Moreover, the phase problem which one
encounters when reconstructing wave functions from ARPES data
could be tackled with a procedure similar to molecular systems
[25], for instance, by constructing maximally localized Wannier
functions [80,81]. This will be a highly interesting topic for future
studies.
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