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ABSTRACT: Acenes have attracted interest for a long time partly because of their electronic e

~e
structure and partly because they are expected to show interesting correlation effects. For the \\ © Ep
isolated molecules, our recent theoretical work suggests a possibility for oscillations of the | @ AN
excitation gaps with the length of the molecule. In view of the recent experimental progress of < o '~
on-surface synthesis, we employ the density functional theory to investigate here the fate of . .,6\~~
these oscillations for oligoacenes adsorbed on a Au(111) surface. We show that the surface e < ==
perturbs the oligoacene gaps seen in isolation only weakly, implying that incommensurate % —
oscillations survive. Effects beyond the density functional description (correlations, charging 0 N

effects) are discussed.

B INTRODUCTION

Oligoacenes (Oac) have been considered a central element of
the design of molecular interfaces because their excitation gap
can be controlled by tuning the molecule’s length, ie., the
number of fused benzene rings, N."” Apart from this
technological motivation, there is also a profound fundamental
interest in them because they are expected to exhibit unusual
electronic properties, such as antiferromagnetic (polyradical)
376 or gap oscillations with length.” These
properties will become most apparent in longer molecules.
Therefore, it is encouraging that in most recent experiments
Oac of unprecedented lengths, N = 10, 11, have been
synthesized and investigated.”~ "’

For the Oac on a metallic substrate, the electron—electron
interaction is expected to be significantly screened. In this case,
an interacting Hubbard-type Hamiltonian is expected to
provide an adequate effective description of the ground-state
and low-energy excitations. A numerically exact calculation
based on the density-matrix renormalization group (DMRG)
theory predicts a singlet ground state for the Oac-Hubbard
model."" Moreover, Schmitteckert et al. predict that the length
dependence of the optical gap, A,(N), exhibits incommensu-
rate size oscillations (IO). This effect can be understood as
relict” of the band structure of polyacene (Pac),'”"” ie., the
limit N = oo, as illustrated in Figure 1.

correlations
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Figure 1. Evolution of the highest occupied molecular orbital/lowest
unoccupied molecular orbital (HOMO/LUMO) gap, A, of
oligoacenes with the increasing number of rings, N, exhibiting
incommensurate oscillations (colored dots). Oscillations can be
understood as deriving from a crossing of valence and conduction
band of polyacene at an incommensurate wavenumber, kp & 0.97/a, a
denoting the lattice constant (inset). Colors differentiate parity of
energy bands of the highest occupied molecular orbital. For
illustration, a 1/N envelope (dashed line) is also shown that
represents conventional “particle in a box” scaling.
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So far, systematic ab initio studies of the length dependence
have focused on isolated molecules.””'*™"” In the present
work, we investigate the length dependence of the excitation
gaps in the case when the molecules physisorb on a metallic
substrate. Due to screening mediated by the substrate, one
expects that correlation effects are reduced, especially those
related to the long-range nature of the Coulomb interaction.
We calculate the band structure of Pac adsorbed on Au(111)
by density functional theory (DFT). Our data suggests that the
band crossing of Pac is preserved. To provide further evidence,
we study the adsorption of individual Oac, tetracene (C;gH,,),
pentacene (C,,H,,), hexacene (CyH,s), and heptacene
(CyHyg), on Au(l1l). We extrapolate the adsorbate’s
HOMO/LUMO gaps as a function of length, finding evidence
for the gap minimum. Thus, the Pac band structure and the
gaps of Oac support the IO on Au(111).

Our study is furthermore stimulated by the recent progress
in on-surface synthesis of Oac.””'*™* The advantage of the
on-surface approach is that the molecules are stabilized and the
HOMO/LUMO gaps of individual adsorbates can be
determined by means of scanning tunneling spectroscopy. In
particular, Zuzak et al.'” have investigated the length
dependence of the Oac on Au(111) (up to undecacene). A
comparison of their results and our prediction is given in the
Discussion section.

B COMPUTATIONAL DETAILS

The adsorption is treated using DFT in the Kohn—Sham
formalism. We employed a projector augmented plane-wave
basis set”’ with an energy cutoff of 400 eV using the VASP
package22 and the PBE functional.”> van der Waals (vdW)
interactions between the molecules and the surface were
included using the semiempirical DFT-D3 method,”* proposed
by Grimme et al.”* The gold surface is approximated by a slab
of four atomic layers and a vacuum region of 20 A thickness.

Polyacene on Au(111). Our aim is to inspect the impact
of the gold surface on the conduction and valence bands of
Pac. Therefore, we consider a periodic unrelaxed geometry,
whose construction is described below. Relaxation effects are
taken into account later in the next section.

The construction of a supercell for Pac (a periodic analogue
of linear Oac) lying on Au(111) presents a technical difficulty
due to the mismatch of the lattice constants of Au(111) and
Pac. We overcome this challenge by a significant modification
of =9 and +7% in the lattice constants of Au and Pac,
respectively, leading to the smallest supercell containing a
single Pac unit cell, a half-ring C,H, (see the inset of Figure 2).
While this calculation will not properly reproduce certain
details, such as the charging of the molecule, it nevertheless is
informative with respect to the degree of hybridization
between molecular and substrate orbitals. It is indicative of
the stability of the band structure with respect to the substrate
contact.

With the above-mentioned lattice modification, the Pac is
placed parallel to the metallic surface and its axis is aligned
with the (011) direction. The distance between the Pac plane
and the topmost layer of Au is fixed at 2.8 A, comparable to the
adsorption distances obtained for relaxed Oac.

Oligoacenes on Au(111). We use the same surface slab
dimensions for all four molecules (10 X 4); see Scheme 1. To
sample the surface Brillouin zone, a mesh of 3 X 5 X 1 k-points
was used, providing a k-point density comparable to those
employed previously on similar systems.*®
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Figure 2. Band structure of Pac on Au(111) from the slab geometry
(see the inset, the red rectangle delineates the unit cell). The color of
each dot represents the sum of the squares of the wave function
amplitudes on all C and H basis orbitals, indicating the molecular
contribution (weight) in the wave function. For comparison, band
energies of isolated Pac are also shown (green line).

Scheme 1. Unit Cell of the Slab Geometry Underlying the
DFT Calculation for Heptacene on Au(111)“
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“Top view (left) and side view (right).

We obtained the adsorption geometry by optimizing the
atomic coordinates of the molecules and the top two layers of
the gold slab. The atomic positions of the bottom two layers
are kept frozen. For the relaxed structures, the absolute values
of the total forces acting on the molecule are less than 0.05 eV/
A and the total energy difference between the last relaxation
step is less than 107* eV. The adsorption energies are defined
as

E4 = E(CynioHonya/Au) — E(CyyypHoyy) — E(Au)
(1)
where E(Cyy,,Hon.4/Au) is the total energy of the adsorbed
system, E(Cun,,Hanys) is the total energy of the isolated
molecule, and E(Au) is the total energy of the clean Au(111)
surface (per slab cell).

For comparison, we also introduce a reference system,
consisting of a molecule in its isolated geometry kept fixed at
the distance of 6.5 A parallel to the surface. The molecules in
the reference system have negligible interaction with Au.

B RESULTS

Band Structure of Pac on Au(111). Figure 2 shows the
band structure calculated from the I" point toward the corner
of the Brillouin zone along the wire’s axis. The isolated Pac has
four # bands in the energy window given in the plot. As one
also infers from Figure 2, these bands clearly reflect in the
electronic structure after deposition of the molecule to the
substrate. In particular, as in the isolated case, there is a band
inversion at k = kp = 0.8937/a and a concomitant band
crossing. Remarkably, we do not detect a tendency for a
significant gap opening in the crossing. This property does not
depend on the choice of the supercell, as long as the reflection
symmetry (see the inset of Figure 2) is preserved.'” The
wavenumber of the “Dirac point”, kp, and the Fermi velocity,
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vg, are reduced by 2 and 8%, respectively, from the values of
isolated Pac. These shifts are an artifact of the compactified
unit cell, and as we shall demonstrate below, the actual
renormalization of kp and vy is very small.

In Figure 2, the Pac conduction (LUMO) band is seen to
exhibit a handful of avoided crossings with the sp bands of
gold. The crossings merely reflect the finite size of the slab. In
the thermodynamic limit, the Pac bands acquire a continuous
broadening. In the Supporting Information, we estimate the
broadening (half-width) of the conduction band to be roughly
40 meV. This estimate is much smaller than the size of the Pac
band gap at the corner of the Brillouin zone (630 meV). In
conclusion, the band-structure calculation indicates that the
structure of Pac bands near the Fermi level is only weakly
affected by the substrate.

Oac on Au(111). Structural Properties. For pentacene, our
results confirm earlier experimental and theoretical findings:
the center of the molecule is located at an hcp hollow site with
the long molecular axis aligned with the close-packing direction
(011).”* We find that tetracene, hexacene, and heptacene
align in a similar way.

Table 1 shows a survey of the binding distances and
energies. The central finding is that the average adsorption

Table 1. Binding Distances”

molecule CisHip CyHyy CyeHie CyHig
N 4 S 6 7
z(Au) [A] 0.01 0.02 0.02 0.02
z(C) 2.92 2.94 2.93 2.94
z(C-Au) 291 2.92 2.92 2.92
—E,4/x [meV] 109.3 108.4 94.3 103.0

“2(Au) and z(C) are the average z-coordinates of the topmost Au
atoms and carbons; the reference point z = 0 is the coordinate of the
unreconstructed topmost Au layer. z(C-Au) is the (average) vertical
distance between the reconstructed topmost layer of Au and the
carbons. The final row contains adsorption energies per carbon atom
(x = 4N +2).

distance and the E_4/x saturate with the increasing Oac length.
The adsorption distances and E,4 are typical for physisorption.
Concerning absolute numbers, it is known that E 4 depends
significantly on the underlying exchange—correlation func-
tional. Toyoda et al. observe changes of 25% for C,,H,, upon
changing the vdW flavor.”® In our DFT-D3 calculations, we
find the E,4 of Cy,H,, in between the values calculated by
Toyoda and co-workers.

In pentacene and heptacene, we observe a slight bending of
the molecule toward the substrate; the middle ring drops about
0.1 A with respect to the outer rings. A similar protrusion has
been observed experimentallgr for heptacene on Ag(111)"® and
for pentacene on Cu(111).”° However, the bending that we
calculate on Au(111) is noticeably weaker than that on the
other two noble metals. Anthracene remains flat within a
tolerance of +0.01 A. In hexacene, the carbon atoms joining
the outer rings to the second outer rings drop about 0.1 A. We
remark that in longer Oac, further molecular reconstruction
can be expected because of incommensurability of Oac and Au
lattice parameters. However, the data presented here suggest
that the effect of Au will be generally weak.

Projected Density of States. The electronic structure of the
adsorbates can be understood by plotting the density of states
(DOS) projected on the carbon atoms (Figure 3). The DOS of
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Figure 3. Evolution of the density of states projected on the C atoms
with the increasing length, N (top to bottom: tetracene, pentacene,
hexacene, and heptacene). Orange: DOS for adsorbed molecules as
shown in Scheme 1 for hexacene. Blue: reference calculation for the
same geometry except lifting the molecule 6 A away from the
substrate. Arrows indicate HOMO and LUMO resonances. The
spectra involve Gaussian smearing of 60 meV.
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the reference systems (also shown in Figure 3) displays
resonances near the Fermi level, which can be unambiguously
connected to the frontier orbitals, HOMO and LUMO.
Moreover, employing a constant energy shift, the resonances of
the reference systems match the spectrum of the adsorbed
molecules. In this way, the HOMO and LUMO resonances can
be identified. We define the molecular orbital energy, eyomo,
eLumor as the center of the Gaussian fit locally to the DOS
peak. The resulting orbital energies and gaps, Ag“ = ELuMO —
€xomor are given in Table 2.

Table 2. Center Positions of the HOMO and LUMO
Resonances Extracted for the Adsorbed Molecule from
Figure 3“

N molecule EHOMO E£LuMO AQ" Aigs

4 CiHps —0.6068 0.9040 1.511 1.623
s CyoHy, —0.4227 0.6818 1.105 1.142
6 CysHyg —-0.2792 0.4779 0.757 0.797
7 CyoHyg —0.2880 0.2469 0.534 0.540

“The third column gives the Kohn—Sham gap of adsorbed molecules,
Ag“ = € umo — €nomo- For comparison, the last column presents the
Kohn—Sham gaps, Ag, of isolated molecules.” The unit of energy is

eV.

We plot the dependence of Ag“ on the inverse length, 1/N,
in Figure 4 along with the gaps of isolated Oac, Ag. The gaps
of the adsorbed Oac follow closely the trend of the isolated
molecules, which in turn follow zone-folding of the Pac band
structure. From zone-folding arguments of ref 7, it follows that
the HOMO/LUMO gaps depend linearly on N/(N + 1),

namely
N =«
A (N) = 2vg| — —+k
() VF( N+1a D) @)
k
forN<N1=a—D
w — akp (3)
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Figure 4. Comparison of the HOMO/LUMO gaps of Oac (N=4,5,
6, 7) adsorbed on Au(111) (purple dots) and isolated (N =2, ..., 20,
green crosses). The data for isolated molecules are taken from ref 7.
In the left panel, the gaps are plotted conventionally as a function of
1/N. When the gaps are plotted against N/(N + 1), zone-folding
arguments predict that the gaps lie on a straight line, whose slope is
given by —%ﬂvp and intersecting the abscissa at %kD. The straight line

is parameterized by v; and kp from the isolated Pac.

The parameters are Fermi velocity, vy, wavenumber of the
“Dirac point”, kp, and lattice parameter (length of the acene
hexagon), a. The variable N/(N + 1) X 7/a represents the
wavenumber of the HOMO/LUMO pair. The factor 2 arises
because we subtract the conductance and valence band
energies. The expression is valid until the first gap minimum
is reached at N = N;. Inspired by the latter analytical form, we
plot the computed gaps of adsorbed molecules as a function of
N/(N + 1) in Figure 4 and compare them with the isolated
systems. As it is expected already from Table 2, the gaps of the
adsorbates lie almost on a straight line, similarly to the isolated
molecules. Notice that the value 1 of the abscissa corresponds
to the infinite limit. Hence, the negative slope clearly indicates
the tendency to close the gap at finite N. By comparing the left
and right panels of Figure 4, it can be seen that the change of
the independent variable from 1/N to N/(N + 1) removes a
slight bending of the gap trace, apparent at smaller N.

For comparison, in the right panel of Figure 4 (straight line),
we also plot the analytical expression (2) with parameters
%vF = 6.485 eV and %kD = 0.9102 taken from the isolated Pac

band structure (ref 7). As demonstrated in the latter reference,
a small increase of AigS above the analytical zone-folding
expression is due to static structural relaxation effects.
Remarkably, the deviation of Ag“ from the analytical
expression is of the same order as the deviation of A;. We
conclude that the surface-induced renormalization of vz and
kp, seen in the Kohn—Sham spectrum, is very small. The
Kohn—Sham spectrum does not include renormalization due
to surface-driven electron—electron interaction effects, e.g,
screening. These effects can affect the gaps quantitatively but
will not change the oscillatory nature of Ag“(N), as long as the
metallicity of the adsorbed Pac is preserved.

In summary, our analysis indicates that the Kohn—Sham
gaps of acenes on Au(111) follow from the zone-folding rules,
as for the isolated molecules. Deviations from the zone-folding
predictions (apart from small-size effects) appear as a weak
scatter (Figure 4). The causes of the scatter are, e.g,, (1) the
level spacing of the artificial slab and (2) the incommensurate
potential of the surface. Consequently, our results provide
evidence for the oscillatory nature of Oac gaps, Ag“(N) , within
the Kohn—Sham framework. In principle, the reconstruction
due to incommensurability of Pac and Oac lattices can provide
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matrix elements that couple the conduction and valence bands,
opening a gap Ay, at kp. However, the data presented here
suggest that the effect of Au is generally weak. Thus, the gap
A g will not affect the IO until Af;“(N) falls below A ;.

B DISCUSSION

In this section, we discuss effects that are not included in the
DFT description, namely, electronic correlations and charging
energies. Finally, we analyze a recent scanning tunneling
spectroscopy of Oac on Au(111).

Correlation Effects. The gaps shown in Figure 4 (both
adsorbed and isolated Oac) tend to zero with the increasing N,
in accordance with the metallicity of the Pac, resulting from
closed-shell DFT with semilocal functionals. It has been
established in several quantum chemistry studies’ > that
isolated Oac have a strongly correlated electronic ground
state, resulting in (possibly) gapped electronic excitations for N
— 00. Thus, it is unclear whether the band-structure effect of
the IO can be revealed in optical spectra of the isolated Oac."
Schmitteckert et al.'' investigated correlation effects resulting
from repulsive short-ranged (screened) interactions by
employing a tight-binding model with a Hubbard term.
Their main finding is that the IO are robust even for moderate
interaction strengths,”' despite a small correlation gap. Thus,
correlations resulting from a short-range interaction are weak
in the sense that they do not destroy the band-structure effects
(10).

In the context of the previous discussion, it is plausible that
the PBE-DFT electronic structure is much more realistic for
Oac on Au than it is for isolated molecules. The surface screens
electron—electron interaction; thus, correlation effects tend to
get weaker. Naturally, this tendency is not reflected in the
comparison of the gaps Af and Ag" in Figure 4 because the
PBE-DFT correlation is already weak in isolated Oac. The
agreement between Aigs and A‘;" is indicative of the weak
metal—molecule interaction, which implies only small geo-
metric distortions, negligible charge transfer, and weak
hybridization.

Charge Gaps. We briefly relate our results to the recent
STM experiment on acenes on Au(111) surfaces.” As a
preparation, we recall that such measurements result in a
determination of the charge gap, A.(N) (fundamental gap),
which is not actually obtained in our DFT calculations. The
computational difficulty is related to the absence of the
derivative discontinuity in most available approximations of
exchange—correlation functionals.”

The charge gap comprises two contributions, one that is
reflecting quantum confinement and the other one reflecting
the charging energy, E.(N).

A(N) = va(_NLH% + kD) +E(N), (N<N,)

(4)
The first term takes a form specific for acenes and has been
derived in our previous work.” The origin of the charging
energy, E.(N), is straightforward to understand in closed
isolated systems, where it accounts for the energy difference
between the LUMO of the uncharged system and the HOMO
of the same system with a single excess charge.

For generic isolated molecular wires with N repetitive units,
we estimate E.(N) « log(N)/N. The log(N) term reflects the
long-range nature of the Coulomb interaction. Thus, it is
present as long as self-screening can be neglected. The log(N)
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dependence implies that the charging energy dominates the
charge gap of finite-size isolated metallic wires in the large N
limit.

On metallic substrates, the wire’s molecular orbitals can
hybridize with surface states. As we have seen for the case of
acenes on Au(111), the hybridization can be weak so that the
molecular orbitals keep their character. In this situation, the
observable reflecting the charge gap is the projected local
density of states (spectral function) with its HOMO- and
LUMO-derived excitation peaks. In this case, the Coulomb
interaction is screened, so the logarithmic prefactor in the
surface analogue of E.(N) does not arise and the overall
magnitude of E.(N) will be significantly weakened.”*™**
Overall, one expects that the 10 will survive in A.(N);
however, they are weaker in the sense that the gap may not
fully close at the minimum N, anymore.”

Discussion of the Experiment. In their recent study,
Zuzak and co-workers observe a monotonously decreasmg
charge gap obtained by scanning tunneling spectroscopy.” In
Figure S, we have reproduced their published experimental
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Figure S. Experimental charge gaps, A.,(N), from ref 9 shown as
purple dots. The gaps are plotted as a function of 1/N (left panel) and
N/(N + 1) (right panel). The inset in the left panel shows (N +
I)A . The green line is a least-square fit of AeXP(N) to the linear
functlon of N/(N + 1). In analogy with Figure 4, we also indicate the
slope of the line, which is in good agreement with the theoretical
Fermi velocity of polyacene. The longest available Oac (N = 11) was
excluded from the fit.

0.8 0.9 1
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data, ACXP(N) ,ina way motivated by the plotting of our theory
data seen in Figure 4.”” The left panel of the figure displays the
experimental gap, AEXP(N), as a function of 1/N. Similar to
Figure 4, the data falls approximately onto a line. Compared to
the DFT, the experimental line appears to have undergone a
vertical shift of %1 eV. We propose that this shift could be
related to charging effects not contained in the theory, as
discussed in the previous section. The experimental length
dependence of the gaps is not oscillatory in the set of Oac
experimentally available. However, the theory predicts the gap
minimum to occur at N = 10. Hence, an upturn occurs at N =
11. The experimental data have a kink at N = 11, which is
easily revealed when (N + 1)A,,, is plotted in the inset of
Figure S, as in ref 11. Moreover, interactions with the surface
can induce a small shift of the upturn point, of the order of one
ring. Apparently, despite the experiment being already close,
definite conclusions about IO might require slightly longer
molecules and very well defined error bars.

In the right panel of Figure 5, we also show the experimental
data plotted in the same way as in Figure 4, right side.
Additionally, we show a linear fit of the data points. The
abscissa is proportional to the wavenumber. However, we
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emphasize that the intersection of the line with the abscissa in
Figure 5 does not imply the first gap minimum because of
charging effects. Remarkably, the value of the slope turns to be
similar to the DFT value, as indicated in the figure. In view of
eq 4, the slope involves a contribution from E/(N). A future
theoretical work can elaborate on the length dependence of
charging energies, E.(N), in a more quantitative way. The
linear Oac are ideal benchmark systems, as they offer means to
compare trends of the excitation gaps, instead of the gaps of
various individual systems.

B CONCLUSIONS

We have addressed the length dependence of the excitation
gaps of oligoacenes (Oac) adsorbed on the surface of Au(111)
by density functional theory (DFT) with a PBE functional and
aD3 dispersion correction. For tetracene, pentacene, hexacene,
and heptacene (N = 4, S, 6, 7), our structural analysis confirms
earlier findings that the Oac weakly physisorb on
Au(111).>****" The calculations show that the gaps of
adsorbates, A3*(N), differ only by small amount (<7%) from
the gaps of isolated Oac, AZ(N), reflecting the weak
physisorption. Since for longer N the gaps A‘S(N) show
incommensurate oscillations” (I0), we conclude that the DFT
gaps A2Y(N) will show IO as well. In particular, A*(N) will
have a first upturn at N around 11 + 1.

For isolated Oac, the metallic-like behavior of AigS(N), as
seen in closed-shell DFT, is disputed due to strong correlations
or1g1nat1n§ from long-range Coulomb interaction between
electrons.”” On the other hand, a metallic surface causes
screening of the Coulomb interaction. It was found in a
previous study that correlations due to screened interaction do
not destroy the oscillations.'" Combining the latter result with
the electronic structure from DFT, we conclude that the
incommensurate oscillations of Oac on Au(111) will be
revealed experimentally by optical or electronic transport
probes. The experimental observation of the first upturn of
A2'(N) requires molecules of lengths up to N ~ 13 rings.
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