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We employ density functional theory (DFT) to analyze the dispersion of the electronic state that exists
at the commensurate interface between a monolayer of 1,4,5,8-naphthalene-tetracarboxylic acid dianhydride
(NTCDA) and the Ag(111) surface. First, we present and verify a hydrogen-termination approach which allows
a meaningful DFT description of the interface state with relatively thin silver slabs. Complemented with a
projection technique which maps the interface electronic structure onto the original Ag(111) Shockley state,
the DFT calculations enable us to analyze the evolution of the dispersion of the NTCDA/Ag(111) interface
state when changing of the molecular coverage. Our calculations yield a difference between the interface
state energy and the Shockley state energy that scales linearly with coverage. Furthermore, they predict a
pronounced anisotropy of the dispersion of the interface state at long wavelengths which also depends linearly
on the molecular coverage. The dispersion anisotropy is fully confirmed by our Fourier transform (FT) scanning
tunneling spectroscopy (STS) experiments performed on a relaxed phase NTCDA/Ag(111) monolayer. Using
feature detection STS (FD-STS), we moreover measure a band gap in the interface state band structure at the
Brillouin zone boundary which indicates Bragg scattering of the interface state electrons in the periodic potential
of the molecular layer. We thus observe an influence of the molecular layer on the interface state both at long

(DFT, STS) and short wavelengths (STS).
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I. INTRODUCTION

The adsorption of m-conjugated organic molecules on
metallic substrates often produces peculiar electronic struc-
tures that result from interactions between energetically dis-
crete and localized molecular orbitals on the one hand and
continuous and delocalized states of the metal on the other.
These interactions may lead to energy shifts and hybridiza-
tion of molecular orbitals [1-3], charge transfer [4-7], as
well as the Kondo effect [8—10]. The two-dimensional (2D),
highly dispersive interface states that often appear at the
interfaces between an ordered monolayer of m-conjugated
organic molecules and a metal surface [11-19] are particularly
noteworthy. Although interface states at metal surfaces were
initially discussed for adsorption of noble gases or monolayers
of NaCl [20,21], the first instance of such a state at an ordered
monolayer of 7-conjugated organic molecules was discovered
at the interface between a commensurate 3,4,9,10-perylene-
tetracarboxylic acid dianhydride (PTCDA) monolayer and the
Ag(111) surface [11].

Since their original discovery, the nature of these strongly
dispersive metal-organic interface states has been debated.
Initially proposed to be hybrid metal-molecule states that
originate from a metal-mediated coupling between neighbor-
ing unoccupied molecular orbitals [11], they have later been
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attributed to a Shockley state of the metal that is shifted
up in energy due to the modification of the surface barrier
induced by the adsorption of the organic monolayer [13].
Following the latter view, it was suggested that the structure
of both the molecular species in question and its monolayer
arrangement influence the properties of the interface state
exclusively by defining some effective vertical adsorption
height; a one-dimensional (1D) potential in the vertical di-
rection should thus be sufficient to model the interface state
[22]. Despite its success in describing the interface state onset
energies of many systems, it is evident that this model must
remain incomplete, as by construction it neglects the influence
of adsorption coverage as well as lateral structure of the
molecular layer on the electronic structure of the interface
state at finite wavelengths, e.g., its dispersion. In fact, recent
evidence shows that such an influence does indeed exist: in
feature detection scanning tunneling spectroscopy (FD-STS)
band gaps have been observed at the Brillouin zone (BZ)
boundaries of the molecular superstructure [23]. These band
gaps prove that the interface state is scattered by the laterally
corrugated potential of the molecular layer.

In this paper we show that the influence of the molecular
layer on the properties of the interface state is not restricted
to wave vectors close to the BZ boundary where scattering is
expected to be strong even in a weak periodic potential. On
the contrary, we demonstrate that this influence is also present
at long wavelengths where the interface state essentially
behaves as a free-electron state with parabolic dispersion.
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Specifically, we show by density functional theory (DFT)
and scanning tunneling spectroscopy (STS) that a molecular
layer of 1,4,5,8-naphthalene-tetracarboxylic acid dianhydride
(NTCDA) on Ag(111) creates an anisotropy in the free-
electron interface state band structure. Thus, the response of
electrons in the interface state to an electric field depends
on the direction of the latter with respect to the molecular
layer. This anisotropy becomes increasingly pronounced as
the molecular coverage rises; it reaches its maximum for the
relaxed monolayer phase [24] of NTCDA.

In our DFT calculations we use the standard approach
where a sufficiently thick slab of silver, periodically spaced
in the vertical direction, is used to describe the substrate.
From previous theoretical work [14,16] it is known that the
converged description of both the Shockley and the interface
states is only possible for a rather large number of atomic
silver layers, which obviously comes at considerable compu-
tational costs. In fact, the large number of substrate layers pro-
hibits the investigation of low molecular coverages because
the latter require large surface supercells in addition to the
many substrate layers. To make such calculations feasible, we
therefore must find a way to reduce the computational costs
for calculating the interface state.

To this end, we have developed a scheme that allows the
systematic analysis of the interface electronic structure even
in the case of very large surface supercells. We first show that
converged computations of the Ag(111) Shockley state need
a large number of silver layers mainly in order to suppress
the interaction between the identical surface states located at
the top and bottom surfaces of the slab. We circumvent the
need for a large number of layers by terminating the bottom
of the slab with atomic hydrogen. This shifts the energy of
the bottom Shockley state up in energy and thus hinders its
interaction with the top Shockley state. We have adopted this
approach from DFT studies of semiconductors, where the
passivation of one of the surfaces with hydrogen is commonly
used to inhibit the interaction between the top and bottom
surface states [25].

A second methodological problem that we address here is
the backfolding of the band structure. For large surface super-
cells, backfolding produces a large number of bands in the BZ
of the supercell, which makes the analysis of the band struc-
ture very challenging. For example, for NTCDA /Ag(111) we
encounter up to 49 times as many bands in the supercell
BZ as in the primitive BZ of Ag(111). Previously, several
unfolding procedures have been proposed that determine the
primitive spectral function or band structure for both localized
and plane-wave basis sets [26,27]. Although these techniques
are able to reveal the dispersion of the interface state in the
primitive cell [18], the weights that are obtained in this way
merely measure the Bloch periodicity of the states; this is
not very selective and may in fact prohibit a quantitative
examination of their Shockley-type character. Therefore, we
have developed a projection technique which maps the states
of the adsorbate system onto the original Shockley state (or
other states) of the pure surface (i.e., without adsorbates) in its
primitive unit cell. Not only does this allow us to recover the
dispersion of the interface state and to evaluate its effective
mass quantitatively, it also objectively reveals the degree to
which any state in the band structure has a Shockley character.

On the basis of these two methodological developments, a
detailed, systematic, and quantitative theoretical investigation
of the interface state band structure, in particular with respect
to its coverage dependence, its anisotropic dispersion, and a
possible formation of band gaps [23] becomes possible. Most
notably, the DFT data for the NTCDA/Ag(111) system that
are presented below show that the dispersion of the interface
state is anisotropic and that the anisotropy rises with increas-
ing coverage of molecules. Our experimental STS study of the
relaxed monolayer reveals an anisotropy of the interface state
dispersion that agrees with our theoretical prediction.

II. THEORETICAL APPROACH
A. Density functional theory

In this work, we perform calculations within density func-
tional theory (DFT) using the SIESTA code [28,29] for geo-
metrical optimization, while band structure calculations have
been carried out with a code developed in our group [30-32].
Both codes work within a localized basis set.

SIESTA uses a basis representation of numerical or-
bitals [33,34] and implements norm-conserving Troullier-
Martins pseudopotentials [35]. Since the common exchange-
correlation functionals are not suited to describe the
adsorption geometry of metal-organic interfaces, our geomet-
rical optimization takes the long-range behavior of the van
der Waals (vdW) interaction explicitly into account. This is
achieved by using the combined nonempirical DFT + vdW**T
[36] and Lifshitz-Zaremba-Kohn method proposed by Ruiz
et al. [37]. It provides an energy correction term to the gen-
eralized gradient approximation functional by Perdew, Burke,
and Ernzerhof (PBE) [38]. The C¢ coefficients are taken from
Ref. [37] for bulk Ag and from Ref. [36] for the C, O, and
H atoms. They are used without Hirshfeld partitioning. The
determination of the interaction coefficients is based on the
polarizabilities from Ref. [39].

The Ag(111) surface is described by periodically repeated
slabs with at least 20 A of vacuum between the slabs and
the bulk silver lattice constant of 4.062 A [40]. For the
geometrical optimization of adsorbates on Ag(111) we use the
SIESTA code, employing a silver slab of three layers, where we
keep the position of the silver atoms fixed. We use a double-
¢ polarized (DZP) basis [41] with a corresponding energy
shift of 0.002Ry. The real space is defined by a cutoff of
250 Ry. We employ k grids with (6 x 4 x 1)and (3 x 3 x 1)
mesh points for the NTCDA monolayer and the noninteracting
dilute case (see below), respectively.

The band structure calculations for various numbers of Ag
layers (between 3 and 30) were performed with our own code
which employs ab initio norm-conserving pseudopotentials
in the separable Kleinman-Bylander form [42,43]. The basis
set is represented by Gaussian orbitals with s, p, d, and s*
symmetry [31,44]. The band structures were obtained using
the exchange-correlation functional within the local density
approximation (LDA) in the form of Ceperley and Alder
with the parametrization of Perdew and Zunger [45,46]. The
Fermi energy is converged better than 10 meV with respect to
the k grid, where the actual grid depends on the respective
geometry. We use a real-space mesh density of more than
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FIG. 1. Band structure of the Ag(111) surface, calculated with DFT. Slab thickness of (a) 30 layers, (b) 12 layers, (c) 6 layers have been
used. The parabolic Shockley surface state bands of both slab surfaces are marked in red. The gray area shows the surface-projected band
structure of the bulk Ag crystal. Decreasing the number of layers leads to an increased splitting of the Shockley state.

6.6 points per A for the bare silver surface, which is enlarged
to 8 and 13 points per A for calculations with CO and NTCDA
adsorbates, respectively. For a better description of the long-
range behavior of the surface and interface states, we place
additional orbitals in the vacuum, at the fictitious positions
of two further Ag layers. The details of these orbitals do
have a small influence on the precise energetic position of
the Shockley state (in the order of a few meV), but effective
masses, splittings between top and bottom surface states, and
energy differences between surface and interface states are
affected only negligibly. Note that further additional orbitals
are placed at the atomic positions of the adsorbate molecules,
if applicable, thus leading to slightly different results for the
Shockley state energy calculated in the corresponding basis
sets in Sec. II B [bare Ag(111)], Sec. III A [CO/Ag(111)], and
Sec. III B [NTCDA/Ag(111)].

B. Hydrogen-terminated asymmetric slabs

The Shockley surface state of Ag(111) plays a crucial
role in the formation of the NTCDA/Ag(111) interface state,
and hence the correct description of the former is vital for
the adequacy of our analysis of the latter. Previously, it
has been found that a converged description of the Shock-
ley surface state requires a large number of silver layers
[14,16]. As we must calculate large surface supercells for
the NTCDA/Ag(111) system, which demands a substantial
computational effort, we introduce an approach that enables
the converged description of the Shockley state, as well as the
interface state, while using only a reduced number of atomic
layers.

The bare Ag(111) slab calculations were performed using
an in-plane (56 x 56) 12” grid. The surface structure of the
slab has not been relaxed. The resulting band structures of the
DFT calculation for different numbers of layers are shown in
Fig. 1. The gray area is the surface-projected band structure
resulting from a periodic bulk calculation. It marks all ener-
gies occurring for a certain IQH. For this bulk calculation, the

direction perpendicular to the slab surface (k.) was sampled
with 23 grid points. Since the slab has two surfaces, we
observe two Shockley states that interact with each other
due to their overlap inside the slab (see below). In the band
structure obtained with 30 layers, the two Shockley states are
almost degenerate with a parabolic dispersion around I"' and

an energy at I' of Egg = Eg”(/? =T) = —7meV. Due to the
symmetry of the system, both states in the band structure are
linear combinations of the top-surface Shockley state and the
corresponding state of the bottom. Therefore, they are equally
located at both surfaces of the slab. The charge density of one
linear combination on one side of the slab is shown in Fig. 2.
This state shows the typical Shockley behavior with a slowly
decaying exponential envelope function inside the slab and
a fast exponential decay in the vacuum outside the surface
[22,47,48].

We have also calculated the band structure for thinner
slabs. As can be seen in Figs. 1(b) and 1(c) reducing the
number of layers M leads to an energy splitting AE™) =
EJ(rM ) g™ ), which was also seen by Zaitsev et al. for three,
six, and nine layers [14]. This splitting can be understood by
considering a two-level system with a Hamiltonian

M) 7
con o (B VD
HY(E) = . (1)
ven ESD®)
= ELE) = E ) £V, 2)

where Ej(EM )(k) denote the M -dependent energies of the two
linear combinations, respectively. Es(gl )(k) denotes the energy
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FIG. 2. Line charge density of the Shockley state at I;H =T,
calculated with DFT for the 30-layer slab. The charge density is
integrated over the in-plane coordinates within the unit cell. Vertical
lines indicate the substrate layers of the Ag(111) slab. Only one of
the two linear combinations of surface states is plotted (see main
text). Moreover, the figure shows only one of the similar looking slab
surfaces.
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FIG. 3. Properties of the DFT-calculated Shockley surface state
as a function of slab thickness. Open blue circles: interaction V™)
between the interacting surface states of both surfaces. Solid red
circles: avera i iti o i i

: ge energetic position Eyg’ relative to the Fermi energy
Eg. Solid orange line: experimental value Esg from Ref. [49]. Inset:
position of the lowest occupied energy in the system Ej relative to
the Fermi level.

of the original (noninteracting) Shockley state (see next para-
graph concerning its dependence on M), which according
to Eq. (2) coincides with the average of the two observed
energies Ej(EM)(I;). V™) s interaction between the original
Shockley states at the top and bottom surfaces of the slab.
The interaction V) as a function of slab thickness is shown
in Fig. 3. The interaction increases exponentially with de-
creasing number M of layers. This is a direct consequence of
the increasing overlap and interaction of the top and bottom
Shockley states. Fitting the DFT results with Eq. (1), we
get VU2 ~0.1eV for 12 Ag layers, while the interaction
increases to V(©® ~ 0.4 eV for 6 layers.

Remarkably, Fig. 3 also shows that the average energy Eélg )
decreases with decreasing number of layers. Such changes
result from the truncation of each Shockley state at the other
surface of the slab (in particular for small M), as well as from
the quantization of the parabolic bulk states in the slab of finite
thickness. With decreasing number of layers M the number
of bulklike states reduces, their energy spacing increases (cf.
Fig. 1), and the lowest state Ej is shifted to higher energy

with respect to the Fermi energy. The latter can be seen in
the inset of Fig. 3. Like the number of all bulklike states in
the band structure, the overall charge occupancy should be
proportional to M. However, as these states have parabolic
dispersion, the decreasing M yields a lower charge occupancy
per bulklike state. The remaining charge therefore increases
the occupancy of the surface state and thus its onset Es(gl)
appears at lower energies for smaller M. For M 2> 15, Egg] )
converges to about —7meV, i.e., is located slightly below
the Fermi energy. The fact that this converged value deviates
from the experimental value of Esg = (—63 & 1) meV [49]
can be explained with the neglect of surface relaxations as
well as general inaccuracies of DFT. Note that in spite of
this discrepancy, the energies we obtain from our linear-
combination-of-atomic-orbitals (LCAO) approach with 9- and
12-layer slabs, Es((é) = —71 meV and Es(éz) = —34 meV, agree
well with published theoretical results of Tsirkin et al. [18]
who obtain Eélso) = —45meV with a plane-wave basis set
using a 10-layer slab.

To overcome the interaction between the top and bottom
surface states and having Eq. (1) in mind, we place hydrogen
atoms on top of the silver atoms at the bottom surface of the
slab. The H-Ag distance is chosen to be 2.5 A. This increases
the energy of the bottom surface state by Ay, and therefore
modifies the Hamiltonian to

yon
)- 3)

(Eé?(b
M) v
ven BN + Ay

In the present case, hydrogen termination yields a value of
Ay ~ 1.8eV. If V™ is small enough, this leads to a near-
complete decoupling of the top and bottom eigenstates:

M) 7 on 7y, OH AR 72
ELD () = B (R) + = £ [ + VO,

v <y {E;g%z) + Aw, @
ESD (k).
The results for the band structures of asymmetrically
hydrogen-terminated six- and nine-layer slabs are shown in
Fig. 4. Figure 4(a) shows an overview of the band structure
for six layers. Most parts of the band structure are not affected
by the hydrogen atoms at the bottom surface of the slab.
However, there are some changes compared to Fig. 1(c). For
example, between the K and I' points, and also between K
and M, hydrogen-related bands occur outside the surface-
projected bulk band structure between 0 and 1eV. But, the
most important change concerns the energy of the Shockley
states, as shown in Figs. 4(b) and 4(c) for six- and nine-layer
slabs. In both cases, EM ) is located between the two former
states for the symmetric slab and EJ(FM) is shifted to higher en-
ergies by as much as 1.8 eV. We obtain E® = —169 meV for

six Ag layers and E® = —54meV for nine Ag layers. This

agrees well with the averaged energies of Es(g) = —170meV
and ES(Z) = —71 meV for the corresponding symmetric slabs.
Figure 5 illustrates the difference in charge den-

sity of the surface state between symmetric slabs and
hydrogen-terminated asymmetric slabs for M = 6. The linear
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FIG. 4. Band structures of the Ag(111) surface, calculated with DFT using a symmetric slab, compared to calculations for an asymmetric
slab that is terminated on the bottom surface with hydrogen. (a) Band structure along the l;—space path shown in Fig. 10, calculated for
symmetric (black lines) and asymmetric (red) six-layer slabs. The surface-projected bulk band structure is shown in gray. The Fermi level is
set to zero. The black bands are the same data as displayed in Fig. 1(c). (b) Dispersion of the Shockley states for a six-layer slab. Black dotted
line: symmetric slab (same data as in Fig. 1). Red solid lines: hydrogen-terminated asymmetric slab, Es(g) is located at the top surface and
Es(g) + Ay at the hydrogen-terminated bottom surface. (c) As panel (b), but for nine-layer slab.

combinations from the surface states of the symmetric slab
are shown in the bottom panel. The top panel shows the
essentially noninteracting bottom and top surface states of
the hydrogen-terminated nonsymmetric slab. The high-energy
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FIG. 5. Line charge densities of the Shockley states at kj = I',
calculated with DFT for two six-layer slabs. The charge densities are
integrated over the in-plane coordinates within the unit cell. States
with Ef') and E© are shown in red and blue, respectively. The
top panel shows the results for the hydrogen-terminated asymmetric
slab, where the state with E® is the surface state at the clean top
surface and the state with Eff) is the surface state at the hydrogen-
terminated bottom surface. The bottom panel displays corresponding
results for the symmetric slab where the states with E® are the
linear combinations of both surface states. Vertical lines indicate the

substrate layers of the Ag(111) slab.

(Ef)) state is located at the hydrogen-terminated surface,
whereas the low-energy (E) state lives at the clean surface.

We find that the Eff’) state is strongly concentrated at the
hydrogen atoms and decays much faster inside the slab than
the E© state, the density of which looks very similar to the
converged Shockley state of the 30-layer slab shown in Fig. 2.
However, even for the E® state there still appears a small
residual charge density at the hydrogen atom at the opposite
surface. We note that both states exhibit only a small overlap.
This overlap is additionally decreased by the faster decay of
the E(f) state inside the slab. This reduces V® in Eq. (4) in
comparison to its original value in Eq. (1) even further, which
additionally improves the decoupling of both states.

Since the energy E© of the clean surface state of the
hydrogen-terminated asymmetric slab is already in good
agreement with Egg as defined above and since its density
matches the “true” Shockley state of Fig. 2, all further calcu-
lations are run with six- and nine-layer slabs with hydrogen
termination on the bottom surface. In the remainder of the
paper, we therefore drop the superscript M and denote the
energy E_ of the surface state at the bare surface as Egs.
Note that the hydrogen-terminated asymmetric slab method
deals only with the interaction of the opposing Shockley
states but cannot eliminate their thickness (or M) dependence.
However, since we are mainly interested in the subsequent
effects of adding an adsorbate, we have a good basis for such
investigations as long as the slab thickness M is kept constant.
The adsorbate-induced changes may slightly depend on M
(see Sec. III).

C. Projection technique

In the following, we present a projection technique which
helps us to identify the primitive dispersion of states in
large supercells, even if the latter contain additional atoms
that are not contained in the primitive reference cell. The
technique is particularly well suited for the analysis of the
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band structure of systems with supercells that are created
by adsorbates, impurities, or surface reconstructions. Besides,
the projection technique can also serve as a straightforward
unfolding procedure in which the primitive dispersion of an
arbitrarily folded band structure is recovered. Before being
able to apply the projection technique, one needs to perform
self-consistent calculations of, first, the adsorbate system (or
the bare surface) in the supercell (SC) and, second, the bare
surface in the primitive cell (PC).

The PC is given by the atomic positions 7, and the lattice
vectors R, whereas the SC is denoted by the lattice vectors O
and the atomic positions fi;, where

L+ R, with w=1,2,...,M5. (5

U

iy = e =

MSC is the number of PCs that are contained in the SC, and
I_éa, denote the lattice vectors of the PC that are needed to reach
the primitive cell with label w in the SC. For any function f
the identity

DFRHE)=D"DF(O+ i) (6)
R © 0

holds since SC and PC describe the same physical system.
Because we are using a LCAO method, the Kohn-Sham wave
functions are given by

zk(R+77,,)
0,2 = 3 CannB) = 7 VerF—R—3%,), (1)

ot,v,R

where v, , is the localized basis function of atom v with quan-
tum number «, the cayuyn(l_é) are expansion coefficients, and N
is the number of unit cells introduced in the Born—von Karman
boundary conditions. The Kohn-Sham wave functions fulfill
the Bloch condition for the PC. By use of Eq. (6), we can
rewrite Eq. (7) to read as

. iR+t
0,1 =Y Canlb)—— 7 VasF— 0 — fis),  (8)
a,v,Q

where Ca,l“).n(k) = Ca,(v,a)),n(k) = ca,v,n(k) and wa,i = W(x,v for
each w. Equation (8) describes the primitive wave functions
with their primitive Bloch periodicity within the SC basis and
lattice vectors.

Next, we calculate a scalar product of ¢, ; with an arbitrary
Kohn-Sham wave function ¢>“ (7) that is generically defined
in the SC. This wave function may correspond to a changed
physical system, e.g., including adsorbates or impurities or
with a surface reconstruction, thus leading to additional or
missing basis functions in the basis set. This product can be

written as
SC
(v y: m,zz>
1 1
= d3l"1—

XD B Ty O~ o)
o, D Q/,
<33 dy ()@ = O = i), )
2

5
o',

where da/,g/,m(l_c') denotes the coefficients of the SC wave
function. With7 =7 — 0", 0 = Q' — 0’, and Z- 1 = NS€,
the scalar product of Eq. (9) can be rewritten as

> ¢ nO)San v (K)der (), (10)
oo 0,0

1
/MSC

where MSC = N/NSC and the overlap S is given by

j{:e%(Q+ﬁw—ﬁw
0

Separir (k) =

(11
The only requirement for being able to write (g, z|¢>%) as

the expression (10) is that both wave functions in the scalar
product can be written in terms of the same lattice vectors
Q, which are fulfilled by construction. However, within the
common SC the bases may differ for the two wave functions
(see above), leading to a rectangular (instead of quadratic)
overlap matrix S in Eq. (11).

We use the projection technique in the following way: First,
we calculate the eigenstates |g, ;) of the bare surface in the PC
and expand them i m the basis of the SC. Second, we calculate
the eigenstates |<p ) of the modified system, i.e., the surface

including p0551ble reconstructlons adatoms, adsorbates, or
impurities; evidently, this calculation has to proceed in the SC.
Finally, we assign a weight

ng,n(l_é) = Z }(goﬂ E goriCE)

) The weights G, (E) are then

used to classify 1nd1V1dual states in a band structure. Note
that the sum over n in Eq. (12) may either run over all states
l¢, z), or only over a specific subset of these states. If all
states |@, ;) are used, the projection technique simply acts as
an unfoldlng procedure because states with primitive Bloch
periodicity receive a large weight, while backfolded states get
a low weight.

If the SC has no basis changes, e.g., from adsorbates or im-
purities, and describes the same physical system, the weights
of Eq. (12) give G (k) = {0, 1} depending on the Bloch
periodicity of the states. This is illustrated in Fig. 6 for the
Ag(111) surface band structure. It shows the band structure
of a (2 x 2)-SC with the color scale indicating the weights
G, (k). As can be seen from the fi gure, the primitive dispersion

Gu(k) =

(12)

to each the of the states |g0
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FIG. 6. Band structure for the bare Ag(111) surface within a
(2 x 2) supercell, calculated with DFT for a hydrogen-terminated
asymmetric slab. The bands are plotted in the BZ of the primitive
(I x 1) unit cell. The Fermi energy is set to zero. The bands
are colored corresponding to their weights G, (k) as calculated in
Eq. (12), where the projection was carried out over all primitive states
@, i~ Comparing the band structure in this figure to the primitive
dispersion of Ag(111) in the (1 x 1) cell (red lines in Fig. 4), it
becomes evident that the projection technique essentially unfolds the
band structure of the (2 x 2) supercell.

is perfectly reproduced by the red bands [G(k) = 1]. The
black lines, on the other hand, stem from simple backfolding,
leading to G(k) = 0. If, on the other hand, the physical
system described by the SC differs from the one described by
the PC and the basis set is changed, e.g., due to the presence of
adsorbates, impurities, or surface reconstructions, the weights
may also take different values [0 < Gm(lz) < 1].

Note that in a case where the SC has basis changes (also
if it describes the same physical system), Eq. (10) is not a
norm-conserving scalar product in a strict mathematical way
since the Hilbert spaces of both systems differ slightly. This
means that in principle Gu(k) > 1 is possible. However, if
the overlap elements of the matrix in (11) are not too large
(e.g., achieved by placing additional basis functions not too
close to those of the PC basis), the weights will show only
small deviations from the strict mathematical case, as can be
seen in the reference calculations of Sec. III B (see black data
points in Fig. 11). This allows us to use this technique to
get information about the character of the states in the SC
calculation.

In this paper, we employ the projection technique as in-
troduced above to project the states of various adsorbate-
covered Ag(111) surfaces (SC) on the Shockley state of the
bare Ag(111) surface (PC), thus determining the degree to
which the former resemble the Shockley state of Ag(111).
This allows us to discuss the origin and character of states
of the adsorbate-covered surface, in particular of the interface
state. It also should help us to identify and quantify splittings
and interactions, especially in cases when for a particular k
more than a single state with Shockley character is present.

II1. RESULTS

A. Carbon monoxide test system

We choose a (1 x 1) monolayer of carbon monoxide
(CO) adsorbed on the Ag(111) surface to test whether the

TABLE 1. Parameters of the Shockley state of the Ag(111)
surface and the interface state of the CO/Ag(111) system, derived
from the fits in Figs. 7(c) and 8(a) and 8(b). Layers: number of Ag
layers in the slab of the DFT calculation. The calculations with 6
and 9 layers employ a hydrogen-terminated asymmetric slab, the
calculation with 30 layers a symmetric slab. The effective masses
are given in units of the electron mass m, and the energies are given
in meV. The reference values for the Shockley state were calculated
including the basis set of the CO molecule.

Layers Ess [50] mgg Eis my AE Am
6 —198 0.42 468 0.55 666 0.13
9 —84 0.37 576 0.48 660 0.11
30 -39 0.34 598 0.45 637 0.11

hydrogen-terminated asymmetric slabs introduced in Sec. II B
are suitable for investigating adsorption-induced changes of
the surface band structure. Because this system shows the
same (1 x 1) periodicity as the clean Ag(111) surface, we
can indeed perform a 30-layer symmetric slab calculation
for benchmarking our asymmetrically passivated thin-slab
calculations. The structure of the system is shown in Fig. 7(a).
Note that we artificially place the CO molecules at a Ag-C
distance of 3 A because this corresponds to the typical Ag-C
distance for the NTCDA/Ag(111) system which we analyze
later on in Sec. III B. The bond length between the carbon
and oxygen atoms is set to 1.2 A. The calculations of this
system are carried out using the same basis functions at the
positions of Ag atoms as we used for the bare Ag(111) surface
in Sec. II B, but including additional localized wave functions
placed at the positions of the C and O atoms of the CO
molecules.

The results for the reference calculation with the converged
symmetric 30-layer slab without hydrogen passivation are
shown in Fig. 7(b). There are two states with a parabolic
dispersion around I' in the gap of surface-projected bulk
band structure. The low-energy state is the Shockley state
(Ess = —39meV) at the bare bottom surface of the 30-layer
slab (cf. Fig. 1), while the high-energy state (E;s = 598 meV)
is the interface state resulting from the adsorption of CO at
the top surface. Two additional CO-induced dispersing bands
(E ~ 4¢eV) occur in the band structure. These states are also
(partially) located in the gaps of surface-projected bulk band
structure, but interact with neither the Shockley state nor the
interface state.

We use parabolic fit functions to determine the effective
masses of the interface state and the Shockley state as shown
in Fig. 7(c). The fits were performed in the interval I' 0.2 T,
where a is the lattice constant of Ag. The onset energies
and effective masses obtained by the fit are listed in Table I.
To avoid systematic errors due to different basis sets, the
reference values for Esg in Table I are calculated including
the localized basis functions of the CO molecule. This leads
to small changes of Egs compared to the results in Sec. II B.
In the 30-layer symmetric slab calculation for CO/Ag(111)
we find an interface state that is located AE = Fis — Ess =
637meV above the Shockley state of the bare Ag(111)
surface. The effective mass of the interface state (mjy =
0.45 m,) is larger than one of the corresponding Shockley state
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FIG. 7. The CO/Ag(111) test system. (a) Side view of the unit cell. The carbon atoms (dark gray) are located 3 A above the silver
surface (light gray). The bond length to the oxygen atom (red) is set to 1.2 A. The unit cell is indicated by the black dashed line. (b) Band
structure for the CO/Ag(111) test system, calculated with a 30-layer symmetric slab. The Fermi energy is set to zero. The gray area shows the
surface-projected band structure of the bulk crystal. (c) Zoom into the region of the Ag(111) Shockley state (Ess), located at the bottom surface
of the slab, and the CO/Ag(111) interface state (Ejs) at the top surface. Orange dashed line: surface state dispersion fitted with a quadratic
function. Blue dashed line: interface state dispersion fitted with a quadratic function. The fit parameters are listed in Table I.

(m§g = 0.34m,). As will be discussed below, the renormaliza-
tion of the effective mass is a generic effect of the adsorbate
and in the case of NTCDA even leads to a pronounced
anisotropy of the interface state dispersion.

We now compare the 30-layer symmetric slab calculation
to corresponding ones on hydrogen-terminated asymmetric
six- and nine-layer slabs. The results of the latter calculations
are shown in Fig. 8, in red for the CO/Ag(111) top surface and
in black for bare Ag(111) top surface, which however include
the CO basis set, unlike the corresponding calculations in
Figs. 4(b) and 4(c). The first noticeable feature in Fig. 8 is that
the surface state of the hydrogen-passivated bottom surface
(E4, see Sec. II B) is nearly unaffected by the adsorption of
CO. In the six-layer calculation it shifts by about 50 meV to
higher energy, for the nine-layer calculation this shift amounts
to only 10meV. Second, also in the hydrogen-terminated
asymmetric slab calculations the CO/Ag(111) interface state
appears at higher energies if compared to the Shockley state
of the bare Ag(111) surface. For the six-layer asymmetric
slab, the corresponding energy difference is AE = 666 meV,
while for the nine-layer asymmetric slab it amounts to AE =
660 meV (Table I). Comparing these energy differences to
the one for the 30-layer symmetric slab (AE = 637 meV),
we find that all three are within 5% of each other. Finally,
we compare the effective masses resulting from the three
calculations. Although the absolute value of m obtained with
the 30-layer symmetric slab is not reproduced with thinner
asymmetric slabs, its increase Am = mjy — mg is confirmed
by the latter (see Table I).

We thus conclude that thin asymmetric slabs that are hy-
drogen terminated at the bottom surface are indeed a viable
approach to investigate adsorption-induced changes of the
Shockley state at the top surface. In our test system, the energy
difference between the surface state and the interface state
after adsorption is described with an accuracy of better than
5% even with the minimalistic six-layer slab. Although the

exact values of the effective masses still depend on the number
of layers in the slab, their increase caused by the adsorbate
can be reproduced very well, by the nine-layer slab slightly
better than by the six-layer slab. Nevertheless, even the 6-layer
slab reproduces all the systematic trends that are observed
for 9-layer slab (and the 30-layer symmetric slab). Having

-1
+~ K Tr

r M —

FIG. 8. Band structure around the I" point for the CO/Ag(111)
test system (red lines), calculated with DFT using (a) a six-layer
hydrogen-terminated asymmetric slab and (b) a nine-layer hydrogen-
terminated asymmetric slab. The gray area shows the surface-
projected band structure of the bulk crystal. For reference, the band
structures of the Ag(111) surface without the adsorbate [analogous
to Figs. 4(b) and 4(c) but including the basis orbitals of the CO
molecule] are plotted in black. All energies are defined relative
to the corresponding Fermi energy. Orange dashed line: surface
state dispersion fitted with a quadratic function. Blue dashed line:
interface state dispersion fitted with a quadratic function. The fit
parameters are listed in Table I.
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FIG. 9. Unit cell of the NTCDA monolayer in the experimentally
observed relaxed phase [24]. The dashed blue line marks the unit
cell. Left: top view, showing one molecule each in top and bridge
positions. The green arrows mark the x and y directions. Right: side
view, showing the bending of the layer above the surface.

thus validated the hydrogen passivation technique as a means
for efficient surface and interface state calculations, we are
now finally equipped for the analysis of the NTCDA/Ag(111)
interface electronic structure.

B. Interface state of NTCDA /Ag(111)

Here we concentrate on the analysis of structures that stem
from the commensurate monolayer of NTCDA on Ag(111)
characterized by the superstructure matrix (g g) [24]. The
rectangular unit cell of this so-called relaxed phase monolayer
contains two molecules per unit cell, all of which are aligned
with their long axis along the [110] direction of the Ag(111)
surface. While the precise adsorption configuration of both
molecules has not yet been determined experimentally, we
follow Ref. [24] and assume that one of them adsorbs in an
on-top position, while the other sits in a bridge site (Fig. 9).
This assumption agrees with published theoretical results
[19]. At these lateral positions, we carry out a geometry
optimization as described in Sec. Il A. Note that we only
relax the atoms in the molecules, but not in the silver surface.

TABLEIL Calculated vertical distances in A of individual chem-
ical species within the NTCDA molecules adsorbed on Ag(111). Iso-
lated refers to an isolated molecule, adsorbed in a bridge position and
calculated in a (8 x 8) unit cell. Top and bridge refer to molecules
in on-top and bridge positions within the relaxed monolayer phase,
respectively. d is averaged over all atoms within the molecule, d is
averaged over all carbon atoms within the molecule. The averaged
distances of the oxygen atoms are denoted as d5™ for the carbonyl
oxygens and d3™ for the anhydride oxygens. dy is the averaged
distance of the hydrogen atoms. The table also contains the vertical
extent Az that quantifies the overall buckling amplitude of the
molecule. The last line contains the experimental values measured
at room temperature [51].

d dc g dg® dy Az
Isolated 286 294 266 288 282 038
Top 289 296 270 291 288 035
Bridge 286 294 265 290 284 039
Expt. [51] 2997 2747 3.004

The resulting vertical distances to the surface, averaged over
all atoms of a given species, are shown in Table II. The
comparison of our data regarding the average carbon-surface
distance dc = 2.95 A with experiments (3.00 A) shows a rea-
sonable agreement. However, we note that the experimental
value was obtained at room temperature [51], whereas we
calculate the ground-state distance at 7 = 0 K. This indicates
that our calculations may overestimate dc by as much as
0.2A[52].

Having optimized the molecular geometry, we perform
a DFT band structure calculation with hydrogen-terminated
asymmetric six- and nine-layer silver slabs, using a (16 x
12) k; grid. The band structure of the NTCDA monolayer
on the six-layer slab, displayed in the primitive (1 x 1) BZ
of bare Ag(111), is shown in Fig. 10(a). The corresponding
path through reciprocal space is shown in Fig. 10(b). To

Energy (eV)

Py = < g .:"':

M

FIG. 10. The NTCDA/Ag(111) system. (a) Band structure of the relaxed phase of NTCDA/Ag(111), calculated with DFT for a hydrogen-
terminated asymmetric six-layer slab, displayed in the primitive (1 x 1) BZ of the bare Ag(111) surface. The Fermi energy is set to zero. The
red dots show the projection onto the states of the Ag(111) surface. The area of the dots is proportional to the weights G, (k) from Eq. (12),
where the projection was carried out over all primitive states. (b) The surface BZ of the NTCDA monolayer (blue) embedded in the surface
BZ of the Ag(111) surface (red). The corresponding band structure paths are plotted as red and blue lines. The k, and k, directions match the

x and y directions of Fig. 9.
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FIG. 11. DFT-calculated interface state of the relaxed phase of
NTCDA/Ag(111) (red) and Shockley state of bare Ag(111) (black),
both plotted as projection weights G,,,(lz) as defined in Eq. (12), in
the BZ of the rectangular NTCDA supercell [Fig. 10(b)]. The area of
the dots is proportional to the weights G,,(K). The sum in Eq. (12)
was carried out only over the Shockley state of bare Ag(111), which
corresponds to a projection onto this state. (a) Results for hydrogen-
terminated asymmetric six-layer slab. (b) Results for hydrogen-
terminated asymmetric nine-layer slab. For each number of layers,
calculations for the surface (black) and interface (red) states were
carried out in the NTCDA /Ag(111) supercell using exactly the same
basis set and calculation parameters. All Fermi energies are set to
zero. For clarity, the underlying bands are not plotted.

analyze this complex band structure, the projection technique
introduced in Sec. IIC is employed to map the states of the
NTCDA/Ag(111) system (SC) onto those of the original (1 x
1) Ag(111) system (PC). The solid red dots in Fig. 10 mark
states for which Gm(lz) ~ 1, with the sum in Eq. (12) carried
out over all states of the (1 x 1) Ag(111) system. As discussed
above, this can be thought of as an unfolding procedure in
which states with a primitive Bloch periodicity receive large
weights, provided that these states have considerable overlap
with at least one of states in the original (1 x 1) Ag(111)
system. Figure 10(a) thus not only reveals that all states of
the bare (1 x 1) Ag(111) in Fig. 4(a) “show up” also in
Fig. 10(a) because they have counterparts among the states of
the NTCDA/Ag(111) system (as expected for unfolding), but
also that most states of the bare (1 x 1) Ag(111) persist with
almost unchanged energies in the NTCDA/Ag(111) system.
There is, however, one exception, and that is the Shockley
state of the bare (1 x 1) Ag(111) surface: Its counterpart with
Gnu(k) ~ 1in Fig. 10(a) appears at substantially larger energy.
By analogy with CO/Ag(111) as discussed in Sec. IIT A
(Fig. 7), we can identify this counterpart as the interface state
of NTCDA/Ag(111).

To analyze the relation between the NTCDA/Ag(111)
interface state and the Ag(111) Shockley surface state further,
we project all states of NTCDA/Ag(111) onto the (1 x 1)
Ag(111) Shockley state only [i.e., the sum in Eq. (12) now
contains only the Shockley state]. The result is the band
shown in Fig. 11 in red, for the six-layer hydrogen-terminated

TABLE III. Calculated energy and effective mass of the Shock-
ley state of the bare silver surface and interface state for the NTCDA
monolayer on a six- and nine-layer slab. The shifts are compared to
experimental two-photon photoemission (2PPE) data [19], whereas
the effective masses are compared to our experimental dispersion
measured from FT-STS. All values are given in meV or m,, respec-
tively. The reference values for the Shockley state were calculated
including the basis set of the NTCDA monolayer.

Layers Ess [50] mgg Eis my st,y AE
6 —213 0.42 349 054 039 562
9 —98 0.37 455 049 040 553
2PPE [19] —60 520 580
STS —67[53] 042[53] 570 0.55 0.35 637

asymmetric slab in Fig. 11(a) and the corresponding nine-
layer slab in Fig. 11(b). Only the weights themselves, with
no underlying bands, are shown. Figure 11 shows that only
one state of NTCDA/Ag(111) has a sizable overlap with the
(1 x 1) Ag(111) Shockley state, and this clearly must be the
interface state. In order to avoid systematic errors due to
different basis sets, we compare the interface state band in
Fig. 11 with the Shockley state that is obtained if we recal-
culate the bare Ag(111) surface with the same basis set and
precisely the same computational parameters as are used for
NTCDA/Ag(111). If the resulting band structure is projected
on the Shockley state, we observe the weights shown as black
dots in Fig. 11. Not surprisingly, this self-projection filters out
only the Shockley state band with weight Gu(k)=1.

We now proceed to compare the red and black bands in
Fig. 11. The corresponding onset energies at 12" = I are listed
in Table III. Similarly to CO, the adsorption of NTCDA
leads to the formation of an interface state that has a higher
energy than the Shockley surface state. For the six-layer
slab AE® = 562 meV, while AE® = 553 meV for the nine-
layer slab. Both values are close to AE?P® = 580meV as
measured by two-photon photoemission at 90 K [19]. They
also agree with recent theoretical results [18,19]. As will be
shown below, the AESTS measured at low temperatures with
STS is higher, most probably due to the expected temperature-
dependent decrease of the bonding distance [52]. In spite of
this discrepancy, we conclude that our six- and nine-layer
hydrogen-terminated asymmetric slab calculations perform
reasonably well in reproducing the energy spectrum of the
NTCDA/Ag(111) interface state.

Comparing the surface and interface states in Fig. 11 more
carefully, a subtle difference comes into focus: the interface
state (red) appears to have different curvatures along the
k. and k, directions. In contrast, such an anisotropy is not
observed for the surface state (black). Since both bands in
Fig. 11 have been calculated in precisely the same way, it
is unlikely that the anisotropy of the interface state is an
artifact of either the hydrogen termination or the projection
technique. The visually inferred anisotropy of the interface
state is confirmed by fitting its dispersion in the interval |i | =
0.04 % with parabolas. For the six-layer slab, we find effective
masses of mi"s,x = 0.54m, along I'X and of mi*s’y = 0.39m,
along I'Y [cf. the NTCDA/Ag(111) BZ in Fig. 12]. For
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FIG. 12. DFT-calculated interface state of the relaxed phase
of NTCDA/Ag(111) as in Fig. 11, with the exception that the
underlying bands are also shown (thin gray lines). (a) Results
for hydrogen-terminated asymmetric six-layer slab. (b) Results for
hydrogen-terminated asymmetric nine-layer slab. As in Fig. 11, the
area of the dots is proportional to the projection weights G,, (), with
data points along the I'X direction shown in blue and data points
along the I'X direction in red. The red and blue lines are quadratic
fits to the interface state dispersion as revealed by the projection
weights, carried out separately for the two k-space directions. For
ease of comparing the curvatures, the blue (red) parabolas have been
mirrored to the left (right). The Fermi energy is set to zero.

the nine-layer slab, the anisotropy is somewhat smaller, but
still clearly recognizable and of the same sense mjg > mjg y
(Table III). Figure 12 indeed demonstrates that for both slabs
the anisotropy is clearly above the uncertainty of the calcu-
lated band structure. However, there is a discrepancy between
the six- and nine-layer slab calculations: For the six-layer
slab we find mgg > myg, " while the nine-layer slab has mgq <
. For both slabs, mgg < mjg  holds.

The anisotropy of the NTCDA/Ag(lll) interface state
dispersion is intriguing because it follows the rectangular
symmetry of the NTCDA supercell rather than the threefold
symmetry of the Ag(111) surface. The anisotropy therefore
clearly points toward a quantum-mechanical interaction be-
tween the metallic Shockley state and the molecular adsorbate
layer. Such interaction can cause quantum-mechanical scat-
tering, as well as hybridization between the two states. In the
next section, we will see that this anisotropy is also observed
in the experiment.

C. Experimentally measured dispersion of NTCDA /Ag(111)

In order to verify the theoretically predicted anisotropy of
the NTCDA/Ag(111) interface state we have analyzed it with
scanning tunneling spectroscopy (STS). The experimental
dl/dV spectrum shown in Fig. 13(a), measured above the
center of a large defect-free NTCDA island, reveals that the
onset energy of the NTCDA/Ag(111) interface state, defined
by the steplike spectral feature, is located 570 meV above
the Fermi level. This is AES™ = 637meV higher than the
experimentally measured energy of the Ag(111) Shockley
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FIG. 13. STS of the relaxed phase of NTCDA/Ag(111). (a)
dI/dV spectrum measured above an NTCDA island far away from its
boundaries and any defects. The peak below —500 meV indicates the
position of the NTCDA LUMO [filled upon adsorption on Ag(111)],
while the steplike feature at 570 meV marks the onset of the interface
state band. (b) Grayscale image of the interface state band, obtained
from cuts through 2D Fourier transforms of an energy series of
large-scale dI/dV images of an NTCDA/Ag(111) island which
contains many scattering defects. Details about the data acquisition
and analysis in FT-STS can be found in Ref. [23]. The left (right) part
of the panel shows the dispersion along the I'Y (I'X) direction. The
BZ boundaries corresponding to the NTCDA/Ag(111) superstruc-
ture are indicated by red vertical dashed lines. Two half-parabolas
(red) with m} = 0.55m, and mj‘ = 0.35m, are placed over the data.
The gap that is identified by FD-STS (see Fig. 14) is designated
with the dotted red line close to the Y point. The inset shows one
(V =860 meV) from the series of FFT images used to compile the
grayscale image of the interface state band. Red arrows indicate the
BZ boundaries [23]. The elliptic shape of the central FFT disk is a
direct consequence of the anisotropy of the interface state dispersion.

state. Here, as well as in the case of PTCDA/Ag(111) [11],
STS yields systematically higher onset energies of the inter-
face band compared to the two-photon photoemission (2PPE)
data [19,54]. Since our STS spectra are measured at a lower
temperature than the 2PPE spectra (4 K vs 90 K), we attribute
the observed discrepancy to the temperature dependence of
the molecule-metal bonding distance [12,22,52].

Spectroscopically imaging the NTCDA /Ag(111) interface
at a set of bias voltages ranging from 500 to 1300 meV and us-
ing the thus obtained d//dV images for an analysis by Fourier
transform scanning tunneling spectroscopy (FT-STS) [23,55],
we map out the dispersion of the NTCDA/Ag(111) interface
band in the vicinity of the I' point. The result is shown in
Fig. 13(b). The visual inspection of the experimental data
reveals that the dispersion of the NTCDA/Ag(111) interface
state exhibits a notable anisotropy. We find effective masses
of mjs , > 0.55m, and mjg , > 0.35m,, as overlaying the ex-
perimental image in Fig. 13(b) with corresponding parabolas
shows. The experimentally found anisotropy is thus in good
quantitative agreement with the theoretically predicted one
(cf. Table III).

125155-11



L. ESCHMANN et al.

PHYSICAL REVIEW B 100, 125155 (2019)

1100

1060
1010

E, [meV]

910

860

FIG. 14. FD-STS of the relaxed phase of NTCDA/Ag(111).
(a) Section of the energy distribution histogram (EDH) extracted by
FD-STS (for details see Ref. [23]). The two peaks of the histogram
define the lower and upper band edges around the energy gap
of the interface state at the Y point. (b) Feature distribution map
(FDM) extracted from the lower peak of the EDH (see Ref. [23]).
(c) FDM extracted from the upper peak of the EDH. Each of the
FDM in panels (b) and (c) covers an area of 47 x 61 10%2, revealing
standing wave patterns caused by Y-point Bragg scattering of the
interface state. Coincident unit cells of the relaxed NTCDA /Ag(111)
monolayer in both FDM are indicated by black rectangles.

In Sec. III B above we have pointed out that the observed
anisotropy indicates quantum-mechanical interaction between
the metal Shockley state and the molecular adsorbate. In fact,
our experiments provide an additional piece of evidence for
the existence of such an interaction: Namely, we resolve a
180 meV energy gap at the Y point, which is located on
the BZ boundary of the NTCDA superstructure. Such a gap
indicates the scattering of the interface state electrons in a
lateral potential with the periodicity of the NTCDA/Ag(111)
supercell. The gap is resolved with the help of feature de-
tection STS (FD-STS). This is an approach to STS imaging
which we have introduced recently [23]. FD-STS overcomes
certain limitations of FT-STS which, in the vicinity of the BZ
boundaries, is hampered by any signal that originates from
the periodic topography of the corresponding unit cell [cf.
inset of Fig. 13(b)]. As detailed in Ref. [23], the application of
FD-STS in the present case enables us to decouple the signal
that arises from the scattering of the interface state by the
molecular superstructure from the signal that is generated by
topographic structure of the molecular layer.

Briefly, FD-STS proceeds as follows: First, dI/dV spectra
are recorded on a dense grid (e.g., 2 pixels/A) of points above
the NTCDA/Ag(111) monolayer. Then, each of the collected
dl/dV spectra is run through a feature detection algorithm
which determines the energies and the intensities of all peaks
in the spectrum. Next, the complete detection statistics is
compiled into an energy distribution histogram (EDH) in
which each peak testifies to a large number of dI/dV spec-
tra exhibiting a peak of sufficient intensity at precisely this
energy. A section of this histogram for NTCDA/Ag(111) is
shown in Fig. 14(a). Finally, we mark all pixels of the scanned
grid which contribute to the detection statistics of a specific
histogram peak. This generates a feature distribution map
(FDM). The FDM of the two peaks in the EDH of Fig. 14(a) is
displayed in Figs. 14(b) and 14(c). They reveal two standing
wave patterns with the periodicity of the NTCDA superstruc-
ture, but shifted by half a lattice constant against each other.

SRS
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FIG. 15. Real-space unit cells of dilute NTCDA layers on
Ag(111). The frame on the left shows the original relaxed monolayer,

but with the molecules in on-top positions removed, yielding a
coverage of ¢ = % The frame in the middle shows one molecule

in a (6 x 6) supercell, giving an adsorption coverage of ¢ = % The

frame on the right corresponds to a molecule in a (7 x 7) sup.ercell,
producing a coverage ¢ = % ~ %. The respective unit cells are

marked by black dashed lines.

A pair of standing waves such as the one observed in
Figs. 14(b) and 14(c) is the hallmark of Bragg scattering
of nearly free electrons in a weak periodic potential. The
energies of these standing waves correspond to the lower
and upper band edges around the gap that forms at the BZ
boundary due to Bragg scattering. The distance between the
EDH peaks in Fig. 14(a) thus reveals the size of this gap, in
the present case 180 meV. Although a comparable energy gap
is expected at the X boundary of the BZ, we have not been
able to confirm or rule out its existence due to difficulties in
measuring dI/dV of NTCDA/Ag(111) at the elevated bias
voltages.

The presence of the band gap in the interface state dis-
persion at the Y point is a significant deviation from the
DFT data discussed in Sec. III B. Although our projection
technique should in principle be able to reveal such a gap,
there is no sign of it in our present calculation. We point out,
however, that interface state properties strongly depend on
the adsorption geometry, and we have mentioned above that
our calculations may overestimate the adsorption height by as
much as 0.2 A [52] because the accurate description of metal-
organic interface geometries is still a challenging task for
DFT. If also the opening of gaps in the calculation sensitively
depends on the adsorption height, then the absence of gaps in
the calculation may be the result of an inaccurately described
interface structure. Apparently, in the long-wavelength limit,
the correct description of the interface state is less dependent
on the exact geometry of the molecular layer.

D. Coverage dependence of the interface state

Finally, we analyze the dependence of the NTCDA/
Ag(111) interface state on the molecular coverage. The com-
putational advantage of the reduced silver slab thickness
allows us to increase the lateral size of the NTCDA su-
percells substantially. Specifically, we employ the six-layer
hydrogen-terminated asymmetric slab to investigate diluted
NTCDA monolayer structures, the unit cells of which are
shown in Fig. 15. Although these structures are not natu-
rally occurring, they could be produced by the controlled
removal of molecules with the tip of a scanning probe mi-
croscope [56,57]. The theoretical data reported in this section
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FIG. 16. NTCDA/Ag(111) interface state for different molecular coverages. (a) Dispersion as calculated with DFT for hydrogen-

terminated asymmetric six-layer slabs. Colors indicate the coverage: ¢ = 1 (blue), ¢ = % (magenta), ¢ = %

(green), ¢ ~ i (red). The area

of the dots is proportional to the projection weights Gm(lz) [Eq. (12)]. The sum in Eq. (12) was carried out only over the Shockley state,
which corresponds to a projection onto this state. For clarity, the underlying bands are not displayed. As a reference, the Shockley state for the
bare Ag(111) surface from Fig. 12 is displayed as a thin black line (see Sec. II B). The boundaries of the BZ of the relaxed phase (¢ = 1) are
denoted by X and Y. The thick solid lines are quadratic fits that were made separately for each direction to determine the corresponding effective
masses. (b) Energy shift of the interface state with respect to the former Shockley state as a function of adsorption coverage. (c) Anisotropy
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thus demonstrate that the controlled patterning of an organic
monolayer can be utilized for tuning the properties of the
interface state.

The first artificial structure that we analyze is a half-
monolayer of NTCDA with the coverage ¢ = 2, it is obtained
by removing from the relaxed phase all molecules adsorbed in
on-top sites, leaving those in bridge sites behind. Furthermore,
we investigate two even more dilute structures with coverages
c= 3 andc = 49 ~ 1 . They are obtained by placing NTCDA
molecules in bridge positions in (6 x 6) and (7 x 7) unit
cells, respectively. Since the NTCDA molecules in these large
superstructures do not interact with each other [58], we carry
out the structural optimization in a (8 x 8) superstructure and
then adopt the resultant molecular geometry in the (6 x 6)
and (7 x 7) unit cells. As Table II demonstrates, this yields
only small changes in the molecular geometry compared to
the relaxed monolayer.

Having calculated the ¢ = 2, 3, and 1 7 layers using six-
layer hydrogen-terminated asymmetric sﬂver slabs, we apply
our projection technique to determine the dispersion and the
onset energy of the corresponding interface states. We employ
a (8 x 8) ky grid for ¢ = 1 and . All other parameters of
the calculation remain identical to the monolayer (¢ = 1)
calculation described above. To avoid basis set errors, for
each coverage we carry out a reference calculation of the bare
Ag(111) surface that includes the corresponding localized
basis functions of the adsorbate molecules.

The dispersion along the I'’X and I'Y directions of the
relaxed-phase NTCDA monolayer BZ [see Fig. 10(b)] is
displayed in Fig. 16(a) for the different coverages. The
parabolic fits have been performed in the interval I' & 0.04 %
to determine the onset energies and effective masses plot-
ted in Fig. 16(b) and listed in Table IV. We find that the
energetic difference AE = Ejs — Egg increases linearly with
adsorption coverage. This result is in agreement with recent

— myg ,, of the interface state for different adsorption coverages. Dashed lines in (b) and (c) are guides to the eye.

experimental and theoretical findings regarding the coverage
dependence of the interface states. For example, in case of
PTCDA/Ag(111), the disordered low-temperature phase [59]
as well as the square phase (both with ¢ < 1) have lower
onset energies of the interface state (and hence lower AE)
than the ¢ = 1 herringbone structure [11,12]. Similarly, for
the NTCDA/Ag(111) system, the coverage dependence of the
interface state has been discussed in terms of two different
commensurate structures, with the result that at same bonding
distance a larger onset energy is found for the compressed,
and a smaller onset for the relaxed phase [19].

Figure 16(c) in which Amjg = mj5 . — mjg | is plotted ver-
sus NTCDA coverage shows that the anisotropy of the effec-
tive masses also increases linearly with increasing NTCDA
coverage. For the lowest coverage (c = i) there is hardly
an anisotropy, and the observed effective masses mjg , and
mIS are very close to the effective mass mgg of the Ag(l 11)
Shockley surface state. Table IV reveals that the increase of
mig_, is more pronounced than the minute decrease of myg .
These findings thus clearly reveal the influence that the lateral
structure of the molecular film has on the properties of the

TABLE 1V. Parameters of the interface state of NTCDA/
Ag(111) for various adsorption coverages, derived from the fits in
Fig. 16(a). The effective masses are given in units of the electron
mass m, and the energies are given in meV. The energy shift was
calculated with respect to the Shockley state energy obtained in a
reference calculation using the same basis set.

Adsorption coverage 0 1/4 1/3 1/2 1

AE (meV) 0 128 193 287 562
mig. (m,) 0.42 0.45 0.47 0.48 0.54
mis . (m,) 0.42 0.42 0.41 0.40 0.39
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interface state. Nanoscale patterning of an ordered molecular
layer could thus be used to tailor its electronic, transport,
and optical interface properties, in a similar way as has been
achieved through the artificial placement of molecules such as
CO on, e.g., Cu(111) surfaces [60,61].

IV. SUMMARY

Using ab initio DFT we have predicted the anisotropy
of dispersion of the interface state of NTCDA/Ag(111).
The DFT study was facilitated by the implementation of
two technical procedures: First, we have shown that the
coupling of the Shockley states of the two surfaces of the
Ag(111) slab can be suppressed by hydrogen passivation of
one of the slab surfaces. As a consequence of such symmetry
breaking, the discussion of adsorption-induced interactions
of the Shockley state becomes meaningful, even for slabs of
only six atomic layers of silver. Because calculations with
thinner slabs are computationally much more efficient we
have been able to compute the electronic structure of the
NTCDA/Ag(111) interfaces for different coverages with very
large supercells. Second, we have developed a projection
technique which maps the states of the surface supercell on
the original dispersion of the Shockley state as observed
in the primitive unit cell of Ag(111) and thus is used to
identify the parameters of the dispersion of the interface
state.

In agreement with experimental data in case of full
NTCDA monolayer adsorption, the interface state from our
calculations occurs at higher energy as the Shockley state of

the bare Ag(111) surface with an energy difference of AE =
560 meV. Moreover, we predicted a pronounced anisotropy of
the dispersion along the X and Y directions of the molecular
layer BZ characterized by the corresponding effective mass
values of mjg . = 0.54m, and mjg , = 0.39m,. This anisotropy
of the interface state dispersion has been fully confirmed by
our STS experiments. The STS data have also revealed the
180-meV energy gap at the Y boundary of the molecular
layer BZ. Interestingly, the dispersion obtained form the DFT
data had no signs of the energy gaps of comparable size.
However, as the opening of gaps might be strongly depending
on the correct description of the vertical binding and internal
structural properties of the molecular layer, this points to-
ward further structural investigations beyond our current DFT
approach. We find that the anisotropy of the effective mass
Amjg = mjg . — mjg , as well as the energetic difference AE
with respect to the original Shockley state increase linearly
with adsorption coverage, thus revealing the importance of
the lateral structure of the molecular film in the formation of
interface states.
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