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Chapter 5

Terphenyl-dicarbonitrile molecule and Co adatoms on
Au(111): A combined STM/STS and ARPES study

The confinement of the Au(111) surface state electrons inside the cavities of a
porous metal-organic network is studied by scanning tunnelling microscopy (STM)
and spectroscopy (STS) as well as by angle-resolved photoemission spectroscopy
(ARPES). The porous network was formed by terphenyl-dicarbonitrile molecules (NC-
Ph3-CN) and Co adatoms. We characterized the position-dependent variation of the
local density of states (LDOS) inside the network cavities. In addition, ARPES
measurements revealed the formation of a new electronic band structure exhibiting
band gaps at the boundaries of the network Brillouin zone. Our study demonstrates
that electronic properties of metal surfaces can be tuned by molecular patterning in a
controllable manner.
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5.1 Introduction

The surface of a crystalline solid allows for surface electronic states, which are
different from the Bloch states in the bulk and have wavefunctions localized either
just above the surface, or in the surface layer, which decay both towards the vacuum
and towards the bulk of the crystal [1]. Surface states in solids are traditionally
distinguished either as Tamm states [2] or as Shockley states [3], named after the
physicists Igor Tamm and William Shockley which used different approximations for
deriving surface states in the 1930s. In real nonideal crystal surfaces, the distinction
between Tamm and Shockley surface states is sometimes blurred, and can only be
differentiated by the mathematical approximation used in their derivation [4,5].
Tamm states are surface states derived using the tight-binding approximation [2] for
d- and f-electrons and manifest as narrow bands split-off from the bulk bands.
Shockley states are instead derived with the nearly-free-electron approximation [3],
which works well for describing delocalized electronic states like in s and p surface
bands. Being confined to the surface, surface states are very sensitive to external
perturbations, such as adsorption, disorder, external fields, and can be easily
destroyed by them. Nevertheless, by using the right approaches, surface states can be
also used to engineer surface electronic properties. So far, three different
experimental approaches have been established to modify surface states by exploiting
the confinement of electrons. The first approach uses so-called quantum corrals
constructed by positioning individual atoms with STM in order to confine surface
electrons. Artificial corrals with different dimensions and shapes have been
constructed from metal atoms and their presence modified not only the electronic
properties of the surface area inside the corrals [6–9] but also those of adsorbed metal
atoms [10]. Nevertheless, atomic manipulation by STM is a time consuming process
and therefore, it is challenging to modify the electronic properties of macroscopic
surface areas within a reasonable amount of time. The second approach uses adatom
islands [11,12], vacancy islands [13,14] or stepped vicinal surfaces [15–19] to confine
surface electrons. However, control over symmetry and geometry of adatom islands,
vacancy islands or vicinal surfaces is difficult if one wants to upscale the production to
larger areas and therefore, this approach is questionable for real applications. The
third approach employs molecular self-assembly for the fabrication of nanostructures,
which can confine surface electrons [9,20–21] and thereby, overcomes the limitations
of the first two approaches. Proper selection of the molecular building blocks and
their in-parallel organization without human intervention allow the formation of
defect-free molecular structures with versatile geometries and sizes [22,23]. First
modification of surface electronic properties by a long-range ordered porous
molecular network has been observed for a perylene derivative deposited on Cu(111)
[24]. The reported porous network partially confined the surface state electrons
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inside its cavities in such a way that coupling between neighbouring confined states
could induce the formation of new electronic bands and of band gaps at the
boundaries of the network Brillouin zone [24–26]. In the following, linear polyphenyl-
dicarbonitrile molecules with varying lengths have been used to build porous
networks with different geometry and cavity sizes in order to study electron
confinement on Ag(111) [27,28] and Cu(111) [29]. In this chapter we contribute to
answering the question whether it is possible to confine surface electrons by porous
networks on all metal substrates, which have surface states. We chose the Au(111)
substrate because similar studies have not been conducted on Au substrates so far. In
addition, Au substrates are relatively less reactive compared to other coinage metal
substrates like Cu and Ag and it is therefore interesting to investigate if the reactivity
of the substrate plays a role in electron confinement. For our study we selected a
polyphenyl-dicarbonitrile molecule to complement similar studies conducted for the
molecules of the same family on Ag [27,28] and Cu substrates [29].

Herein, we report on the formation of a long-range ordered porous network
assembled from polyphenyl-dicarbonitrile molecules and Co adatoms on Au(111). We
show that this hexagonal porous network partially confines the surface electrons
inside its cavities, in such a way that the coupling between neighbouring confined
states occurs and new dispersive bands with band gaps at the boundaries of the
network Brillouin zone are formed.

5.2 STM characterization of the Co-coordinated porous network

The terphenyl-4,4’’-dicarbonitrile molecule denoted as NC-Ph3-CN consist of
three phenyl rings linearly joined by C-C bonds and terminal cyano groups (Figure
5.1a). The molecules and Co adatoms were subsequently deposited onto the Au(111)
surface held at room temperature (RT). Afterwards, the sample was cooled down and
the STM measurements were performed at 77 K. For the samples with the
stoichiometry between the NC-Ph3-CN molecules and Co atoms of 1.5:1, a hexagonal
porous network with long-range order was observed (Figure 5.1b). In Figure 5.1c,
the arrangement of the NC-Ph3-CN molecules within the network is shown in detail.
Each molecule is represented by a linear rod-like shape. Three neighbouring
molecules are oriented with their cyano groups towards one common central point.
Such arrangement of the cyano groups is principally unfavourable due to the
electrostatic repulsion between the partially negatively charged N atoms. Taking into
account the presence of Co adatoms on the surface, we propose that the network is
stabilized by metal-ligand interactions between the cyano groups and Co adatoms.
This bonding motif with three-fold coordination symmetry was reported earlier for
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Figure 5.1: Self-assembly of NC-Ph3-CN molecule and Co adatoms on Au(111). a) Chemical
structure of a NC-Ph3-CN molecule. b) The STM image of the porous metal-organic network
formed after deposition of submonolayer coverage of molecule NC-Ph3-CN and codeposition of Co
adatoms on the Au(111) substrate held at room temperature (75  75 nm2, U = -1 V, I = 20 pA). The
set of three lines at the bottom right corner indicates the principal directions of the Au(111)
surface. c) Detailed STM image of the porous network (8  8 nm2, U = -0.1 V, I = 250 pA). The unit
cell is indicated in blue. d) Structural model of the porous network. Coordinated Co atoms are
purple, while carbon atoms are shown in grey, nitrogen atoms in blue and hydrogen atoms in
white.

similar polyphenyl-dicarbonitrile molecules coordinated to Co adatoms on Ag(111)
[28,30–35]. Evidence of the presence of Co in the coordination nodes was observed
during the scanning tunnelling spectroscopy measurements (see Appendix C, Figure
C.1). The tentative structural model of the porous network is shown in Figure 5.1d.
The unit cell (blue rhombus in Figures 5.1c and d) has dimensions of a = b = 3.5 nm,
Θ = 60⁰ and includes three molecules resulting in a density of 0.29 molecules/nm2.
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The length of the unit cell falls in the reported range of 3.2-3.7 nm for the same
molecules coordinated to Co adatoms on Ag(111) [30,31,33]. Based on our STM data,
the lattice orientation of the network is 30⁰ relative to the principal Au directions.

5.3 STS characterization of the surface electrons confined by the
porous network

To investigate the electronic properties of the Au(111) surface patterned by the
porous network, scanning tunnelling spectroscopy (STS) measurements were
performed at 4.5 K. Firstly, STS spectra (Figure 5.2) were recorded at the centre of a
NC-Ph3-CN molecule (blue curve) and at a coordinated Co adatom (red curve) as
indicated by the blue and red square in the inset, respectively. The lowest unoccupied
molecular orbital (LUMO) at +1.8 V as well as the step-like feature of the Au surface
state indicated by a black arrow was observed for both acquisition positions. Secondly,
STS spectra (Figure 5.3) were acquired on the bare Au(111) surface and inside a
cavity of the porous network. The top brown curve in Figure 5.3 corresponds to the
STS spectrum which was acquired on the bare Au(111) surface and used as a
reference for comparison with the spectra taken inside the cavity. The spectrum of the
bare surface features the onset of the Au surface state at -0.5 V (brown vertical line).
Its onset is in good agreement with literature values [36–39]. The bottom blue curve
represents the STS spectrum acquired at the centre of the cavity as indicated by the

Figure 5.2: STS spectra taken at the centre of a NC-Ph3-CN molecule (blue curve) and at
the position of a coordinated Co adatom (red curve). In the inset, the acquisition positions are
marked by the squares with the colour coding used for the STS spectra. The green vertical line at
+1.8 V indicates the LUMO while the black arrow indicates the Au surface state at both acquisition
positions.



Chapter 5

94

Figure 5.3: (top) The STS spectrum (brown curve) was taken on the bare Au(111) surface.
The brown vertical line (-0.50 V) marks the onset of the surface state. (bottom) The STS spectra
were taken at the centre (blue curve) and at the halfway between the centre and the rim of one
pore (red curve). In the inset, the acquisition positions are marked by the squares with the colour
coding used for the STS spectra. The blue (-0.2 V), red (+0.05 V), and green (+0.28 V) arrows
indicate peaks.

blue square in the inset of Figure 5.3. The spectrum has two broad peaks with
maxima around -0.2 V and +0.28 V marked by the blue and green arrows. The bottom
red curve corresponds to the STS spectrum recorded halfway between the centre and
the rim of the cavity as indicated by the red square in the inset. This spectrum has also
two broad peaks with maxima around -0.2 V and +0.05 V marked by the blue and red
arrows, respectively. The STS spectra taken inside the cavity of the porous network
exhibit different peaks compared to the bare Au(111) surface. In literature, an
appearance of new peaks in the STS spectra taken inside the cavities of porous metal-
organic networks was explained by the electron confinement effect [24,27–29,40]. To
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the same effect we attribute the appearance of the aforementioned peaks in our STS
spectra. The variation of the peaks depending on an acquisition position indicates
different lateral distribution of the local density of states (LDOS) inside the network
cavities.

To map the LDOS for the network cavities, dI/dV maps (Figure 5.4a) were
acquired at the bias voltages close to the ones observed in the STS spectra. The dI/dV
maps in Figures 5.4b-d exhibit contrast features which are highlighted in blue. In
Figure 5.4b, the dI/dV map taken at -0.23 V has a bright domelike protrusion in the
centre of the hexagonal cavity. In Figure 5.4c, the dI/dV map taken at +0.05 V has a
donut-like shape. We tentatively assign the dI/dV maps taken at -0.23 V and 0.05V to
the first and the second eigenstate, respectively. Similar assignment of the dI/dV
patterns acquired for porous structures was reported for similar porous metal-
organic networks [28,29,41,42]. In Figure 5.4d, the dI/dV map taken at +0.2 V

Figure 5.4: Confinement of the surface state electrons of Au(111) by the porous metal-
organic network formed by the NC-Ph3-CN molecules and Co adatoms. a) STM image of a single
network cavity (5  5 nm2, U = -0.23 V, I = 150 pA). b-d) Experimentally acquired dI/dV maps taken
at different bias voltages: -0.23 V, +0.05 V and +0.2 V (5  5 nm2; I = 150 pA). The contrast features
are highlighted in blue. The contrast patterns observed in b), c) and d) are tentatively attributed to
the first, second and third eigenstate, respectively.
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shows a bright protrusion in the centre surrounded with six bright outer protrusions
located close to the positions of the molecules. We tentatively assign it to the third
eigenstate. The gradual variation of the LDOS is shown in Appendix C, Figure C.2.

5.4 ARPES results: Observation of a new electronic band
structure

According to the Kronig-Penney model, imposing of a periodic potential onto a
free electron system might lead to band gap opening at the Brillouin zone boundary
[43]. Band gap opening induced by long–range ordered periodical potentials of
stepped metal surfaces was earlier reported in literature [15–18,44,45]. In order to
study the influence of our porous network on the surface state band of Au(111), angle-
resolved photoemission spectroscopy (ARPES) measurements were performed. This
laterally averaging surface-sensitive technique determines the binding energy (BE) of
the occupied states of the system as a function of the electron momentum. The ARPES
spectrum of the clean Au(111) surface in Figure 5.6a shows the parabolic dispersion
of the Au surface state with the band bottom located at 0.5 eV. The position of the
band bottom is in good agreement with the STS data (top STS spectrum in Figure 5.3).
The observed surface state band also exhibits the Rashba splitting which was earlier
reported in literature [46–48]. The spectrum in Figure 5.6a is used as a reference for
comparison with the spectra of the sample with the porous network. The ARPES
spectra of the Au(111) surface covered with the porous network are shown along the

� ���� and � ��� directions of the network Brillouin zone in Figures 5.6b and c,
respectively. These spectra exhibit two key differences compared to the ARPES
spectrum taken for the clean Au(111) surface. The first difference is that the band
bottom is located further away from the Fermi level, which is in agreement with the
recorded STS spectra (see Figure 5.3). The second one is that the photoemission

Figure 5.6: Second derivative of the ARPES spectra acquired for the bare Au(111) surface

(a) and for the porous network of NC-Ph3-CN molecules and Co adatoms on Au(111) along the � ����

(b) and � ��� (c) directions of the network Brillouin zone. The Fermi level is located at a binding
energy of 0.0 eV as indicated by the red dashed line.
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intensities in Figures 5.6b and c vary depending on the value of electron momentum.
These key differences can be explained by the formation of a new band structure. The
periodicity of the network is 3.5 nm which corresponds to a hexagonal Brillouin zone

with dimensions of 0.11 Å-1 in the � ��� direction and 0.12 Å-1 in the � ��� direction.

Around these values (labelled by � and � in Figures 5.6b and c), a decrease of the
photoemission intensity occurs. We suggest that the variation of the intensity happens
due to the presence of the well-ordered porous network on the Au(111) surface. The
periodical potential of the network induces imperfect confinement of the surface state
electrons inside its cavities, in such a way that the coupling between electronic states
of neighbouring cavities occurs. Due to this coupling, the formation of a new band
structure out of the surface state band is enabled, while due to the potential induced
by the network onto the Au surface, the newly formed band structure exhibits the gap
openings at the boundary of the network Brillouin zone. Furthermore, the ARPES data
shows that the modulation of the Au(111) electronic structure occurs on a
macroscopic scale, which indicates a possibility of tuning electronic properties of
metal surfaces by molecular patterning.
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5.5 Conclusions

We observed that a long-range ordered metal-organic porous network which
partially confines the surface state electrons inside its cavities, can be formed from
linear polyphenyl-dicarbonitrile molecules and Co adatoms even on the relatively
unreactive Au(111) surface. Such electron confinement allows coupling between
neighbouring confined states and a new band structure is formed, exhibiting band
gaps at the boundaries of the network Brillouin zone. Our findings demonstrate that
molecular patterning can serve as a promising tool to macroscopically tune the
surface electronic properties of metals with surface states in a controllable manner.

5.6 Experimental details

The experiments were performed in an ultra-high vacuum (UHV) system with a
base pressure of 2×10-10 mbar. The Au(111) single crystal was prepared by several
cycles of Ar+ sputtering and subsequent annealing at temperatures between 700 K and
800 K. The NC-Ph3-CN molecules were deposited from a commercial molecule
evaporator (OmniVac) onto the Au(111) substrate held at RT. Subsequently, Co
adatoms were deposited by electron beam evaporation from a Co rod. A commercial
electron beam evaporator (Oxford Applied Research Ltd.) was used for the metal
deposition. Afterwards, the sample was inserted into a commercial low temperature
STM (Scienta Omicron GmbH) where the STM and STS measurements were performed
at 77 K and 4.5 K, respectively. The STM images were acquired in the constant current
mode using a wire-cut Pt-Ir tip. All bias voltages are indicated with respect to a
grounded tip. The software WSxM was used to process the STM data [49]. In order to
acquire the STS data, a lock-in modulation amplitude of 10 mV and frequency of
678 Hz were used. The ARPES measurements were carried out in another UHV system
with base pressure of 2×10-10 mbar. The spectra were acquired with a
monochromatized light source (Helium 1, h = 21.2 eV) and a hemispherical electron
analyser (SPECS Phoibos 150). During the acquisition of the ARPES spectra, the
sample had a temperature of 150 K.
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