
 

 

 University of Groningen

Tuning the electronic properties of metal surfaces and graphene by molecular patterning
Li, Jun

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Li, J. (2018). Tuning the electronic properties of metal surfaces and graphene by molecular patterning.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/e6ca6fc5-99a9-42da-821e-b61354c95b3d


103 
 

Chapter 6 

Para-hexaphenyl-dicarbonitrile on Au(111): a 

combined STM and ARPES study 

 

A hexagonal porous network was obtained by the codeposition of para-

hexaphenyl-dicarbonitrile (NC-Ph6-CN) molecules and Co atoms on Au(111) 

surface. Scanning tunneling microscopy (STM) and scanning tunneling 

spectroscopy (STS) measurements reveal that the surface states electrons of 

Au(111) are confined in the cavities of the porous network and shifted to 

discrete energy levels. Band folding and band gap opening of the surface 

state band of Au(111) are observed in the angle-resolved photoemission 

spectroscopy (ARPES) measurements. The surface state band structure of 

Au(111) is modified due to the periodic potential induced by the well-ordered 

porous network. Our results show that molecular patterning may serve as a 

promising method for the controllable tuning of the band structure of metal 

surfaces on a macroscopic scale.  
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6.1 Introduction 

In the pioneering work of Crommie [1], standing wave patterns were 

observed in the cavity of the quantum corral made of individual metal atoms, 

which demonstrated the quantum confinement effect of the surface state 

electrons. After that, confinement effect were also reported in various surface 

nanostructures including vacancy islands [2,3], molecular adsorbates [4-7] 

and some other artificial nanostructures [8-11]. Among these surface 

nanostructures, molecular self-assembly has drawn great research attention 

due to its intrinsic flexibility and versatility. By choosing the molecular 

building blocks with suitable functional groups, molecular self-assemblies 

with different cavity sizes and symmetries can be formed by the 

corresponding noncovalent intermolecular interactions [12-17]. Thus, the 

surface state electrons can be shifted to different energy levels, which 

exhibits the possibility of tuning electronic properties of metal surface in a 

controllable manner [18-20]. Furthermore, the high reversibility of the non-

covalent interactions allows for the formation of the defect-free porous 

network structure with long-rang order [21,22]. The well-ordered molecular 

nanostructures impose a periodic scattering potential onto the underlying 

substrates due to the molecule-substrate interactions, which creates the 

possibility of tuning the electronic properties of the metal substrate on a 

macroscopic scale. For example, Lobo-Checa et al. reported the formation of 

a coupled quantum dot array on Cu(111) surface due to the confinement 

effect induced by the long-range ordered molecular network adsorbed on it. 

A dispersive band was observed in the ARPES measurement, which arises 

periodic potential induced by the regular porous network [23].  

Here, we investigate the self-assembly formed by NC-Ph6‑CN molecules and 

the codeposited Co atoms on Au(111) with STM, STS and ARPES. An well-

ordered hexagonal porous network was formed by the NC-Ph6‑CN molecules 
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due to the metal-coordination interaction between the cyano group and the Co 

atoms. Standing wave patterns were observed in the cavity of the porous 

network illustrating the confinement effect of the surface state electrons in 

the cavities of the porous network. ARPES measurements demonstrated the 

bandgap opening of the surface state band of Au(111), which indicated that 

the electronic properties of Au(111) were tuned on a macroscopic scale due 

to the presence of the molecular network. 

 

6.2 Results and discussion 

The molecular structure of NC-Ph6‑CN is depicted in figure 6.1a, six phenyl 

rings are joined by C-C single bonds with the functional cyano groups at both 

ends. The two dimensional self-assemblies of NC-Ph6‑CN molecule have 

been studied on Ag(111), molecular network with mesoscale domains were 

observed [21]. The porous network formed by NC-Ph6‑CN and NC-Ph4‑CN 

molecules were also reported to locally modify the electronic properties of 

Ag(111) due to the confinement effect [19]. Here, we performed an combined 

study of STM and ARPES to investigate electronic properties of metal-

organic interface between the NC-Ph6‑CN molecules and Au(111) surface. 

After the subsequent deposition of NC-Ph6‑CN molecules and Co atoms onto 

the Au(111) substrate, the sample was cooled down to 4.5 K and 

characterized with STM. The arrangement of NC-Ph6‑CN molecules after 

deposition is depicted in figure 6.1b. Single molecules can be easily 

identified by the rod-like shape. The molecules are mainly arranged in a 

honeycomb lattice, while some pentagons and heptagons are also observed. 

The molecular model of the porous network observed in the STM image is 

illustrated in figure 6.1c. Since the direct boning between the cyano groups of 

the neighboring molecules would be energetically unfavorable, we propose 
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that the hexagonal porous network are stabilized by the metal-ligand 

interactions between the cyano group and the Co atoms, which is also 

consistent with previous research work [19,21,25-28]. Each Co atom is 

shared by three neighboring NC-Ph6‑CN molecules and each NC-Ph6‑CN 

molecule are bonded to two Co atoms. In this manner, a molecular network 

extending over the whole surface is formed. The unit cell of the porous 

network is marked as the black rhombic. The unit cell size is measured to be 

a = b = 5.8 nm with an internal angle α = 60º. 

 

Figure 6.1. (a) Chemical structure of NC-Ph6-CN molecule. Carbon atoms are gray, 

nitrogen atoms blue, and hydrogen atoms white. (b) STM image (80nm×80nm,U= -

0.5v, I=10pA) showing the topography of the sample after the codeposition of NC-

Ph6‑CN molecules and Co atoms. The molecules are arranged in a honeycomb 

lattice (c) Tentative structural model of hexagonal porous network, the porous 

network are stabilized by the metal coordinating bonding between the cyano group 

of the molecules and the Co atoms, which is marked as a red dot in the image. The 

unit cell is marked by the black lines in the image. 
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Figure 6.2. (a) Zoom-in STM image (7.3 nm×6.5 nm) of the hexagonal porous 

network. The positions for acquiring the STS curves are marked by the blue and red 

square. (b) The black curve shows the STS curves acquired on bare Au(111) surface. 

The blue curve shows the STS acquired at the center position of the cavity as 

marked by the blue square in figure 6.2a. The red curve shows the STS acquired at 

the halfway position of the cavity as marked by the red square in figure 6.2a. (c) The 

dI/dV map taken at -0.4 eV showing a domelike pattern. (d) The dI/dV map taken at 

-0.28 eV showing a donut pattern. 

To investigate the quantum confinement in the cavity of the porous network, 

STS spectrums were acquired on the bare Au surface and the porous network. 

The black curve in figure 6.2b shows the STS acquired on the bare Au(111) 

surface, the surface state of Au(111) is illustrated by the sharp peak observed 

around -0.46 eV with a onset energy of -0.48 eV. The blue curve is taken at 
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the center positon of the cavity of the porous network as indicated by the blue 

square in figure 6.2a. Compared to the STS of the bare Au, the peak position 

of the STS taken at the center position is shifted from -0.46 eV to -0.40 eV, 

the onset energy value is shifted from -0.48 eV to -0.5 eV, which may be due 

to the charge transfer effect between the metal-organic network and the 

Au(111) substrate. The red curve is taken at the half-way position of the 

cavity (red square in figure 6.2a), a pronounced peak is observed around -

0.29 eV with a shift of 170 meV towards the Fermi level with respect to the 

surface state of Au(111). The strong spatial variation of the local density of 

states (LDOS) indicated that the surface state electrons of Au(111) are 

confined in the porous network and shifted to the energy levels nearer to the 

Fermi level. To probe the spatial distribution of the LDOS in the cavity of the 

porous network, dI/dV map were acquired at -0.4 eV (figure 6.2c) and -0.28 

eV (figure 6.2d). As shown in figure 6.2c, a domelike pattern is observed at -

0.4 eV which corresponds to the first eigenstate of the quantum confinement 

effect [2, 3, 19, 29]. The dI/dV map taken at -0.28 eV shows a donut shape 

pattern with its highest intensity observed at the halfway position, which is 

the typical feature of the second eigenstate of the quantum confinement effect 

[2, 3, 19, 29]. The STS and dI/dV map measurements demonstrate that the 

surface state electrons of Au(111) is confined by the potential induced by the 

molecular network. The confinement effect of the porous network modified 

the spatial and energetic distribution of the surface state electrons of Au(111), 

which lead to the formation of a well-ordered quamtun dot array due to the 

inherent periodicity of the porous network. 
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Figure 6.3. (a) The second derivative of the ARPES data acquired on the bare 

Au(111). (b) The second derivative of the ARPES data of the molecular network on 

Au(111) plotted along the ΓM direction. (c) The second derivative of the ARPES 

data of the molecular network on Au(111) plotted along the ΓK direction. 

 

ARPES measurement was carried out to gain insight into the influence of the 

molecular network on the surface state band structure of Au(111). As shown 

in figure 6.3a, the second derivative of the ARPES data acquired on the 

pristine Au(111) is showing a parabolic dispersion. The Rashba splitting due 

to the spin-orbital coupling is also observed in the image, which is in 

agreement with previous studies [30-32]. ARPES measurements were also 

performed on Au(111) after the formation of the metal-coordinated molecular 

network. The second derivative of the ARPES data is plotted along the ΓM 

direction (figure 6.3b) and the ΓK direction (figure 6.3c). Due to the coupling 

between the neighboring quantum dots, a new band structure is formed. 

Compared to the pristine Au(111), the band bottom of the newly formed band 

is shifted away from the Fermi level, which is in agreement with the STS data. 

Another noticeable feature is variation of the photoelectron intensity in the 

images. A considerable drop in the photoelectron intensity can be observed 

around the momentum value of 0.06 A-1 and 0.12 A-1 in figure 6.3b, which 

appears like opening a band gap in the surface state band of Au(111). 

According to the Kronig–Penney model, band gap opening is expected at the 

at the Brillouin zone boundary due to the periodic potential imposed onto the 
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free electron system[33].The band folding and band gap opening of the 

surface state band of metals has been reported due to the formation of the 

ordered nanostructures on metal substrates [34-41]. According to these 

studies, the well-ordered nanostructures impose a periodic potential to the 

underlying substrate. Therefore, a new Brillouin zone in the reciprocal space 

is formed, which corresponds to the periodicity of the nanostructures in the 

real space. As a result, band folding and band gap opening are observed at the 

boundary of the new Brillouin zone. In this study, the hexagonal porous 

network formed by NC-Ph6‑CN molecules and Co atoms possesses a unit 

cell size of 5.8 nm, which gives a ΓM distance of 0.062 A-1 along the ΓM 

direction. The drop in the photoelectron intensity observed around 0.06 A-1 

and 0.12 A-1 in figure 6.3b, which shows a good match to the calculated value 

of the M point of the first Brillouin zone and the Γ point of the second 

Brillouin zone. Similar calculation was also performed for figure 6.3c, which 

indicates that the drop in the photoelectron intensity observed around 0.07 A-

1 and 0.11 A-1 and 0.14 A-1 corresponds to the K point, M point and the 

second K point along the ΓK direction. Based on these observations, we 

propose that the drop of photoelectron intensity shown in the ARPES data 

stem from the well-ordered hexagonal porous network. The periodic potential 

induced by the porous network gives rise to the band folding and band gap 

opening observed at the specific momentum value. Furthermore, the ARPES 

data demonstrates that the electronic structure of Au(111) is modulated by the 

molecular network on a macroscopic scale, which indicates the possibility of 

tuning the electronic properties of metal surfaces by molecular patterning. 

 

6.3 Summary and conclusion 

In conclusion, a metal-coordinated hexagonal porous network was formed by 

the codeposition of Co atoms and NC-Ph6‑CN molecules on Au(111). The 
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surface state electrons of Au(111) are confined in the cavities of the porous 

network. Band folding and band gap opening are observed in the surface state 

band of Au(111) due to the periodic potential induced by the molecular 

network. Our study demonstrates that molecular patterning creates the 

possibility of tuning the electronic properties of metal surface on a 

macroscopic scale. 

 

6.4 Experimental methods 

The sample preparation and characterization was performed in a ultrahigh 

vacuum (UHV) system (base pressure 10-11 mbar) equipped with an Omicron 

low-temperature STM. The Au(111) substrate was cleaned by repeated cycles 

of Argon ion sputtering and annealing. The molecules were heated to 550 K 

and deposited onto the Au(111) substrate held at room temperature. The Co 

atoms were deposited onto the sample by electron beam evaporation from a 

Co rod. The STM and STS measurements were performed at 4.5 K and 

analyzed with WSxM software [24]. The STS measurement were performed 

by utilizing a lock-in amplifier with the modulation amplitude of 10 mV (rms) 

at the frequency of 678 Hz. ARPES measurements were performed at 150 K 

in UHV system (base pressure 10−10 mbar) equipped with a hemispherical 

electron analyzer (SPECS Phoibos 150) and a monochromatized Helium I 

light source.  

 

 

 

 

 

 

 



Para-hexaphenyl-dicarbonitrile on Au(111): a combined STM and ARPES study 

 

112 
 

References 

[1] Crommie, Michael, et al. "Confinement of electrons to quantum corrals 

on a metal surface." Science 262 (1993): 218-220. 

[2] Niebergall, Larissa, et al. "Electron confinement in hexagonal vacancy 

islands: Theory and experiment." Physical Review B 74 (2006): 195436. 

[3] Jensen, H., et al. "Electron dynamics in vacancy islands: Scanning 

tunneling spectroscopy on Ag (111)." Physical Review B 71 (2005): 

155417. 

[4] Pennec, Yan, et al. "Supramolecular gratings for tunable confinement of 

electrons on metal surfaces." Nature Nanotechnology 2 (2007): 99-103. 

[5] Chen, Min, et al. "On-Surface Synthesis and Characterization of 

Honeycombene Oligophenylene Macrocycles." ACS Nano 11 (2016): 

134-143. 

[6] Müller, Martin, et al. "Lateral Electron Confinement with Open 

Boundaries: Quantum Well States above Nanocavities at Pb (111)." 

Physical Review Letters 117 (2016): 136803. 

[7] Seufert, Knud, et al. "Controlled interaction of surface quantum-well 

electronic states." Nano Letters 13 (2013): 6130-6135. 

[8] Heller, Eric, et al. "Scattering and absorption of surface electron waves in 

quantum corrals." Nature 369 (1994): 464-466. 

[9] Manoharan, Hari, et al. "Quantum mirages formed by coherent projection 

of electronic structure." Nature 403 (2000): 512. 

[10] Li, Jiutao, et al. "Electron confinement to nanoscale Ag islands on Ag 

(111): A quantitative study." Physical Review Letters 80 (1998): 3332. 

[11] Diekhöner, L., et al. "Surface states of cobalt nanoislands on Cu (111)." 

Physical Review Letters 90 (2003): 236801. 



Para-hexaphenyl-dicarbonitrile on Au(111): a combined STM and ARPES study 

 

113 
 

[12] Theobald, James, et al. "Controlling molecular deposition and layer 

structure with supramolecular surface assemblies." Nature 424 (2003): 

1029. 

[13] Pawin, Greg, et al. "A homomolecular porous network at a Cu (111) 

surface." Science 313 (2006): 961-962. 

[14] Shi, Ziliang, and Nian Lin. "Porphyrin-based two-dimensional 

coordination Kagome lattice self-assembled on a Au (111) surface." 

Journal of the American Chemical Society 131 (2009): 5376-5377. 

[15] Matena, Manfred, et al. "Transforming Surface Coordination Polymers 

into Covalent Surface Polymers: Linked Polycondensed Aromatics 

through Oligomerization of N‐Heterocyclic Carbene Intermediates." 

Angewandte Chemie 120 (2008): 2448-2451. 

[16] Pham, Tuan Anh, et al. "Self-assembly of pyrene derivatives on Au 

(111): substituent effects on intermolecular interactions." Chemical 

Communications 50 (2014): 14089-14092. 

[17] Chung, Kyung-Hoon, et al. "Polymorphic porous supramolecular 

networks mediated by halogen bonds on Ag (111)." Chemical 

Communications 47 (2011): 11492-11494. 

[18] Klappenberger, Florian, et al. "Dichotomous array of chiral quantum 

corrals by a self-assembled nanoporous kagomé network." Nano Letters 

9 (2009): 3509-3514. 

[19] Klappenberger, Florian, et al. "Tunable quantum dot arrays formed from 

self-assembled metal-organic networks." Physical Review Letters 106 

(2011): 026802. 

[20] Wang, Shiyong, et al. "Tuning two-dimensional band structure of Cu 

(111) surface-state electrons that interplay with artificial supramolecular 

architectures." Physical Review B 88 (2013): 245430. 



Para-hexaphenyl-dicarbonitrile on Au(111): a combined STM and ARPES study 

 

114 
 

[21] Kühne, Dirk, et al. "High-Quality 2D Metal− Organic Coordination 

Network Providing Giant Cavities within Mesoscale Domains." Journal 

of the American Chemical Society 131 (2009): 3881-3883. 

[22] Li, Jun, et al. "1, 3, 5-benzenetribenzoic acid on Cu (111) and 

graphene/Cu (111): A comparative STM study." The Journal of Physical 

Chemistry C 120 (2016): 18093-18098. 

[23] Lobo-Checa, Jorge, et al. "Band formation from coupled quantum dots 

formed by a nanoporous network on a copper surface." Science 325 

(2009): 300-303. 

[24] Horcas, Ignacio, et al. "WSXM: a software for scanning probe 

microscopy and a tool for nanotechnology." Review of Scientific 

Instruments 78 (2007): 013705. 

[25] Schlickum, Uta, et al. "Metal−organic honeycomb nanomeshes with 

tunable cavity size." Nano Letters 7 (2007): 3813-3817. 

[26] Klyatskaya, Svetlana, et al. "Surface‐Confined Self‐Assembly of Di‐

carbonitrile Polyphenyls." Advanced Functional Materials 21 (2011): 

1230-1240. 

[27] Pacchioni, Giulia, et al. "Competing Interactions in the Self-Assembly of 

NC-Ph3-CN Molecules on Cu (111)." The Journal of Physical Chemistry 

C 119 (2015): 25442-25448. 

[28] Pivetta, Marina, et al. "Temperature-dependent self-assembly of NC–

Ph5–CN molecules on Cu (111)." The Journal of Chemical Physics 142 

(2015): 101928. 

[29] Pivetta, Marina, et al. "Formation of Fe cluster superlattice in a metal-

organic quantum-box network." Physical Review Letters 110 (2013): 

086102. 



Para-hexaphenyl-dicarbonitrile on Au(111): a combined STM and ARPES study 

 

115 
 

[30] LaShell, S., et al. "Spin splitting of an Au (111) surface state band 

observed with angle resolved photoelectron spectroscopy." Physical 

Review Letters 77 (1996): 3419. 

[31] Nicolay, Geogy, et al. "Spin-orbit splitting of the L-gap surface state on 

Au (111) and Ag (111)." Physical Review B 65 (2001): 033407. 

[32] Hoesch, Moritz, et al. "Spin structure of the Shockley surface state on 

Au (111)." Physical Review B 69 (2004): 241401. 

[33] Kronig, Ralph, and Penney, William. "Quantum mechanics of electrons 

in crystal lattices." Proceedings of the Royal Society of London A: 

Mathematical, Physical and Engineering Sciences. 130.814 (1931) 499. 

[34] Wang, Xiyang., et al. "Observation of lateral superlattice effects on 

stepped Cu (001)." Physical Review B 53 (1996): 15738. 

[35] Himpsel, J., et al. "Magnetic nanostructures." Advances in Physics 47 

(1998): 511-597. 

[36] Baumberger, Fliex., et al. "Step-lattice-induced band-gap opening at the 

Fermi level." Physical Review Letters 92 (2004): 016803. 

[37] Shiraki, Susumu, et al. "Confining barriers for surface state electrons 

tailored by monatomic Fe rows on vicinal Au (111) surfaces." Physical 

Review Letters 92 (2004): 096102. 

[38] Didiot, Clément, et al. "Reconstruction-induced multiple gaps in the 

weak coupling limit: The surface bands of Au (111) vicinal surfaces." 

Physical Review B 74 (2006): 081404. 

[39] Ortega, Jose, et al. "Interplay between structure and electronic states in 

step arrays explored with curved surfaces." Physical Review B 83 (2011): 

085411. 

[40] Didiot, Clément, et al. "Interacting quantum box superlattice by self-

organized Co nanodots on Au (788)." Physical Review B 76 (2007): 

081404. 



Para-hexaphenyl-dicarbonitrile on Au(111): a combined STM and ARPES study 

 

116 
 

[41] Crain, Jason., et al. "Fermi surfaces of surface states on Si (111)-Ag, 

Au." Physical Review B 66 (2002): 205302. 


	Chapter 6



