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Abstract 

    The contact geometry and the electronic transport properties of Ag-benzene-Ag 

molecular junctions have been investigated by using first-principles quantum 

transport simulations. Our calculations show that a moderate benzene-silver 

interaction can be achieved when benzene is adsorbed on the Ag(111) surface through 

adatoms. In this case three symmetric Ag-benzene-Ag junction models can be 

constructed, in which the molecule is connected to the electrodes through one or two 

Ag adatoms on each side. Although the contribution to the transmission around the 

Fermi level made by benzene molecular orbitals depends on the number of Ag 

adatoms and the detailed binding configuration, the transmission coefficients at the 

Fermi level of the three junctions are calculated to be respectively 0.20, 0.18 and 0.16. 

These values are well consistent with the experimental one of 0.240.08. Our results 

thus demonstrate that the conductance of Ag-benzene-Ag junctions is rather stable 

regardless of the molecule/electrode contact geometry. 
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1. Introduction 

    Molecular electronic devices, in which a single organic molecule is used as the 

active device component, have the potential of complementing and/or replacing the 

conventional silicon-based microelectronic devices [1,2]. Besides the quantum nature 

of the molecule and the band structures of the electrodes near the Fermi level (EF), the 

electronic coupling at the molecule-electrode interface plays an important role in 

determining the transport properties of molecular devices. Although linker groups 

such as thiol, amine and isocyanide are always employed to wire the target molecule 

to the metal electrodes [3-8], recently much attention has been focused on connecting 

molecules to the electrodes directly [9-13]. For example, Kaneko et al. have 

successfully fabricated single benzene molecular junctions using Ag electrodes [10], 

where the evidence for the junction formation is provided by peaks in the inelastic 

electron tunneling spectroscopy (IETS) spectrum that cannot be attributed either to 

the Ag electrodes or to the benzene molecule. In contrast to the Pt-benzene-Pt junction 

which shows conductance values ranging from 1.0 G0 to 0.1 G0 [9], the 

Ag-benzene-Ag junction shows a stable conductance value of 0.240.08 G0 [10] (here, 

2

0

2e
G

h
 is the conductance quantum, e is the electron charge and h is the Planck 

constant). Molecular junctions with such high and stable conductance are strongly 

desired for molecular electronics.  

To date there are little information about the contact geometry and the details of 

the various orbital contributions to the transport in Ag-benzene-Ag junctions. In order 

to address these two aspects, here we investigate the binding configuration and the 

electronic transport properties of Ag-benzene-Ag junctions by employing the 

non-equilibrium Green’s function formalism combined with density functional theory 

(in short the NEGF+DFT approach) [14-22]. Our calculations show that 

Ag-benzene-Ag molecular junctions can be formed when benzene is connected to Ag 

electrodes through either one or two Ag adatoms on each side. Although the 

contributions to the transmission around the Fermi level made by the different 

benzene molecular orbitals depend on the number of Ag adatoms and the binding 
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configurations, the total transmission coefficient at the Fermi level changes little. In 

particular we find transmission ranging between 0.16 and 0.20 in good agreement 

with the experimental value of 0.240.08 [10]. This confirms that Ag-benzene-Ag 

junctions can display a large and stable conductance. 

2. Calculation method     

The SIESTA code is used to study the atomic and electronic structures of the 

Ag-benzene-Ag molecular junctions, while the quantum transport code SMEAGOL is 

employed for their electronic transport properties. SIESTA is an efficient numerical 

implementation of DFT in which the wave functions of the valence electrons are 

expanded in terms of finite-range numerical basis sets [23], while improved 

Troullier-Martins pseudopotentials describe the atomic cores [24]. By means of 

extensive optimization a user-defined double-zeta plus polarization basis set is 

constructed for C and H and a single-zeta plus polarization one is used for Ag. The 

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) for the 

exchange and correlation functional is used in all our calculations to account for the 

electron-electron interactions [25].
 
Geometry optimization is performed by conjugate 

gradient until the forces are smaller than 0.03 eV Å
-1

. 

SMEAGOL is a practical implementation of the NEGF+DFT approach [21,22]. 

Since SMEAGOL uses SIESTA as the DFT platform, we employ the same 

pseudopotentials, basis set and GGA functional for both geometry relaxation and 

transport. Periodic boundary conditions are applied in the transverse directions. The 

unit cell of the extended molecule comprises one benzene molecule and ten 

(111)-oriented Ag atomic layers with a (4×4) supercell. Furthermore, we use an 

equivalent cutoff of 200.0 Ry for the real space grid, while the charge density is 

integrated over 70 energy points along the semi-circle, 20 energy points along the line 

in the complex plane and 15 poles are used for the Fermi distribution (the electronic 

temperature is 25 meV).
 
The transmission coefficient T(E) of the molecular junctions 

is evaluated as  

,);(
1
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22
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where 2DBZ is the area of the two-dimensional Brillouin zone (2DBZ) in the 

transverse directions. Here, we calculate the transmission coefficient by sampling 44 

k-points in the transverse 2DBZ (orthogonal to the transport direction). The 

k-dependent transmission coefficient );( EkT


is obtained as 

],[);(  R

MR

R

ML GGTrEkT


    (2) 

where R

MG  is the retarded Green’s function matrix of the extended molecule and 

)(RL  is the broadening function matrix describing the interaction of the extended 

molecule with the left (right) electrode. More details on the calculation method can be 

found in reference [21,22].  

3. Results and discussion 

In order to determine the atomic details of the contact geometry, we first 

investigate the binding configurations of benzene horizontally adsorbed on the Ag(111) 

surface (the molecule plane is parallel to the surface). As shown in Fig.1, we have 

considered three different binding configurations which are respectively named 

Geometry I, IIA, and IIB. Here I and II indicate the number of Ag adatoms on the 

Ag(111) surface connected to benzene. The Ag adatoms are all located above the fcc 

three-fold hollow site of the Ag(111) surface which is represented by a slab model 

including three (111)-oriented Ag atomic layers with a (4×4) supercell. In Geometry I 

the Ag adatom is attached to benzene in a η
6
-fashion. Then for the Geometry IIA each 

of the two Ag adatoms coordinates a C-C bond in the η
2
-fashion, while in Geometry 

IIB these are respectively attached to one C atom in the η
1
-fashion. The optimized 

C-Ag bond lengths and the corresponding binding energies for these three kinds of 

binding configurations are listed in Table 1. Here, the binding energy Eb is defined as 

Eb=E[benzene]+E[Ag_surface]–E[benzene+Ag_surface]. As we can see, the average 

C-Ag bond lengths range from 2.608 Å to 2.996 Å. Considering that the covalent radii 

of Ag and C are respectively 1.45±0.05 Å and 0.77 Å and that the corresponding van 

der Waals radii are 1.72 Å and 1.70 Å [26], we conclude that the adsorption of 

benzene on the Ag(111) surface through Ag adatoms is in between the covalent and 



  

 

5 

 

the van der Waals interaction. This is also corroborated by the calculated binding 

energies which are about 0.4~0.5 eV. Since the PBE GGA functional always 

underestimates dispersion interactions [27], the actual binding energies are likely to 

be slightly larger than those results reported here. Therefore, we can conclude that 

Ag-benzene-Ag junctions can be formed when one benzene molecule is attached to 

two Ag electrodes through Ag adatoms. For simplicity, we then construct three kinds 

of symmetric Ag-benzene-Ag junction models based on the above binding 

configurations, in which the second electrode is contacted to benzene in exactly the 

same way as the first one. Correspondingly, these junction models are termed as 

Junction I, IIA, and IIB. It should be noted that we have not considered the situation 

where benzene is adsorbed directly on the atomically flat Ag(111) surface since the 

binding energies are rather small [28]. 

    We now move to investigate the electronic transport properties of the three 

Ag-benzene-Ag junctions. We start with Junction I (Fig.2a), in which the benzene 

molecule is connected to the Ag electrodes through one Ag adatom on each side. The 

corresponding equilibrium transmission spectrum is given in Fig. 2b. Since the 

distance between the two Ag adatoms is only 5.3 Å, direct tunneling may also 

contribute to the junction conductance. Therefore, the transmission spectrum of the 

Ag-vacuum-Ag junction without the benzene molecule is also given in Fig. 2b for 

comparison. As we can see, the rather small transmission coefficient of the 

Ag-vacuum-Ag junction in the energy range [-4.0 eV, 1.0 eV] demonstrates that 

benzene indeed plays an important role in the junction conductance. Although we find 

a high transmission plateau below -2.95 eV and two sharp transmission peaks 

centered respectively at -2.73 eV and 1.48 eV, the transmission around the Fermi level 

is not very large. In particular, the transmission coefficient at EF is calculated to be 

0.20. This is in good agreement with the experimental value of 0.24 [10]. 

    A deeper insight into the conductance of Junction I can be obtained by projecting 

the transmission function onto the benzene molecular orbitals (Fig. 2c). This is 

obtained by using our previously developed projection method based on scattering 

states [29,30]. Since the Ag adatoms are connected to benzene in the η
6
-fashion, the 
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local symmetry of benzene is preserved. Thus the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) remain that of 

benzene in the gas phase, namely they are both doubly degenerate. Although the 

LUMO contributes a sharp transmission peak centered at 1.48 eV and the HOMO 

dominates both the sharp transmission peak at -2.73 eV and the large transmission 

plateau below -2.95 eV, they both provide a negligible contribution to the 

transmission around EF (note that all energies are taken with respect to the Fermi level 

of the Ag electrodes). This instead originates from the HOMO-4 and HOMO-14 

benzene states, a quite surprising result, considering that they both lie far below the 

Fermi level. Such a feature is also drastically different from the cases of benzene 

wired to metal electrodes through organic linker groups. For example, the low-bias 

conductance of the Au-diaminobenzene-Au junction is mainly contributed by the 

HOMO of the central molecule [5]. 

Such an interesting conduction mechanism of Junction I must be related with the 

specific geometrical structure. In Fig. 2d we present the local density of states (LDOS) 

of the Ag adatom. Below -2.3 eV, including both the sharp peak at -2.7 eV and the 

broad peak around -3.4 eV, the LDOS is dominated by the Ag 4d atomic shell, with 

the contribution from the Ag 5s atomic orbital increasing as the energy get larger and 

dominating at around EF. When the energy further increases, the Ag 5p contribution 

appears and becomes comparable to that of the 5s atomic orbital in the energy range 

[0.75 eV, 2.0 eV]. Since the Ag 5s shell has spherical symmetry and the -type 

benzene HOMO and LUMO have nodal planes perpendicular to the benzene plane, 

their interaction is symmetry-suppressed. As such both the HOMO and the LUMO 

cannot contribute to the transmission around the Fermi level. In contrast, the 

HOMO-4 and HOMO-14 states have no nodal planes perpendicular to the benzene 

plane. This is because the HOMO-4 state is the lowest occupied -type benzene 

molecular orbital and the HOMO-14 state is a -type orbital constructed by the 

carbon sp
2
-hybrids with the same phase sign (see Fig. 2c). As a result, the HOMO-4 

and HOMO-14 states both interact strongly with the Ag 5s atomic orbital and thus 

dominate the transmission around EF. In the same manner, the doubly degenerate 
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benzene HOMO interacts strongly with the Ag 4d atomic orbitals and dominates the 

sharp transmission peak at -2.73 eV and the high transmission plateau below -2.95 eV. 

It is well known that molecular levels calculated by using local and semi-local exchange 

and correlation functionals (local density approximation, LDA, or GGA) are too high in 

energy due to the self-interaction error [27].
 
This may result in an incorrect alignment of 

molecular levels with the Fermi energy of the electrodes and thus an unphysical large 

transmission at around EF. It is therefore interesting to explore whether or not the calculated 

large transmission coefficient around EF for Junction I is genuine or simply an artifact of the 

self-interaction error contained in the PBE GGA functional. The atomic self-interaction 

correction (ASIC) scheme applied to the non-equilibrium quantum transport problem is used 

to carry out this analysis [31-35,11]. The ASIC corrections are only applied to benzene (C and 

H atoms), but not to Ag as the self-interaction error is small in metals. The empirical scaling 

factor , which is a measure of the deviation of the ASIC potential from the exact SIC one, is 

set to be 0.83. This shifts the benzene HOMO downward in energy to -9.25 eV, which is the 

negative of the experimental ionization potential. The transmission curve, T(E), of Junction I 

calculated with the ASIC method is shown in Fig. 3. As we can see, the overall shape of T(E) 

in the energy range [-2.0 eV, 2.0 eV] follows closely that calculated with PBE, except that the 

transmission peak originating from the benzene LUMO is shifted from 1.48 eV to 0.35 eV. As 

a consequence T(EF) is still as high as 0.19, illustrating the robustness of the high 

transmission of Junction I. Since T(EF) receives contributions mainly from the HOMO-4 and 

HOMO-14 states of benzene, which couple strongly with the conducting states of the silver 

electrodes, it is expected that the self-interaction correction may be small around EF. This is 

the reason for the stability of the large transmission coefficient at EF to the choice of DFT 

functionals. 

Next we investigate the transport properties of Junction IIA in which benzene is 

connected to the Ag electrodes through two Ag adatoms on each side in the η
2
-fashion. 

The optimized atomic structure of Junction IIA and the corresponding equilibrium 

transmission spectrum together with the transmission projected onto the benzene 

molecular orbitals are shown in Fig. 4. This time T(EF) is calculated to be 0.18, i.e., it 

is only 10% smaller than that of Junction I. However, some changes do occur 
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concerning the contributions to the transmission made by the benzene molecular 

orbitals. Due to the presence of two Ag adatoms on each side, the local symmetry of 

benzene is much lowered and the degeneracy of its HOMO and LUMO is lifted. In 

particular, the doubly degenerate LUMO splits into two components: the orbital 

component having a nodal plane passing through two carbon atoms of the ring 

becomes the LUMO+1, while the other one becomes the sole LUMO. The LUMO 

state not only contributes to the transmission peak centered at 0.90 eV, but its tail also 

extends below the Fermi level. Thus, besides the HOMO-4, the LUMO also 

contributes to the transmission at the Fermi level. At variance with the case of 

Junction I, where the Ag adatoms interact equally with the six carbon atoms of 

benzene, the four Ag adatoms in Junction IIA have a much stronger interaction with 

the four carbon atoms bonded to them than with the other two. This is merely due to 

the different spatial proximity. Since the 2p atomic orbitals of these four carbon atoms 

constitute the LUMO with the same phase sign, the LUMO can now couple with the 

4s atomic orbitals of the Ag adatoms and thus contributes to the transmission around 

EF. 

    Finally we would like to investigate the transport properties of Junction IIB, 

where benzene is connected to the Ag electrodes through two Ag adatoms on each 

side but in the η
1
-fashion. The equilibrium transmission spectrum of Junction IIB is 

presented in Fig. 5, together with the transmission projected onto the benzene 

molecular orbitals. The overall shape of the transmission curves of these two junction 

models is almost identical, except that the transmission peaks contributed by the 

benzene LUMO and LUMO+1 are well separated in Junction IIB whereas they are 

merged into a single one for Junction IIA. In Junction IIB T(EF) is still dominated by 

the LUMO and HOMO-4 of benzene. Although the reason for the LUMO of benzene 

contributing to the transmission around the Fermi level is similar for Junctions IIA 

and IIB, in Junction IIB only two carbon atoms in the benzene ring interact strongly 

with the Ag adatoms. Compared with Junctions I and IIA, the transmission coefficient 

at the Fermi level of Junction IIB is decreased a little further and reaches 0.16. 

Certainly, this value is consistent with the measured one.   
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4. Conclusion 

In this work we have investigated the contact geometry and the electronic 

transport properties of Ag-benzene-Ag junctions. Because moderate benzene-silver 

interaction can be achieved only when the benzene molecule is adsorbed on the 

Ag(111) surface through Ag adatoms, three kinds of symmetric Ag-benzene-Ag 

junction models are constructed. For the Ag-benzene-Ag junction where one Ag 

adatom contacts benzene in the η
6
-fashion, T(EF) is calculated to be 0.20, in good 

agreement with the experimental value of 0.24. Since the 4s atomic shell of the Ag 

adatom dominates its LDOS around the Fermi level, the doubly degenerate benzene 

HOMO and LUMO cannot make contributions to the transmission around EF due to 

symmetry mismatch. In contrast, the HOMO-4 and HOMO-14 states, which have no 

nodal planes perpendicular to the benzene plane, interact strongly with the 4s atomic 

orbital and thus dominate T(EF). For the other two Ag-benzene-Ag junctions having 

two Ag adatoms on each side contacting benzene in either η
2
- or η

1
-fashion, the local 

benzene symmetry is much lowered and the degeneracy of the HOMO and LUMO is 

lifted. Besides the HOMO-4, one orbital component of the LUMO, which has no 

nodal plane passing through the carbon atoms in the benzene ring, couples with the 4s 

atomic shell of the Ag adatoms and thus contributes to the transmission around EF. 

The transmission coefficients of these two junction models at the Fermi level are 

calculated to be 0.18 and 0.16, respectively, illustrating that the low-bias conductance 

of the Ag-benzene-Ag junction is not affected significantly by the contact geometry 

even though the details of the contributions to the transmission around the Fermi level 

made by the various molecular orbitals depend somewhat on the contact geometry. 
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Table I The average C-Ag bond lengths and binding energies of the benzene molecule 

adsorbed on the Ag(111) surface through Ag adatoms 

Binding configuration Binding energy (eV) C-Ag bond length (Å) 

Geometry I 0.41  2.996  

Geometry IIA 0.52 2.720 

Geometry IIB 0.52 2.608 

 

Figure captions 

 

Figure 1 The optimized atomic structures of a benzene molecule adsorbed on the 

Ag(111) surface through one or two Ag adatoms. From left to right: Geometry I, IIA 

and IIB  

 

Figure 2 (a) The optimized atomic structure of Junction I; (b) the equilibrium 

transmission spectrum (solid blue line) of Junction I, and the equilibrium transmission 

spectrum (dash red line) of the Ag-vacuum-Ag junction without benzene is also given 

for comparison; (c) the transmission projected onto molecular orbitals of benzene and 

the HOMO-4 and HOMO-14 states of benzene (the positions of the Ag adatoms are 

also shown); (d) the LDOS of the Ag adatom in Junction I   

 

Figure 3 The equilibrium transmission spectrum of Junction I calculated with the 

ASIC scheme, the transmission spectrum calculated with the PBE GGA functional is 

also given for comparison 

 

Figure 4 (a) The optimized atomic structure of Junction IIA; (b) the equilibrium 

transmission spectrum of Junction IIA together with the transmission projected onto 

molecular orbitals of benzene, and the HOMO-4 and LUMO states of benzene (the 

positions of the Ag adatoms are also shown) 

 

Figure 5 The equilibrium transmission spectrum of Junction IIB together with the 

transmission projected onto molecular orbitals of benzene, and the HOMO-4 and 

LUMO states of benzene (the positions of the Ag adatoms are also shown) 
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*Graphical Abstract (pictogram)

http://ees.elsevier.com/chemphys/download.aspx?id=169916&guid=2436dffa-a8de-4593-9e31-8c6593e0bc05&scheme=1


  

Fixed conductance value can be achieved for Ag-benzene-Ag junctions with different 

contact geometries. 

*Graphical Abstract (synopsis)



  

> We simulate Ag-benzene-Ag junctions with different contact geometries. > Moderate 

benzene-Ag interactions can be realized for adsorptions through Ag adatoms. > 

Molecular orbitals dominating the low-bias conductance match the contact symmetry. > 

Three contact geometries deliver similar conductance consistent with experiments. 
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