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Quantum conductance of 4,4-bipyridine molecular junctions: Role of electrode work function

and local d band
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We present density-functional theory calculations for the geometry and conductance of 4,4-bipyridine (BPD)
nanojunctions with Au and Pt electrodes. The fact that transport takes place via bipyridine’s lowest unoccupied
molecular orbital (LUMO) suggests that the Au-BPD junction should have larger conductance than the Pt-BPD
junction due to the smaller work function of Au as compared to Pt. On the other hand, coupling to the local d
band is stronger in the case of Pt and this broadens the LUMO resonance. We find that these effects largely
outbalance each other leading to conductances of 0.01G, and 0.02G,, for the Au and Pt contacts, respectively
(Gy=2€?/h is the conductance quantum). The effect of coupling to the electrodes is investigated by means of
the group orbital which makes precise the concept of the local band. The construction allows us to explain and

rationalize the first-principles results within a simple single-level model.

DOI: 10.1103/PhysRevB.78.165116

I. INTRODUCTION

Advances in the experimental techniques for manipulating
and contacting individual molecules have made it possible to
study charge transport at the single-molecule scale. Such ex-
periments offer a unique opportunity to test and develop our
understanding of quantum mechanics in open nanoscale sys-
tems, and might potentially pave the road for new technolo-
gies such as molecular electronics devices and high-precision
chemical sensors.'"® Alongside the development of experi-
mental techniques, it has become possible to model the elec-
trical properties of single molecules captured between metal-
lic electrodes using first-principles methods. Due to the lack
of detailed experimental control at the atomic scale, such
calculations represent a fundamental tool for interpreting and
rationalizing experimental data.®~'4

The electrical conductance of bipyridine (BPD) molecules
in a toluene solution dispersed between gold electrodes was
measured in 2003 by Xu and Tao."> The repeated and inde-
pendent ~1000 measurement showed that the conductance
was quantized in units of 0.01G, which was interpreted as
the formation of stable contacts containing one or more mol-
ecules in parallel configurations. Several theoretical calcula-
tions on the gold-bipyridine junctions have been reported,
and they consistently find that transport takes place via the
lowest unoccupied molecular orbital (LUMO) of the bipyri-
dine molecule.'®2! Furthermore, Stadler et al.'® studied the
effect of the local contact geometry of Au-BPD junctions,
and found that the conductance is entirely governed by the
position of the LUMO with respect to the gold Fermi level
which in turn is determined by the coordination number of
the Au atom to which the molecule binds.

Apart from effects related to the local contact geometry,
the electronic structure of the electrode should also influence
the junction properties. First, the electrode work function
determines the distance between the molecule’s energy lev-
els and the metal Fermi level when the molecule is far from
the surface. Secondly, the fact that BPD binds at on-top
metal sites implies that the BPD LUMO orbital (which has 7
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symmetry), will hybridize with the metal d band, suggesting
that the shape and position of the metal d band should influ-
ence the electrical properties of the junction.

In this paper we present density-functional theory (DFT)
calculations for the structure and conductance of molecular
junctions consisting of bipyridine (C;,H,N,) sandwiched be-
tween Au(111) and Pt(111) surfaces. The conductance is
found to be rather similar for the two systems, namely
0.01G, and 0.02G,, for the Au-BPD and Pt-BPD junctions,
respectively. The current is carried exclusively via the BPD
LUMO orbital and the conductance is determined by two
effects: (i) the electrode work function and (ii) the position of
the electrode d band. The position of the LUMO in the Pt
junction is shifted up by 0.4 eV as compared to the LUMO in
the Au junction due to the difference in work function of Au
and Pt. On the other hand, the d band lies higher in energy
for Pt than for Au, leading to stronger hybridization with the
LUMO in the Pt-BPD. This effect broadens the LUMO reso-
nance leading to an increase in conductance which counter-
balances the opposite effect of the work function. A detailed
picture of the effect of coupling to the metal band is obtained
by constructing the group orbital of the LUMO. The group
orbital makes precise the concept of the local band and pro-
vides a complete, quantitative description of the first-
principles transmission function within a one-level junction
model.

The paper is organized as follows. In Sec. II we briefly
review the computational methods used in the current study
and introduce the useful concept of the group orbital within
the single-level Newns-Anderson model. In Sec. III we
present the result for the calculated transport properties of
the Pt-BPD-Pt and Au-BPD-Au junctions. Finally, Sec. IV
contains a summary.

II. METHOD

Structural optimizations of the junction geometries were
performed using the SIESTA DFT code.?? Troullier-Martin®3
norm-conserving pseudopotentials are used to describe the

©2008 The American Physical Society
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FIG. 1. (Color online) Supercell used for the metal-bipyridine-
metal molecular junction.

ions and a double zeta polarized (DZP) basis has been used
in all calculations. Exchange and correlation effects are in-
cluded by the Perdew-Burke-Ernzerhof (PBE) (Ref. 24)
functional. We use a mesh cutoff of 250 Ry for the density
and an energy shift of 0.01 Ry for the basis functions.

The supercell used for the Au-BPD and Pt-BPD junctions
is shown in Fig. 1. The scattering region consists of three and
four atomic planes to the left and right of the molecule, re-
spectively. Each plane contains 3 X3 atoms and periodic
boundary conditions are used in all directions. The metal
atoms were kept fixed in their bulk configuration with lattice
parameters a=3.92 A for Pt and a=4.08 A for Au. The
electrode gap was varied in small steps and the atoms of the
bipyridine molecule were relaxed at each step in order to
determine the optimal electrode separation.

The conductance of the relaxed junctions was calculated
using the nonequilibrium Green’s function formalism with
the electronic structure described by the SIESTA Hamiltonian.
The starting point for the transport calculations is the general
formula for the transmission function?-2

T(e) = Ti{T(e)G(e)T ()G (e)], (1)

where G(g) denotes the retarded Green’s function of the scat-
tering region and I';z(¢) describes the coupling to the left/
right lead. The linear response conductance can then be ob-
tained by multiplying T evaluated at the Fermi level by the
conductance quantum, Gy=2¢?/h. Due to the periodic
boundary conditions in the plane perpendicular to the trans-
port direction the transmission function is sampled over a
4 X 4 Monkhorst-Pack k-point grid in the Brillouin zone of
the transverse plane. This is essential in order to avoid spu-
rious features in the transmission function related to the
quasi-one-dimensional structure of the lead when only a
single k point is used.?’ In particular, we stress that with a
proper k-point sampling, it is sufficient to include 3 X3
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metal atoms in the surface plane to obtain a fully converged
transmission function.”® For more details of the transport
method used here, we refer to Ref. 28.

A. Newns-Anderson model and group orbital

Taking Eq. (1) as a starting point, a simple but physically
appealing model of electronic transport through a single
level can be derived from the Newns-Anderson model? to-
gether with the concept of a group orbital. In the Newns-
Anderson model a single molecular orbital |a) with on-site
energy &, is coupled to left (L) and right (R) semi-infinite

leads via the matrix elements 7,,=(a|H|av), where {|av)}
denotes an orthonormal basis for lead a=L,R. The retarded
Green’s function of the central site is given by

1
e—g,—2(g) - Zp(e) '

where the %, is the self-energy of lead @. The group orbital

G,(e)= (2)

is defined as the orthogonal projection of the state I:I|a> onto
the lead states,

1
EAE V—E ta)av). 3)

Here V,=(,|t,,|?)"? is a normalization constant. The group
orbital for lead « is a weighted sum of lead states with
weights given by the coupling matrix elements ¢,,. In real
space it is therefore expected to be localized at the lead in-
terface, near the contact atom. The group orbital has the key
property that the coupling between the central site and any
orbital in lead « orthogonal to |y,) is zero. The self-energy
then takes a particular simple form,

S0 =Vag (4)

where g(;a is the Green’s function of the group orbital in lead
a in the absence of coupling to the central site. The self-
energies can be split into real and imaginary parts 2 ,(g)
=A,(e)—iA,(g), where the imaginary part is given in terms
of V,, &, and the projected density of states (PDOS) p(;a of
the group orbital;

Ay(e) = V) )

The retarded self-energy in Eq. (4) is analytic in the upper
half of the complex plane, and consequently the real part
A,(e) is related to the imaginary part A,(e) by a Hilbert
transform. The coupling I',, entering Eq. (1) is given by

T, (e) = i[3,(8) - 2(e)]= 24 (e). (6)
For symmetric coupling, A;=Az=A and A;=Az=A. The
PDOS of |a) can now be written as
2 A(e)
mle—e,—2A(e)* +[2A(e) ]

pa(€) = (7

and the transmission function of Eq. (1) takes the simple
form

T(e) = 7T2|VC|2p2(8)pa(8). (8)
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Expression (3) for the group orbital assumes that the lead
basis functions |a@v) are orthogonal. As the atomic orbitals
used by SIESTA are nonorthogonal, we perform a Gram-
Schmidt orthonormalization starting from central orbital |a).
The orthonormalization is conducted in the lead subspaces
only and in practice only a finite number of lead basis func-
tions near the molecule needs to be included. Having ob-
tained the new orthonormal basis Eq. (3) can be applied to
construct the group orbital.

II1. RESULTS

Following the procedure described in Sec. II for relaxing
the metal-BPD-metal junction geometries we found that
BPD preferentially binds at an on-top site of the Pt(111) and
Au(111) surfaces with little variation in the internal geometry
of the molecule as a function of electrode separations. The
minimum energy structure for the Pt junction was found for
an electrode separation of 11.45 A where the following
bond lengths were obtained: dyp=2.19 A, dyc=1.09 A,
den=135 A, and dc.c=1.39 A. By calculating the total en-
ergy of the system for different torsion angles, 6, between the
two pyridine rings, we found that the minimum energy con-
figuration is achieved for #=34° and the energy maximum
occurs for #=90°. In addition the energy has a local maxi-
mum for the planar configuration, #=0°. In units of kzTry
~25 meV, the energies of the extremal configurations are
E34=0.0, Egp>=5.0, and E.=0.4 with very similar values for
the Au junction. The conductance is significantly more sen-
sitive to the torsion angle and follows the law G(6)
=G pay €08%(6) with Gyppe 4, =0.01Gy and Gy, p=0.02G, for
the Au and Pt junctions, respectively. The cosine derives
from the angular dependence of the overlap of the 7 orbitals
on the two pyridine rings as was also found for similar mol-
ecules in previous studies.3%3!

Under room-temperature conditions, the thermal fluctua-
tions of @ will be significant and the pyridine rings will not
have a well-defined relative angle. Since we expect changes
in the torsion angle to have a very similar effect on the Au
and Pt junctions, and because we are mainly interested in
comparing the two systems, we specialize for simplicity to
the planar configuration in what follows.

For the Au-BPD-Au junction, we adopted the molecular
geometry and N-Au bond length from the relaxed Pt junc-
tion. Although the optimal N-Au bond length is slightly
longer than the optimal N-Pt bond length (dy x,=2.35 A)
we use the same molecular geometries for the two systems
for a more consistent comparison. In particular, this ensures
that the observed differences are purely electronic in origin.*?

In Fig. 2 we show the transmission functions for the Au-
BPD and Pt-BPD junctions. The inset of Fig. 2 is a zoom of
the resonances in the region near the Fermi level. Both trans-
mission resonances have Lorentzian-type shapes with almost
identical widths. The Pt-BPD resonance is located 0.4 eV
above the Au-BPD resonance which is consistent with the
fact that the work function of Pt(111) is 0.6 eV larger than
that of Au(111).33 This clearly suggests that the conductance
of the Pt-BPD junction should be lower than the conductance
of the Au-BPD junction. However, the calculated conduc-
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FIG. 2. (Color online) The transmission function for the Au-
bipyridine junction (dashed line) and the Pt-bipyridine junction (full
line). The inset shows a close-up of the region around the Fermi
level. In this region, the transmission function can be completely
accounted for by the LUMO orbital of the bipyridine.

tance of the Pt-BPD contact (0.02G,) is in fact two times
larger than conductance of the Au-BPD contact (0.01G).
From Fig. 2 this is clearly related to the distortion of the
Pt-BPD resonance tail.

In order to investigate what causes the different shapes of
the transmission resonances we start by identifying the mo-
lecular orbitals (MO) involved in the transmission reso-
nances. To this end, we diagonalize the Hamiltonian within
the molecular subspace, i.e., the space spanned by the atomic
orbitals located at the BPD molecule, to obtain a “rotated”
and equivalent basis of MO. We then consider transport
through each of the MO separately by calculating the trans-
mission function using a single MO to describe the BPD
molecule. (We have checked that we reproduce the result of
Fig. 2 when all MO are included in the calculation.) In this
way we find that the transmission function in the relevant
energy window around the Fermi level can be completely
accounted for by the LUMO orbital. The energies for the
uncoupled LUMO orbitals, i.e., the eigenvalues obtained
from diagonalizing the Hamiltonian within the molecular
subspace, are found to be 0.51 eV and 0.19 eV for the Pt-
BPD and Au-BPD junctions, respectively.

In Fig. 3 we show isosurfaces of the LUMO in the Pt-
BPD junction and the corresponding group orbitals con-
structed as described in Sec. II A. As expected the group
orbitals are localized at the molecule-electrode interfaces and
their symmetry follows from the 7 symmetry of the LUMO.

The PDOS of the group orbitals, p(;,, are shown in Fig. 4
(thin red line) for the Pt-BPD and Au-BPD junctions. For
comparison we also show the PDOS for the d orbital of the
contacting metal atom which has the largest weight in the
expansion of the group orbital (black dashed line). From the
similarity of the two densities we infer that for all practical
purposes the group orbital can be replaced by an atomic d
orbital. The group orbital PDOS, or local d band, can be
approximated by a semielliptical band (thick black line) plus
a constant background representing the contributions to the
group orbital from the wide metal s band. The coupling be-
tween the LUMO and the group orbital as well as the (un-
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FIG. 3. (Color online) Isosurfaces of the LUMO (above) and the
corresponding group orbitals (below) for the Pt-BPD junction. The
group orbitals are localized at the molecule-electrode interface, and
their symmetry follows from the 7 symmetry of the LUMO.

coupled) LUMO on-site energy, €,, can be directly obtained
from the DFT calculation. Finally, the Hilbert transform of
the model semielliptical band can be performed to obtain the
full self-energies, X, and the PDOS of the LUMO can be
constructed from Eq. (7). The result, shown by the blue line
in Fig. 4, reproduces the resonances from the full DFT cal-
culation very closely. In particular it is clear that the long tail
of the LUMO resonance in Pt-BPD junction is due to hybrid-
ization with the Pt d band. On the other hand hybridization
effects do not affect the LUMO resonance in the Au-BPD
junction because the filled Au d band lies too far away from
the LUMO.

IV. SUMMARY

With the aim of investigating the role of the electrodes for
transport in molecular junction we have performed DFT cal-
culations for the structure and conductance of 4,4-bipyridine
molecules suspended between Au and Pt surfaces, respec-
tively. Transport takes place via the LUMO orbital and the
conductance is determined by two effects: (i) the metal work
function which determines the position of the (uncoupled)
LUMO with respect to the metal Fermi level, and (ii) the
energetic position of the metal d band which controls the
coupling strength. In the case of Au and Pt the two effects
are significant but largely outbalance each other leading to
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FIG. 4. (Color online) Projected density of states for the group
orbital of the LUMO (full red line) and an atomic d orbital of the
contacting Au atom (black dashed line). Also shown is a semiellip-
tical approximation to the group orbital PDOS (full black line) and
the resulting PDOS of the LUMO (full blue line) as calculated from
Eq. (7) when the semielliptical band is used together with the cou-
pling strength, V, and level position g, extracted from the DFT
calculation. Notice that the distortion of the LUMO resonance tail
in the case of Pt-BPD junction is due to the Pt d band.

rather similar conductances for the two systems. Finally, it
was shown how the so-called group orbital can be con-
structed from the DFT calculation and how it provides a
simple yet quantitative model for the metal-molecule hybrid-
ization.
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