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 Electron Transport Through Molecular Junctions 

Why molecular electronics? 

1) Fundamental science:  Explore properties of materials at molecular scale 
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4 Molecular Electronics: An Introduction to Theory and Experiment
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Fig. 1.1 Molecular electronics: An interdisciplinary field.

molecular circuits are of the order of nanometers (or even less) and there-
fore, molecular electronics should be viewed as a subfield of nanoscience
or nanotechnology in which traditional disciplines like physics, chemistry,
material science, electrical engineering and biology play a fundamental role
(see Fig. 1.1). Molecular electronics, in the sense of a potential technology,
is based on the bottom-up approach where the idea is to assemble elemen-
tary pieces to form more complex structures, as opposed to the top-down
approach where the idea is to shrink macroscopic systems and components.
Molecular electronics has emerged from the constant quest for new tech-
nologies that could complement the silicon-based electronics, which in the
meantime it has become a true nanotechnology. It seems very unlikely
that molecular electronics will ever replace the silicon-based electronics,
but there are good reasons to believe that it can complement it by provid-
ing, for instance, novel functionalities out of the scope of traditional solid
state devices. More importantly, molecular electronics has become in recent
years a true field of science where many basic questions and quantum phe-
nomena are being investigated. In this sense, the importance of molecular
electronics is unquestionable and we are convinced that different traditional
disciplines will benefit from advances in this new field.

In the rest of this introductory chapter, we shall first try to answer the
questions of why it is worth pursuing molecular electronics research and
why it is interesting to work in a field like this. Then, in section 1.2 we
shall briefly review the complex history of this field to set the stage for
this book. Finally, in section 1.3 we shall clearly define the scope of this

2) Technological applications:  Offer advantages over silicon-based technology
•  Size ê
•  Speed é
•  Assembly & recognition
•  New functionalities

Figure from ref. [1]



 Problems in Existing Transport Calculations 
Discrepancies between calculations and experimental data:  
•  good qualitative agreement 
•  but overestimation !

Evidence:
•  M. Di Ventra, S.T. Pantelides & N.D. Lang, Phys. Rev. Lett. 84, 979-982 (2000).
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FIG. 1. Contour plot of the electron density of the molecule
described in the text. The dots represent the positions of the
atoms. The lines represent the position of the model metal
surfaces.

assume that the molecule stands perpendicular to the metal
surfaces. The molecule has p bonding and p! antibonding
orbitals formed by the carbon and sulfur p orbitals perpen-
dicular to the ring plane and s bonds due to the in-plane
orbitals of the atoms.
We computed the I-V characteristic using the method

developed in Ref. [12]. The electron density of the jel-
lium electrodes is taken equal to the value for metallic
gold !rs " 3#. The electron wave functions are computed
by solving the Lippman-Schwinger equation iteratively to
self-consistency in steady state. Exchange and correlation
are included in the density-functional formalism within the
local-density approximation [13]. All atomic positions are
kept fixed at their equilibrium values in the free molecule.
The current is computed from the wave functions of the
electrode-molecule system. The differential conductance
is then calculated as the derivative of the current with re-
spect to the external bias. Small variations in the atomic
positions (of the order of 0.1 Å) change the current by less
than 1%.
The calculated I-V characteristic is shown in the bottom

panel of Fig. 2. The experimental curve is also shown
for comparison in Fig. 2. It is clear that the shapes of
the two curves are similar, but the absolute magnitude of
the current and conductance is quite different. We will
first discuss the origins of the shape and then address the
question of absolute values.
We focus on three distinct regions in the calculated con-

ductance curve: the initial rise (from zero bias to about
1 V), the first peak at 2.4 V, and the second peak at 4.4 V.

FIG. 2. Top: Experimental I-V characteristic of a benzene-
1,4-dithiolate molecule measured by Reed et al. [1]. Bottom:
Conductance of the molecule of Fig. 1 as a function of the
external bias applied to the metallic contacts.

In Fig. 3 we show the calculated density of states of the
molecule for three different voltages, namely, 0.01, 2.4,
and 4.4 V (the density of states shown is the difference
between that of the molecule-electrode system and that of
the electrodes without the molecule). The zero of energy
is the left Fermi level so that the right Fermi level is equal
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FIG. 3. Difference between the density of states of the two
semi-infinite electrodes with and without the benzene-1,4-
dithiolate molecule in between, for three different voltages. The
left Fermi level (EFL) has been chosen as the zero of energy.
The labels EFR correspond to the energy position of the right
Fermi levels. The three curves correspond to the bias voltages
indicated.
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the gold quantum wire itself and Figure 1b shows steps caused
by molecules in the gap. The molecules are relatively stiffer
than the gold nanowires[20] so they remain in place as the gold
is extended on each side of the molecule. During this time, the
gap conductance remains relatively constant (because it is
dominated by the molecule) causing a plateau in a plot of con-
ductance versus time. Integer number of molecules may
bridge the gap, resulting in a series of plateaus. These are seen
as peaks in a histogram of the measured currents (Fig. 1c).
The single-molecule conductance determined here (ca. 13 nS)
is somewhat smaller than that reported by Xu and Tao[18]

(ca. 19 nS) owing to the problems in calibrating the logarith-
mic amplifier over a wide range of currents (the value report-
ed by Xu and Tao has been replicated with a linear converter,

though not the high current plateaus
because the gold saturates the am-
plifier in this arrangement). This
method yields the commonly ac-
cepted value for b, and the mea-
sured conductance values are close
to the calculated values for alkane-
dithiols[18] There is still, however,
uncertainty about the contact geom-
etry.

3. Calculated versus
Observed Results

In the interest of uniformity, we
have chosen a set of calculations
reported by Sankey’s group to com-
pare with appropriate measure-
ments. Sankey uses the Landauer
approach of Equations 1–4 below,
within a DFT context. There are
some special features of his ap-
proach: it builds a periodic lattice of
slabs and molecular layers, it uses
the zero-voltage electronic structure
without modification from the effect
of higher bias, and it uses a basis of
confined pseudo-atomic orbitals. It
also assumes that the voltage drop is
symmetric—that is, if an energy eU
is dropped across the molecule, the

assumption is that the left electrode and right electrode go up
and down in chemical potential by eU/2, respectively.

Other DFT-based electronic structure calculations differ in
detail,[21,22] particularly in the assumed geometry, in the band
alignment approach, and in the basis set. Nevertheless, most
of the calculations are semiquantitatively in agreement with
Sankey’s, so we adopted this set for our discussion here.

Published results for several molecules obtained by two la-
boratories are summarized in Table 1. These are molecules
for which first-principles DFT calculations have been carried
out by the Sankey group, and calculated values of the low-bias
conductance are listed alongside the experimental values.
Different theoretical approaches are compared in the next
section.

The first thing to notice is that in the context of historical
disagreements of five orders of magnitude or more, the gener-
al agreement between theory and experiment is remarkably
good. Entries 9 and 10 are for a photochromic molecule that
was optically switched between open and closed states in the
same series of experiments.[23] The absolute measured conduc-
tances of the two forms are about twice the calculated values.
The measured closed/open conductance ratio is 131:1 while
the theoretical ratio is 178:1, a remarkable degree of agree-
ment. In general, the agreement between theory and experi-
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Table 1. Comparison of measured and calculated conductances (G) for three alkanedithiols (1, 2, 3;
measurement;[18] theory[15]), 1,4-phenyldithiol (4) (measurement;[60] theory[15]), four carotenoid poly-
enes,[61] an optically switched photochromic molecule in open (9) and closed (10) forms,[23] oligo(phen-
ylene ethynylene) (11) (measurement;[62] theory[15]), and an oligoaniline (12) (measurement;[56] theory—
O. F. Sankey, personal communication). All experimental data were obtained with the break junction
method of Xu and Tao[18] and all calculations used the DFTapproach of Tomfohr and Sankey.[15]

Molecule
G (measured)

[nS]
G (theoretical)

[nS] Ratio

1 SH
HS

95 ± 6 185 0.51

2 SH
HS

19.6 ± 2 25 0.78

3
HS

SH 1.6 ± 0.1 3.4 0.47

4
SHHS

833 ± 90 47 000 0.02

5 2.6 ± 0.05 7.9 0.33

6 0.96 ± 0.07 2.6 0.36

7 0.28 ± 0.02 0.88 0.31

8 0.11 ± 07 0.3 0.36

9 1.9 ± 3 0.8 2.4

10 250 ± 50 143 1.74

11 ∼13 190 0.07

12
H
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O O
0.32 ± 0.03 0.043 7.4

Table 2. Comparison of calculated low-bias conductance for 1,4-phenyl-
dithiol connected to gold electrodes.

Low bias conductance [lS] Method Reference

1 DFT-Jellium [63]
5 Bias-dependent DFT [64]

35 TransSIESTA [13]
47 DFT + bulk states [15]
5.5 NEGF [65]



 Problems in Existing Transport Calculations 
Discrepancies between calculations and experimental data:  
•  good qualitative agreement 
•  but overestimation !

Evidence:
•  M. Di Ventra, S.T. Pantelides & N.D. Lang, Phys. Rev. Lett. 84, 979-982 (2000).

•  S.M. Lindsay & M.A. Ratner, Adv. Mat. 19, 23-31 (2007).



 Problems in Existing Transport Calculations 
Discrepancies between calculations and experimental data:  
•  good qualitative agreement 
•  but overestimation !

Evidence:
•  M. Di Ventra, S.T. Pantelides & N.D. Lang, Phys. Rev. Lett. 84, 979-982 (2000).

•  S.M. Lindsay & M.A. Ratner, Adv. Mat. 19, 23-31 (2007).

•  A. Nitzan & M.A. Ratner, Science 300, 1384-1389 (2003).
•  C. Herrmann, G.C. Solomon, J.E. Subotnik, V. Mujica & M.A. Ratner, J. Chem. Phys. 132, 024103 (2010).

•  N. Di Ventra, N.D. Lang & S.T. Pantelides, Chem. Phys 281, 189-198 (2002).  

•  K. Stokbro, J. Taylor, M. Brandbyge, J.-L. Mozos & P. Ordejon, Comp. Mat. Sci. 27, 151-160 (2003)

•  S.H. Ke, H.U. Baranger & W. Yang, J. Chem. Phys. 127, 144107 (2007).

•  C. Herrmann, G.C. Solomon, J.E. Subotnik, V. Mujica & M.A. Ratner, J. Chem. Phys. 132, 024103 (2010).



 Problems in Existing Transport Calculations 
Discrepancies between calculations and experimental data:  
•  good qualitative agreement 
•  but overestimation !

Evidence:
•  M. Di Ventra, S.T. Pantelides & N.D. Lang, Phys. Rev. Lett. 84, 979-982 (2000).

•  S.M. Lindsay & M.A. Ratner, Adv. Mat. 19, 23-31 (2007).

•  A. Nitzan & M.A. Ratner, Science 300, 1384-1389 (2003).
•  C. Herrmann, G.C. Solomon, J.E. Subotnik, V. Mujica & M.A. Ratner, J. Chem. Phys. 132, 024103 (2010).

•  N. Di Ventra, N.D. Lang & S.T. Pantelides, Chem. Phys 281, 189-198 (2002).  

•  K. Stokbro, J. Taylor, M. Brandbyge, J.-L. Mozos & P. Ordejon, Comp. Mat. Sci. 27, 151-160 (2003)

•  S.H. Ke, H.U. Baranger & W. Yang, J. Chem. Phys. 127, 144107 (2007).

•  C. Herrmann, G.C. Solomon, J.E. Subotnik, V. Mujica & M.A. Ratner, J. Chem. Phys. 132, 024103 (2010).

Speculations: - experimental limitations
                        - inadequate treatment of electron correlation
                        - numerical artifacts  



 Ghost Transmission 
•  Key quantity in electron transport is the transmission function T(E). 

•  Herrmann and colleagues2 carried out two types of transport calculations: 

 “full” calculation
the LDOS of the 6s band as calculated for gold.84 Our imple-
mentation is based on a finite-cluster approach, i.e., the mol-
ecule is attached to two finite clusters of metal atoms on each
side !see Fig. 1", and no periodic boundary conditions are
enforced.

For all calculations reported here, we use approach C in
Fig. 1 with Au9 clusters mimicking the coupling to a Au!111"
surface according to Eq. !4", and with the Green’s functions
of the bulk electrodes described by Eq. !6" !see Appendix C
for details".

Testing the basis set limit using more sophisticated de-
scriptions of the transport—for example, the gold cluster
sizes of up to 500 atoms as used in Ref. 50—would make
such a study almost prohibitive within the computational re-
sources available today. It may be anticipated, however, that
the main basis set effects can be observed regardless of
which model is used to describe the open-boundary condi-
tions of a molecular junction, which is why we focus on a
simple implementation of the WBL approximation in this
work.

The only quantities needed from an electronic structure
code are therefore the overlap matrix S and the one-particle
Hamiltonian matrix !i.e., the Fock matrix" H for a molecule
coupled to a finite number of electrode atoms on two sides.
Since our focus is on the molecule, the central region of our
setup contains either the molecule only or the molecule and a
few electrode atoms. This causes problems with the band
lineup,50 but may be considered an acceptable trade-off for
having the transmission properties of the molecule filtered
out. The coupling matrices VR,L in Eq. !4" are the elements of
the Fock matrix in the central region-electrode blocks. Fur-
thermore, the open nature of the system and the effect of any
bias voltage are not taken into account in the electronic
structure calculations, i.e., the density matrix in the self-
consistent field !SCF" algorithm is calculated, as usual in
electronic structure theory of closed systems, from the MO
coefficients, and not from the central subsystem block of the
lesser Green’s function as often done for open systems.48,49,75

This allows a transport code to be constructed as a postpro-
cessing tool for electronic structure calculations. That is, our
transport calculations consist of two steps: !1" electronic
structure calculation and !2" calculation of transmission
function and, if desired, current and conductance.

C. Ghost transmission

In this work, two types of transport calculations are car-
ried out, denoted as “full” and “ghost.” A full transport cal-
culation corresponds to the regular approach described
above, where a molecule is put between two metal clusters
and the transmission !and current" are subsequently calcu-
lated. In a ghost transport calculation, the same metal-
molecule-metal junction is considered, but all atomic nuclei
and electrons associated with atoms in the central region are
removed in the electronic structure calculation, so that all
that remains are the basis functions centered on these atoms
!see Fig. 2".

This corresponds to the ghost basis employed in the
counterpoise correction scheme for the basis set superposi-

tion error.85 It should be noted that depending on the number
of atoms in the electrode, these ghost transmission calcula-
tions may have to be carried out in a different spin state from
the full ones—for example, when employing Au9 clusters as
done here, the full calculations were carried out with no un-
paired electrons, while the ghost transmission was calculated
having two unpaired electrons !one on each gold cluster".
For the remainder of this paper, the ghost transmission
curves will always be reported for spin up electrons, because
only minor differences were obtained for the spin down elec-
trons. Convergence of the SCF algorithm has been found to
be difficult in some cases, but the resulting ghost transmis-
sion curves were not affected to any significant extent by
convergence issues.

As detailed below, we will show that the transmission
curves of transport calculations using large atom-centered
basis sets may be interpreted approximately as the sum of a
molecular transmission and the ghost transmission. We there-
fore consider the ghost transmission as significant when it is
large enough that when subtracted from the full transmission,
the shape of the transmission curve changes substantively.

III. GHOST TRANSMISSION IN ALKANE
AND SILANE JUNCTIONS

A striking example of the ghost transmission problem is
the comparison of transport calculations for octanedithiolate
in two different conformations, one with all carbon centers in
an anti conformation, and one with two of them in a syn
conformation to form a local U-shaped structure !see left
panel of Fig. 3".

Whereas a calculation using the double-zeta quality ba-
sis set LANL2DZ gives the qualitative prediction that the
transmission function of the all-anti conformation is higher
than the syn one at all energies considered, the transmission
is predicted to be about the same for both conformations
when employing the triple-zeta basis set with polarization
functions TZVP for all energies above !5.5 eV, a range
which encompasses all common choices for the Fermi en-
ergy within a KS-DFT approach.

When calculating the transmission using the ghost basis
setup described in Sec. II C, significant values can be ob-
tained, despite the fact that no molecule is present in the
junction. The ghost transmission is nearly constant over the
energy range considered, and it is about the same for both
conformations. The similarity in the transmission curves ob-
tained from the full and the ghost basis TZVP calculations

full ghost

FIG. 2. Schematic illustration of the ghost basis setup for a model junction
consisting of a Au–H–H–H–H–Au chain, where the central region is defined
as the four H atoms. While a full calculation !left" contains both the basis
functions !for simplicity, only one p function per atom is shown, denoted by
the blue lobes" and the atomic nuclei with all electrons associated with the
neutral atoms !denoted by golden and red circles", the ghost calculation
!right" has the atomic nuclei and the electrons removed in the central region.

024103-4 Herrmann et al. J. Chem. Phys. 132, 024103 !2010"
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 “ghost” calculation
the LDOS of the 6s band as calculated for gold.84 Our imple-
mentation is based on a finite-cluster approach, i.e., the mol-
ecule is attached to two finite clusters of metal atoms on each
side !see Fig. 1", and no periodic boundary conditions are
enforced.

For all calculations reported here, we use approach C in
Fig. 1 with Au9 clusters mimicking the coupling to a Au!111"
surface according to Eq. !4", and with the Green’s functions
of the bulk electrodes described by Eq. !6" !see Appendix C
for details".

Testing the basis set limit using more sophisticated de-
scriptions of the transport—for example, the gold cluster
sizes of up to 500 atoms as used in Ref. 50—would make
such a study almost prohibitive within the computational re-
sources available today. It may be anticipated, however, that
the main basis set effects can be observed regardless of
which model is used to describe the open-boundary condi-
tions of a molecular junction, which is why we focus on a
simple implementation of the WBL approximation in this
work.

The only quantities needed from an electronic structure
code are therefore the overlap matrix S and the one-particle
Hamiltonian matrix !i.e., the Fock matrix" H for a molecule
coupled to a finite number of electrode atoms on two sides.
Since our focus is on the molecule, the central region of our
setup contains either the molecule only or the molecule and a
few electrode atoms. This causes problems with the band
lineup,50 but may be considered an acceptable trade-off for
having the transmission properties of the molecule filtered
out. The coupling matrices VR,L in Eq. !4" are the elements of
the Fock matrix in the central region-electrode blocks. Fur-
thermore, the open nature of the system and the effect of any
bias voltage are not taken into account in the electronic
structure calculations, i.e., the density matrix in the self-
consistent field !SCF" algorithm is calculated, as usual in
electronic structure theory of closed systems, from the MO
coefficients, and not from the central subsystem block of the
lesser Green’s function as often done for open systems.48,49,75

This allows a transport code to be constructed as a postpro-
cessing tool for electronic structure calculations. That is, our
transport calculations consist of two steps: !1" electronic
structure calculation and !2" calculation of transmission
function and, if desired, current and conductance.

C. Ghost transmission

In this work, two types of transport calculations are car-
ried out, denoted as “full” and “ghost.” A full transport cal-
culation corresponds to the regular approach described
above, where a molecule is put between two metal clusters
and the transmission !and current" are subsequently calcu-
lated. In a ghost transport calculation, the same metal-
molecule-metal junction is considered, but all atomic nuclei
and electrons associated with atoms in the central region are
removed in the electronic structure calculation, so that all
that remains are the basis functions centered on these atoms
!see Fig. 2".

This corresponds to the ghost basis employed in the
counterpoise correction scheme for the basis set superposi-

tion error.85 It should be noted that depending on the number
of atoms in the electrode, these ghost transmission calcula-
tions may have to be carried out in a different spin state from
the full ones—for example, when employing Au9 clusters as
done here, the full calculations were carried out with no un-
paired electrons, while the ghost transmission was calculated
having two unpaired electrons !one on each gold cluster".
For the remainder of this paper, the ghost transmission
curves will always be reported for spin up electrons, because
only minor differences were obtained for the spin down elec-
trons. Convergence of the SCF algorithm has been found to
be difficult in some cases, but the resulting ghost transmis-
sion curves were not affected to any significant extent by
convergence issues.

As detailed below, we will show that the transmission
curves of transport calculations using large atom-centered
basis sets may be interpreted approximately as the sum of a
molecular transmission and the ghost transmission. We there-
fore consider the ghost transmission as significant when it is
large enough that when subtracted from the full transmission,
the shape of the transmission curve changes substantively.

III. GHOST TRANSMISSION IN ALKANE
AND SILANE JUNCTIONS

A striking example of the ghost transmission problem is
the comparison of transport calculations for octanedithiolate
in two different conformations, one with all carbon centers in
an anti conformation, and one with two of them in a syn
conformation to form a local U-shaped structure !see left
panel of Fig. 3".

Whereas a calculation using the double-zeta quality ba-
sis set LANL2DZ gives the qualitative prediction that the
transmission function of the all-anti conformation is higher
than the syn one at all energies considered, the transmission
is predicted to be about the same for both conformations
when employing the triple-zeta basis set with polarization
functions TZVP for all energies above !5.5 eV, a range
which encompasses all common choices for the Fermi en-
ergy within a KS-DFT approach.

When calculating the transmission using the ghost basis
setup described in Sec. II C, significant values can be ob-
tained, despite the fact that no molecule is present in the
junction. The ghost transmission is nearly constant over the
energy range considered, and it is about the same for both
conformations. The similarity in the transmission curves ob-
tained from the full and the ghost basis TZVP calculations

full ghost

FIG. 2. Schematic illustration of the ghost basis setup for a model junction
consisting of a Au–H–H–H–H–Au chain, where the central region is defined
as the four H atoms. While a full calculation !left" contains both the basis
functions !for simplicity, only one p function per atom is shown, denoted by
the blue lobes" and the atomic nuclei with all electrons associated with the
neutral atoms !denoted by golden and red circles", the ghost calculation
!right" has the atomic nuclei and the electrons removed in the central region.
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•  They saw artificially high transmission (named ghost transmission) in the ghost 
system.

Ghost	transmission!	

Ghost	transmission!	

Figure (ref.[2]): Transmission for octasilane-dithiolate chain



 Electron Transport Calculations 

The standard approach to first-principles calculations consists of two steps:

Electronic Structure 
Calculation 


Calculation of 
Transmission Function   


•  Density-functional theory (DFT)
•  Output needed are 
      - Hamiltonian matrix H 
      - Overlap matrix S 

•  Landauer-Büttiker theory and    
non-equilibrium Green’s function 
(NEGF) technique

based on a set of local orthogonal basis functions, employing
Keldysh’s perturbation theory for nonequilibrium systems
!i.e., a NEGF approach".64–66 It was obviously desirable to
combine this transport formalism and the experience gained
with molecular electronic structure calculations using nonor-
thogonal atom-centered Gaussian- or Slater-type basis sets,67

and such implementations have become available in the past
decade.49,50,68–78 For an approach to calculating ET matrix
elements in a nonorthogonal basis, see Ref. 79. Since the
derivations of the equations to be implemented have been
discussed extensively in the literature references cited above,
they shall only be briefly summarized here.

A. The Landauer approach in a nonorthogonal basis

The current Is of electrons of spin s !s! #! ,"$" through
the molecular junction at a given bias voltage V is calculated
as

Is!V" =
e

h
%

−#

#

dETs!E,V"&f!E − EF,s
L " − f!E − EF,s

R "' , !1"

where the transmission function Ts for electrons of energy E
is given as

Ts!E,V" = tr!!R,sGC,s!L,sGC,s
† " , !2"

and f denotes the Fermi function. The appropriate definition
of the Fermi energy EF,s

X for electrons of spin s in electrode X
is an issue under discussion in the literature !“band lineup
problem”80". One possible answer might be that if a molecule
is attached to sufficiently large finite metal clusters !such as
the about 500 atoms discussed in Ref. 50; compare also Ref.
81", the Fermi energy of the electrodes can be estimated as
the energy halfway between the highest-energy occupied mo-
lecular orbital !HOMO" and the lowest-energy unoccupied
molecular orbital !LUMO" of the metal cluster.50 Another
approach is to solve the Poisson equation for the entire sys-
tem; this gives EF,s

X directly.82

The coupling matrices for the left and the right elec-
trodes, !X,s!X! #R ,L$", are calculated from the imaginary
parts of the corresponding self-energies "X,s,

!X,s = i!"X,s − "X,s
† " = − 2 Im!"X,s" , !3"

which in turn may be obtained as

"X,s = !ESXC − VX,s"†gX,s!ESXC − VX,s" , !4"

where gX,s is the retarded Green’s function of the isolated
electrode X &see Eq. !6" below for details'. SX and VX are the
overlap matrix and the one-particle Hamiltonian !or Fock"
matrix involving electrode X and central system basis func-
tions !see Fig. 1".

The central subblock of the retarded Green’s function is
calculated as

Gs,C = !ESC − HC − "R − "L"−1, !5"

where SC and HC are the central subblocks of the overlap
and one-particle Hamiltonian matrices.

B. Details of the implementation

After neglecting effects such as molecular vibrations and
external fields, electron transport through a molecular bridge
is determined by three factors: the geometric and electronic
structure of the molecule, the geometric and electronic struc-
ture of the electrodes, and the coupling between electrodes
and molecule. The goal of our approach is to describe the
contribution the molecule makes to the transport properties,
irrespective of the measurement environment. That is, to
identify and compare the transport properties of different
molecules regardless of the electrode material, the details of
their binding to the electrodes, and the question of whether
they are investigated in a transport junction, in a scanning
tunneling microscope !STM" setup, or an ET experiment.
Among the many ways to carry out such comparative stud-
ies, we choose one that gives a reasonably good description
of a very popular way of measuring transport properties, a
molecular junction employing gold electrodes.

The Green’s functions of the electrodes are calculated in
the WBL approximation,83

!gX"ij = − i · $ · LDOSconst · %ij , !6"

assuming a local density of states !LDOS" which is indepen-
dent of the energy, and which in our case is chosen equal to

C’

C

WBL approximation
or

bulk calculation
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L
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R
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FIG. 1. !a" Partitioning of the full electrode-molecule-electrode system as employed in a finite cluster approach. Two alternative definitions of the central
system are shown, one that only comprises the molecule !C", and one that comprises the molecule and several electrode atoms !C!". !b" Definition of the
central subsystem Hamiltonian and the coupling matrices as submatrices of the full one-particle Hamiltonian.
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ΓL/R(E) = i[ΣL/R(E)−Σ
†
L/R(E)]

G(E) = [EI−HC −ΣL(E)−ΣR(E)]−1

T (E) = Tr
[

ΓL(E)G(E)ΓR(E)G(E)†
]

Figure from ref. [3]



 Projectors: Conventional vs. Proposed 

•  Use projectors         to divide the system

•  Choice of projectors is important!

114104-2 M. G. Reuter and R. J. Harrison J. Chem. Phys. 139, 114104 (2013)

representations in the usual transport formalisms. Herein we
discuss the conventional, matrix-based derivation of transport
theories (using the prevailing choice of projectors), expose
these problems, and present corrected, operator-based theo-
ries. Finally, we numerically demonstrate the qualitative im-
portance of choosing projectors with a simple example.

Before proceeding, we elaborate on the relationship be-
tween an operator and its matrix representation29, 30 since this
distinction is critical in what follows. Note that operators
and matrices are denoted by hats and boldface type, respec-
tively. Consider some (complete) basis set {|ϕj⟩} with over-
lap matrix Sj,k = ⟨ϕj |ϕk⟩ and arbitrary operators Â and B̂.
The matrix representation of Â, for example, in the basis set
is Aj,k = ⟨ϕj |Â|ϕk⟩ such that

Â =
∑

j,k

|ϕj ⟩(S−1AS−1)j,k ⟨ϕk| (1)

resolves the operator in the basis set.30 It is then straightfor-
ward to show that ÂB̂ has representation AS−1B and that
Tr[Â] translates to Tr[S−1A]. Succinctly, an operator is not
generally interchangeable with its matrix representation.29, 30

II. CONVENTIONAL ELECTRON TRANSPORT
THEORIES

Turning to electron transport theories, the first step is to
choose a complete set of projectors, {N̂j }, to divide the sys-
tem into more manageable pieces. There are usually three par-
titions: the left (an electrode), the center (perhaps a molecu-
lar wire), and the right (the other electrode). Figure 1 illus-
trates this division. Although the left and right regions are
still too large for direct consideration, classic results from sur-
face physics provide all of the information we need, in prac-
tice. Conversely, the center region should be more reasonably
sized, and is the focus of the transport formalisms. Moving
forward, our key assumption will be that the center is suffi-
ciently large to decouple the left and right; that is, an electron
must go through the center when traversing the junction.

The current flowing from the left partition to the right
(through the center) can then be written as

I (t) = 1
2

(
e

d
dt

〈
N̂L(t)

〉
− e

d
dt

〈
N̂R(t)

〉)
, (2)

where “L,” “C,” and “R” subscripts refer to the three parti-
tions. The factor of 1/2 prevents double counting electrons as
they leave one side and enter the other and the expectation
values are taken with respect to the system’s equilibrium state
(t → −∞).5, 8 Looking explicitly at the term for the left region

Left Center Right

X

FIG. 1. Illustration of a system partitioning scheme. The total system is di-
vided into three regions: the left, center, and right, with the left and right only
coupled via the center.

(the right is similar),31

IL(t) ≡ e
d
dt

〈
N̂L(t)

〉
= ie

¯
〈[
Ĥ, N̂L

]
(t)

〉
, (3)

where Ĥ is the Hamiltonian. It should be evident that the pro-
jectors are the primary quantum mechanical observables un-
derlying the transport formalisms.

Following convention, we now specify our projectors to
continue the derivation. Most first-principles transport codes
employ localized basis functions (including Gaussian- or
Slater-type orbitals, wavelets, and Wannier functions), and the
regions are constructed by assigning each basis function to
one of the partitions. For example, each atom may be assigned
to a region along with every Gaussian basis function centered
on that atom. In these cases, the left projector (likewise for
N̂C and N̂R) is28, 30, 32

N̂L =
∑

j∈L

∑

k

|ϕj ⟩(S−1)j,k ⟨ϕk| , (4)

where “j ∈ L” denotes all basis functions assigned to the left
partition. This is essentially the same projector used in Mul-
liken population analyses. It is easy to verify that N̂L projects
into the left partition when acting on an operator (ket) from
the left side; that is, N̂ 2

L = N̂L and N̂L |χ⟩ ∈ spanj∈L{|ϕj ⟩}
for all |χ⟩. Interestingly, N̂ †

L is the corresponding projector
when acting on an operator (bra) from the right side.

Returning to the derivation, we evaluate the commutator
in Eq. (3) after translating the operators to their matrix repre-
sentations. With our choice of left, center, and right regions
[the projectors in Eq. (4)], the Hamiltonian and overlap ma-
trices become block tridiagonal; for example,

H =

⎡

⎣
HLL HLC 0
HCL HCC HCR

0 HRC HRR

⎤

⎦ .

That the top-right and bottom-left blocks of these matrices
are (numerically) 0 enforces the condition that the left and
right partitions are decoupled. This can always be achieved
by making the center region sufficiently large.

Exploiting matrix sparsity, it seems intuitive that the
commutator in Eq. (3) would filter out HLC and HCL. How-
ever, as detailed in Ref. 30, our choice of partitions com-
plicates this process since it generally produces oblique
(nonorthogonal) projectors. Mathematically, oblique projec-
tors are not Hermitian and signify that the subspaces are not
orthogonal to their complements. Consequently, NL is not
block diagonal and the commutator produces extra, undesir-
able terms. Several workarounds to this problem have been
proposed,13, 21, 30, 33, 34 and usually involve changing the basis
set to make NL block diagonal, thus orthogonalizing the pro-
jector. The commutator then successfully filters out HLC and
HCL in this new basis set.

III. PROBLEMS WITH THE CONVENTIONAL
APPROACH

We now stop to expose several errors in the derivation so
far. First, the matrix representations of operators cannot enter
the derivation. Matrices are merely computational tools—they

N̂L N̂C N̂R

N̂j

{ϕj}

•  Uses Mulliken-style projectors, e.g.,

•  Depends on basis functions 
•  Results in non-Hermitian operators 

•  Causes a short circuit4

Conventional transport calculation

•  Uses real-space projectors, e.g.,

•  Does not depend on basis functions 
•  Results in Hermitian operators 

•  Does not cause a short circuit4

Proposed transport calculation

N̂C =

∫
x+

x
−

dx′

∫ +∞

−∞

dy′
∫ +∞

−∞

dz′ |x⃗⟩ δ(x⃗− x⃗′) ⟨x⃗′|

{ϕj}
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1 Equations

I =
2e

h

Z 1

�1
(fL(E)� fR(E))T (E)dE

⌃L/R(E) = (ESL/R,C �VL/R,C)
†gL/R,C(ESL/R,C �VL/R,C)

G =
2e2

h
T (EF) (1)

cNC =
X

j2C

X

k

|'ji (S�1)j,k h'k| (2)

Your introduction goes here! Some examples of commonly used commands and features are
listed below, to help you get started. If you have a question, please use the help menu (“?”) on the
top bar to search for help or ask us a question.

2 Some examples to get started

2.1 How to include Figures
First you have to upload the image file from your computer using the upload link the project menu.
Then use the includegraphics command to include it in your document. Use the figure environment
and the caption command to add a number and a caption to your figure. See the code for Figure
1 in this section for an example.

Figure 1: This frog was uploaded via the project menu.
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 Implementation of Real-Space Projectors 

•  Goal:  develop software that implements real-space projectors 

•  Slymer3 = software package from our research group:
§  Acts as a work-around between the 2 steps
§  Can perform electron transport calculation 
§  Can do electronic band structure calculation
§  Written in C++

Electronic Structure 
Calculation 


Calculation of 
Transmission Function   


Slymer

H, S T(E) 

Transport Calculations with Transport Calculations with 
T SIESTAT SIESTATranSIESTATranSIESTA

Pablo OrdejónPablo Ordejón
Instituto de Ciencia de Materiales de Barcelona Instituto de Ciencia de Materiales de Barcelona -- CSIC, SpainCSIC, Spain, p, p

Slymer



 Details of the Calculations  

•  Create the geometry of molecular 
junction 

•  Choose a basis set and the 
exchange-correlation functional

•  Output quantities: H and S
•  Computational bottleneck -> run 

on a cluster

•  Apply projectors to H and S [Slymer]  
•  Compute self-energies

•  Compute spectral densities

•  Compute Green’s function

•  Compute transmission function

•  Compute current and conductance if 
desired

ΓL/R(E) = i[ΣL/R(E)−Σ
†
L/R(E)]

G(E) = [EI−HC −ΣL(E)−ΣR(E)]−1

T (E) = Tr
[

ΓL(E)G(E)ΓR(E)G(E)†
]

ΣL/R(E) = (ESL/R,C −VL/R,C)
†gL/R,C(ESL/R,C −VL/R,C)

I =
2e

h

∫
∞

−∞

(fL(E)− fR(E))T (E)dE

G =
2e2

h

∑

i

Ti

Electronic Structure 
Calculation 


Calculation of 
Transmission Function   


Slymer

Transport Calculations with Transport Calculations with 
T SIESTAT SIESTATranSIESTATranSIESTA

Pablo OrdejónPablo Ordejón
Instituto de Ciencia de Materiales de Barcelona Instituto de Ciencia de Materiales de Barcelona -- CSIC, SpainCSIC, Spain, p, p

Slymer



 Plans to Validate Slymer 

•  Run calculations for different combinations:

molecule exchange-correlation 
functional

basis set

•  meta-connected benzene
•  para-connected benzene
•  octane-dithiolate
•  anthracene derivatives

•  LDAa

•  PBE0b
•  Double-zetaa

•  Triple-zetab

•  Quadruple-zetab

•  Compare results: conventional calculations vs. proposed calculations

•  Compare our calculations with experiments è  collaboration with
Ø  Venkataraman Group at Columbia University 
Ø  Pierre Darancet in Center for Nanoscale Materials at Argonne 

National Laboratory

Note:		superscripts	a	=	for	prototyping,	b	=	for	produc6on	



 Research Timeline 

Aug		2018	 Sep	 Oct	 Nov	 Dec	 Jan	2019	 Feb	 Mar	 Apr	 May	

Implement 
Mulliken-style and 
real-space  
projectors in 
Slymer 

Run 
electronic 
structure 
jobs  

Speed up code
•  Parallelization
•  Inversion 

algorithm

Validate code
•  Compute transmissions
•  Compare conventional  

with proposed calc.
•  Compare calculations 

with experimental data



 Summary 

•  Electron transport in molecular junctions has attracted much attention for 
fundamental science and technological applications.

•  Conventional transport calculations (Mulliken-style projectors) lead to 
ghost transmission and thus overestimation of transport properties.

•  We propose using real-space projectors to get rid of ghost transmission.

•  Our research group is working on developing a software package named 
Slymer which implements the proposed transport calculations.

•  This implementation will be validated among several molecular junctions.

Figure from ref. [6]
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