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ABSTRACT: We develop a first-principles approach for
accurate conductance calculations of covalently bound
molecular junctions. Our approach extends the DFT+Σ
method, an approximate GW-based self-energy correction
scheme acting on a tractable molecular subspace (based on a
gas-phase reference of the same dimension) that corrects level
alignment in the junction relative to density functional theory
(DFT). We introduce a new extended gas-phase reference
system, consisting of the molecule and several lead atoms,
whose frontier orbitals maximally project onto the conducting
orbitals of the junction. With this choice of reference, our self-energy correction to the Kohn−Sham Hamiltonian takes into
account mixing of the gas-phase reference orbitals upon the formation of the junction. We apply our generalized DFT+Σ
approach to a series of alkane−chain junctions in which the molecules are covalently bound to the leads via carboxyl terminal
groups. Our results lead to conductance values in quantitative agreement with experiment. We also revisit the well-studied Au−
bipyridine−Au junction and show that we recover the original DFT+Σ approach for relatively weak donor−acceptor molecule−
lead binding.

■ INTRODUCTION
Molecular junctions, individual molecules connected to
macroscopic electrodes, are a unique means of probing
charge-transport processes on the nanoscale.1,2 Extensive
prior research on such junctions includes both experimental2−7

and theoretical1,8−10 work. Experimental approaches allow the
measurement of individual molecules in junctions under a
variety of nonequilibrium conditions,11−13 in a variety of
environments,14,15 and with a variety of electrode−molecule
interfacial bonding chemistries.16−19 Because there is no means
yet of visualizing junction structure on the atomic scale in
operando, accurate ab initio calculations are essential in
interpreting and driving experiments, associating chemical
structures with junction functionality. This requires sophisti-
cated theoretical approaches,20,21 capable of handling complex
structures while predicting tunneling properties quantitatively
as a function of bias,22−25 for different manners of molecule−
electrode bridging,26−29 in different solvent environments,30−32

under dynamical conditions where reactions may occur,33,34

and even while optically or thermally driven.35,36

Theoretical calculations of charge transport through
molecular junctions are typically performed within the
nonequilibrium Green’s function (NEGF) formalism,37,38

employing density functional theory (DFT) for the electronic

structure.39−41 It is well known, however, that standard local
and semilocal Kohn−Sham (KS) DFT approaches under-
estimate the fundamental gap of the molecule42−46 and do not
lead to reliable level alignment between molecular frontier
orbital energies and the Fermi level (EF) of the junction.47,48

As a result, the calculated zero-bias conductances are typically
too high compared with experimental measurements.49 One
way to overcome this deficiency is to introduce many-body
corrections to KS eigenvalues within the GW approxima-
tion50−52 (where G stands for Green’s function and W stands
for the screened Coulomb interaction), in which nonlocal
correlation effects are captured.53 Prior work47 established that
GW can be used to accurately capture such effects and that
such effects are large. However, GW approaches have
significant limitations: Computing junctions consisting of
molecules of chemical and biological interest can be of
enormous computational expense. In addition, the GW results
strongly depend on the DFT starting point,54,55 and often the
involved wave functions and energies need to be iterated to
self-consistency to reach the required accuracy.54,56 These
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limitations prohibit, in this stage, routine GW calculations of
molecular junctions, and alternative theoretical approaches that
improve the DFT energy levels have been suggested.53,57−59

A successful approach to reduce the computational cost
while maintaining the accuracy is the DFT+Σ method, first
introduced in ref 49. In this framework, the molecular energy
levels are corrected via a GW-like self-energy, which is
partitioned into two terms in a tractable molecular subspace:
one that corrects the molecular gas-phase KS orbital energies
to their spectroscopic values and one that incorporates
nonlocal polarization effects due to the metal electrode.47,49

The computational cost of DFT+Σ is greatly reduced relative
to a full GW calculation, as the subsystem on which the full
GW self-energy is evaluated is relatively small. DFT+Σ has
been highly successful in the weak-coupling limit, a limit where
the molecule’s frontier orbitals are minimally perturbed by the
junction, and was shown to reproduce experimental results for
many molecular junctions.60−63 However, this scheme is
expected to break down in covalently bound junctions, as we
detail below. Because many systems of interest do involve
covalent bonds between the molecule and the leads64,65 and
because full GW calculations on junctions continue to be far
from routine, it is important to seek generalizations of the
original DFT+Σ framework, in which quasiparticle self-energy
corrections are applied in a tractable subspace of the junction,
to properly account for such strongly bound junctions as well.
In this work, we develop a generalization of the DFT+Σ

framework to treat covalently bound molecular junctions. We
propose a new definition of the gas-phase reference system and
the gas-phase correction term in the approximate Σ used in
this approach. To better account for the hybridization between
the molecule and the leads, we expand the junction orbitals in
the basis of gas-phase orbitals of a reference system that
includes some lead atoms. We apply our new scheme to a
series of covalently bound alkane-chain junctions and more
weakly bound Au−bipyridine (BP)−Au junctions and show
that our new approach leads to quantitative agreement with
experiment.

■ METHODS

Within the NEGF framework, the junction system is
partitioned into three regions: the left (L) and right (R)
leads and the contact region (C) that contains the molecule
and a few layers of lead atoms. Figure 1 shows the two
representative molecular junctions we use to demonstrate our
new approach: a seven-carbon alkane chain molecule (a) and a
BP molecule (b) in contact with Au leads. In both cases, the C
region contains the molecule, a gold trimer linker group, and
four layers of gold atoms on each side. As implemented in the
TranSIESTA package,40 the Hamiltonians of L and R regions
are obtained via DFT calculations of the bulk leads, whereas
the Hamiltonian of the C region is calculated self-consistently
with open boundary conditions. The junction conductance is
then evaluated with the Landauer formula,38 which requires
the Green’s function of the contact region

G E E H E E( ) ( ) ( )L R
1= [ − − Σ − Σ ]−

(1)

where H is the Hamiltonian of the contact region and ΣL/R(E)
is the self-energy representing the effect of the semi-infinite
left/right electrode, respectively.
In DFT+Σ, we introduce a separate self-energy Σ in the

subspace of the central region Hamiltonian H to correct the KS

eigenvalues for missing exchange and correlation effects (the Σ
in DFT+Σ). While prior work has performed a more rigorous
GW calculation on molecular junctions to evaluate Σ,58,66,67
such an approach is not yet feasible for many increasingly
complex systems of interest. Instead, here we work within the
DFT+Σ framework described above, generalizing it to
covalently bound junctions. The idea behind DFT+Σ is to
employ a molecular reference, a tractable subsystem of the
junction whose electronic structure is mainly responsible for
the transport properties, and define self-energy corrections of
the orbital eigenvalues of the reference upon its connection to
electrodes in a junction. Note that the self-energy of interest in
this work is due to many-body effects that are missing in local
and semilocal DFT calculations, not the tunneling self-energy
due to one-body electronic coupling between the molecule and
the electrodes, which in many cases of interest is already
captured by local and semilocal functionals.68 As mentioned,
the DFT+Σ framework is a GW-inspired model correction that
involves two parts: First, a gas-phase term corrects DFT
eigenvalues to electron addition and removal quasiparticle
energies, which can be calculated using a variety of methods,
such as via total energy differences (i.e., the so-called ΔSCF
method), predictive hybrid functional approaches as in ref 63,
or within GW; a second correction term accounts for nonlocal
surface polarization, which is often approximated, for example,
via a classical electrostatic image-charge model47 requiring the
definition of an image plane.69 We note that the DFT+Σ
approach is not a simple empirical scissors shift; no empirical
parameters are used, and Σ is calculated from first-principles
for each system. In addition, the DFT+Σ correction is, in
principle, orbital-dependent.
In the original DFT+Σ framework,49,60 we write the self-

energy δH of the central region as

H gp gp∑δ ψ ψ= Σ | ⟩⟨ |
μ

μ μ μ
(2)

In eq 2, |ψgp⟩ is a gas-phase reference KS orbital, and μ is its
index. μ runs over occupied and unoccupied states in principle.
Σμ is an orbital-dependent energy correction term for each gas-
phase state μ. In previous works, the reference system was
defined simply as the molecule in the junction. The self-energy
is then defined and evaluated only in the reference subblock of
the Hamiltonian, whose dimension is defined as a smaller

Figure 1. Representative molecular junctions studied in this work: (a)
NH2(CH2)7COOH, where the alkane chain binds to Au trimers via
peptide-like carboxyl terminal groups, and (b) bipyridine, where the
nitrogen binds to Au trimers via donor−acceptor bonds. L and R
regions represent the semi-infinite electrodes, and C is the contact
region. The reference systems used in the DFT+Σ calculations are
shown to the right of each junction.
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subspace associated with the molecule, as shown in eq 2. To
distinguish the reference orbitals of the isolated molecule and
those in the junction, we denote the gas-phase orbitals of the
reference system by {ψi

gp} and the eigenvectors of the subblock
of the junction KS Hamiltonian corresponding to the reference
subspace by {ϕi}, and we call ϕi the junction orbital. In the
basis of junction orbitals, δH has the form

Hi j i j
gp gp∑ϕ δ ϕ ϕ ψ ψ ϕ⟨ | | ⟩ = Σ ⟨ | ⟩⟨ | ⟩

μ
μ μ μ

(3)

One can transform between the two basis sets via a unitary
transformation. We note in passing that for simplicity all
equations used in this work assume an orthonormal basis set.
With a nonorthogonal basis set that is used in, for example,
SIESTA,70 the equations need to be modified accordingly to
reflect the overlap matrix. We also note that the limit eq 3
represents neglects frequency-dependent screening effects and
strong correlations that give rise to, for example, the Kondo
effect; eq 3 also relies on the assumption that the KS wave
functions are a good approximation of the true quasiparticle
states.
In the case of weakly bound junctions, for which DFT+Σ

was originally developed, the junction orbitals and gas-phase
reference orbitals are very similar, at least for the frontier states
that dominate the charge transport. More precisely, for each
gas-phase molecular orbital ψμ

gp of relevance for transmission,
there exists a junction orbital ϕi whose overlap is close to unity,
that is

1i
gpϕ ψ⟨ | ⟩ ≈μ (4)

As a result, the left-hand side of eq 3 becomes diagonal in the
basis of junction orbitals given the orthonormalization
condition of {ϕi}. Introducing the diagonal terms, we have47,49

H H P:ii i i i i iδ ϕ δ ϕ= ⟨ | | ⟩ = Σ = Δ + (5)

where Δi and Pi are gas-phase and nonlocal polarization
corrections for the molecular orbital i. Usually Δi is negative
(positive) for an occupied (unoccupied) molecular orbital and
Pi is positive (negative) for an occupied (unoccupied)
molecular orbital. The partitioning of δHii into the above
two contributions becomes exact if there is only one junction
orbital ϕi sufficiently far from EF, whose inner product with ψi

gp

is unity. The Δi term in eq 5 can be calculated rather accurately
and efficiently. Whereas in previous studies ΔSCF was used,49

as well as advanced hybrid functionals,63 to correct the
molecular KS energy levels, here we use both a one-shot G0W0
calculation and an optimally tuned range-separated hybrid
(OT-RSH) functional46 (see the Supporting Information
(SI)).
Physically, the original DFT+Σ framework is suitable for

junctions in which the hybridization and electronic coupling
between the molecule and the electrodes are relatively weak,
resulting in Lorentzian-like lineshapes71 for the transmission
function, T(E). In this weak-coupling limit, the gas-phase
molecule serves as a natural “reference”, whose orbital
resembles the conductance eigenchannel. However, for
strongly bound junctions, the covalent binding does not lead
to Lorentzian lineshapes, the assumption of a near-unity
projection breaks down, and the weak-coupling limit of DFT
+Σ is not well satisfied. This is because, in such cases, a
chemical bond is usually broken when the junction forms,
which leads to strong hybridization of molecular orbitals with

lead states. The identification of a gas-phase reference system
becomes nontrivial because the orbitals of the junction
molecule in its closed-shell form may not resemble the
conducting orbitals of the molecule when in the junction.
Below, we address this issue by defining extended reference
gas-phase systems that include hybridization between molec-
ular orbitals and lead states in covalently bound junctions.
The rest of this Article is organized as follows. We first

examine a series of molecular junctions composed of short
linear alkane chains, NH2(CH2)nCOOH, covalently bound to
Au leads, as shown schematically in Figure 1a. This system was
recently examined experimentally.64 The strong hybridization
in the junction challenges the applicability of the original DFT
+Σ framework to predict and explain experimental observa-
tions, but with the new choice of gas-phase reference system
proposed here, we overcome these challenges. We then revisit
the well-studied Au−BP−Au junction (Figure 1b), where the
molecule is linked to the leads via weakly coupled donor−
acceptor bonds. We explore two different possible choices for
the reference system in this well-studied junction and show
that in the limit of weak coupling, the bare gas-phase molecule
is a more suitable reference and our new approach reduces to
the original form of DFT+Σ.
Our DFT transmission calculations use the Perdew−Burke−

Ernzerhof (PBE) functional.72 We use SIESTA70 for the
geometry optimization and the electronic structure calculations
of the junction and TranSIESTA40 for transport calculations.
DFT calculations of the energy levels and orbitals of gas-phase
reference systems studied here are performed using the Q-
Chem package,73 and GW calculations of the gas-phase
systems are performed using the MOLGW package.74 (See
the SI for full computational details.)

■ RESULTS AND DISCUSSION
We begin by demonstrating our method on molecular
junctions consisting of short alkane chains bound to Au
leads. Molecular junctions of alkane chains with donor−
acceptor linkers are well studied in both experiment75−79 and
theory,79−81 including within the DFT+Σ framework.61 Here,
however, we consider chains terminated with more strongly
bound peptide-like groups of −COOH, mimicking binding
motifs of biological molecular systems. When connected to Au
leads in the junction, the H atom is removed and covalent O−
Au bonds are formed.82 The conductance of these junctions
was recently measured using a scanning-tunneling-microscope-
based break-junction method.64

A representative example of a junction studied here,
containing an alkane chain with seven carbon atoms (C7), is
shown schematically in Figure 1a. Importantly, the molecule
alone, NH2−(CH2)n−COO−, is no longer a good gas-phase
reference system for DFT+Σ, as originally formulated: It is not
a closed-shell system, as the COO− group is missing a H atom,
and the transmission is dominated by strongly hybridized
molecule−lead states due to the covalent binding between
them. Applying a standard gas-phase shift (Δi in eq 5)
corresponding to a bare gas-phase molecular orbital |ψi

gp⟩
requires cutting a bond in the reference calculation and is
hence inappropriate. Instead, we use an extended system as the
gas-phase reference that includes a few Au atoms from the
leads that participate in the hybridization and binding. Below,
we explain how we choose this new reference system and
present a generalized form of Σ to account for the gas-phase
correction involved.
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We start by computing the DFT-PBE transmission curve of
the strongly bound C7 junction (black line in Figure 2 (top)).

A resonance peak in the transmission curve appears around 1.2
eV below EF. The calculated charge distribution associated
with this channel (or eigenchannel83) is shown in Figure 2
(inset). Importantly, this eigenchannel is mainly localized on
the carboxylic terminal group and the Au trimer bound to it.
This suggests that the zero bias conductance of this junction
originates from hybridized states localized on covalent O−Au
bonds. Thus, in considering corrections to the DFT
conductance, it is insufficient to account for the organic part
of the junction alone, and we consider an extended reference
containing the Au atoms participating in the strong binding.
However, to use such a reference system to construct the gas-
phase correction (Δi in eq 5), we can no longer assume that eq
4 holds, namely, that the gas-phase orbitals of the reference
system project cleanly onto the molecular states in the
junction.
To address this issue, we generalize the DFT+Σ approach

and expand the junction molecular states |ϕi⟩ in the basis of
states |ψμ

gp⟩ associated with an extended reference molecule as

Ci i
gp∑ϕ ψ| ⟩ = | ⟩

μ
μ μ

(6)

Specifically, for the alkane junctions considered here, we use
the reference system shown in the right panel of Figure 1a, an
alkane fragment with three additional Au atoms. Figure 2
(bottom) shows the |Cμi|

2 components and the contributions
of the states of the extended molecule in the junction that are
closest to the resonance peak at −1.2 eV. The gas-phase
orbitals with the largest contribution are also shown in Figure
2. The resonance state exhibits large contributions from the
|ψH−2

gp ⟩, |ψL
gp⟩, and |ψL+1

gp ⟩ states of our extended gas-phase
reference, which now includes Au orbitals.
Figure 3a shows the energy levels associated with the

C7+Au3 gas-phase reference; DFT energies at the PBE level
are shown in black. Because of the presence of frontier states
that are relatively localized on the Au atoms, the PBE
HOMO−LUMO (HOMO: highest occupied molecular

orbital; LUMO: lowest unoccupied molecular orbital) gap of
C7+Au3 is quite small, ∼0.6 eV. Both OT-RSH and GW open
up this gap to around 5.7 and 5.9 eV, respectively. Notably, the
OT-RSH and the GW corrections are quite similar for this
reference system.
The fact that there are significant contributions from

multiple gas-phase states to important resonances in the
DFT transmission requires that we consider orbital mixing
when applying the gas-phase correction term in DFT+Σ. From
eq 3, the diagonal elements in the self-energy correction to the
junction Hamiltonian are δHii = ⟨ϕi|δH|ϕi⟩ = ∑μ|Cμi|

2Σμ.
Following the same strategy as eq 5, one should replace Σμ by
Δμ + Pμ for each gas-phase reference orbital. However, another
complication arises. As noted, partitioning Σμ into Δμ and Pμ
for a specific gas-phase reference orbital is only exact for near-
unity projections. In the C7 junction, the expansion
coefficients Cμi are non-negligible for multiple orbitals, and
crucially, the coefficients Cμi for an occupied (unoccupied)
junction orbital ϕi do not only involve the occupied
(unoccupied) manifold of gas-phase reference orbitals {ψμ

gp}.
In other words, occupied and unoccupied orbitals of the gas-
phase reference mix with one another in the junction.
Physically, this implies nontrivial charge rearrangement
between the molecule and the leads, contradicting a primary
assumption of the original DFT+Σ framework.
To generalize the self-energy δH for this case, we propose

the following approach. We write the corrections δH to the
junction orbitals as a weighted average of the gas-phase
corrections plus a polarization term, namely

H H C Pii i i i i i
2∑δ ϕ δ ϕ α≈ ⟨ | | ⟩ = | | |Δ | +

μ
μ μ

(7)

In eq 7 we introduce the integer α, which is set by the
occupation of the junction orbital ϕi; α takes values of −1 for
occupied and +1 for unoccupied orbitals. We use the
magnitude of the gas-phase correction for a given orbital of
the extended molecule, applying a negative or positive sign

Figure 2. Top: DFT-PBE transmission as a function of energy relative
to EF for the C7 molecular junction. Inset: the eigenchannel
associated with the HOMO resonant peak. Bottom: projection
coefficients |C|2 of the resonance state and other unoccupied levels
around EF for the C7+Au3 reference system discussed in the text. Each
color represents a different gas-phase orbital, as shown in the figure.

Figure 3. (a) Gas-phase energy levels of the bare C7+Au3 molecule,
calculated using PBE (black), OT-RSH (blue), and GW@OT-RSH
(red). HOMO−LUMO gaps are shown in gray arrows. (b)
Transmission as a function of energy relative to EF, for the C7
molecular junction, calculated using a generalized Σ shift in eq 7, with
the gas-phase correction calculated using OT-RSH (blue) and GW
(red) for the C7+Au3 reference and compared with the DFT-PBE
transmission (black).
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depending on whether the junction state ϕi is occupied or
unoccupied. We note that eq 7 assumes by construction that
the junction orbitals are not fractionally occupied, as is the case
for the systems considered in this work. If fractionally occupied
states indeed appear in the junction subsystem Hamiltonian,
then eq 7 becomes ill-defined; this indicates that the choice of
extended reference system is inappropriate or that the
extension of DFT+Σ we introduce here is not applicable.
This pragmatic approach can be viewed as the simplest

approximation consistent with the framework of eq 2, where
we restrict our application of the self-energy to a tractable
reference subspace. We note that this generalization reduces to
the original DFT+Σ approach for cases without mixing of
occupied and unoccupied orbitals of the gas-phase reference.
We assume that in the more general case of interest here the
magnitude of the self-energy corrections to gas-phase orbitals
are unchanged by the junction environment; introducing α
ensures that the correction has a sign consistent with the
occupation of ϕi. With minimal additional computational cost,
this scheme generalizes the DFT+Σ approach to situations for
which there is hybridization between occupied and unoccupied
gas-phase orbitals in the junction, such as the case here.
Note that the number of occupied junction orbitals is not

necessarily the same as the number of occupied gas-phase
reference orbitals due to coupling of the reference subspace to
the semi-infinite electrodes. Additionally, Pi is positive
(negative) for an occupied (unoccupied) junction orbital.
For the choice of a C7+Au3 gas-phase reference in the C7
junction, the PBE eigenvalues of |ψL

gp⟩ and |ψL+1
gp ⟩ are very close

to those of |ψH
gp⟩ (see Figure 3a); these gas-phase states

contribute significantly to occupied ϕi in the junction.
Accordingly, in those cases, we express Σ for the junction
orbitals in terms of the gas-phase orbitals as in eq 7, with αi =
−1 and a positive Pi. While this approximation may lead to
quantitative differences from a more rigorous GW calculation
of the junction, it is computationally far less expensive, it is
well-defined, orbital-specific, and does not have any free
parameters, and it leads to a significant improvement in level
alignment over standard DFT for the challenging case of
strongly coupled junctions, as we show below.
We further note that we neglect off-diagonal δHij

contributions in eq 3 given the ambiguity in assigning signs
for the off-diagonal elements and the fact that the diagonal
elements (in the basis of junction orbitals) dominate the
transport properties. For simplicity, in what follows, we further
use a single P value determined from an image-charge model
(but with different signs, as defined above) for all junction
orbitals, a simplification consistent with prior work. This
approximation can be lifted, in principle, but is, in practice,
adequate for the systems studied in this work. Specifically,
when Au-localized states are considered, the strong hybrid-
ization leads to a spuriously large image-charge correction.
Here we avoid this problem by considering just the image-
charge corrections of states that are well projected onto
junction states, with |C|2 as close to unity as possible. For C7,
we hence calculate the image-charge correction based on the
well-projected |ψH−2

gp ⟩ gas-phase orbital, giving PH−2 = 1.6 eV.
We use this value as the image-charge correction for all states.
The resulting generalized DFT+Σ transmission is shown as a

red line in Figure 3b. The calculated conductance at EF is 5.3 ×
10−5 G0 for DFT+Σ based on gas-phase OT-RSH corrections
and 4.2 × 10−5 G0 based on gas-phase GW corrections; both
variants are a considerable improvement in agreement over the

DFT-PBE value of 1.9 × 10−4 G0, with the experimental result
of 2.0 × 10−5 G0.

64 Repeating this analysis for C3 and C5
junctions with a generalized DFT+Σ with gas-phase
corrections from OT-RSH (see the SI for details) leads to
similarly good agreement with experiment in all cases, as
detailed in Table 1.

Our generalized DFT+Σ approach suggests that the
inclusion of a few lead atoms in our reference can, for covalent
systems, lead to accurate corrections to DFT level alignment
and predicted conductance values in good agreement with
experiment. The choice of reference is system-dependent, and
for certain systems, more than one reference might be suitable.
For example, for BP junctions (Figure 1b), one could imagine
at least two different choices for an extended molecule (Figure
1b, right panels). Thus a natural question centers on how to
choose the best reference. Here we suggest two criteria: (i)
The best reference should use a minimal number of motif Au
atoms to maintain the validity of the image charge
approximation and (ii) the best reference orbitals should
have near-unity projections with junction orbitals. To illustrate
the latter criterion, we examine the well studied BP junction
(Figure 1b). This weakly coupled junction’s primary trans-
mission peak is known to have LUMO character of the gas-
phase molecule.60,84 Previous works have shown that the bare
BP molecule is a good reference system for approximate Σ
corrections, and applying the standard DFT+Σ method led to
calculated conductances in quantitative agreement with
experimental measurements.60,84 Here we use the “low-
conductance” configuration of the BP junction as an example
(adopting the junction geometry from previous work84) and
apply DFT+Σ calculations using two different gas-phase
references: the bare molecule, and the molecule with one Au
atom from each lead. Following our criteria, we show that the
bare BP molecule (with no additional lead atoms) is the better
reference system, as we elaborate on below.
Figure 4a (top) shows the calculated DFT transmission

curve for a BP junction. The resonance with a peak around 0.3
eV above EF dominates the conductance through the junction.
The eigenchannel associated with this resonance state is also
presented. The middle panel of Figure 4a shows the
projections |Cμi|

2 of eq 6 for the standard BP molecule gas-
phase reference used in prior works. The bottom panel shows
these projections for the case of a reference system that
includes the bare BP molecule and one Au atom from each
lead, namely, Au1−BP−Au1. The resonance state in the
junction projects fully onto a single orbital, the LUMO, of
the bare molecule in the gas phase. For the Au-containing
reference system, the situation is more complicated; the
resonance state has a significant projection coefficient from a
state that is associated with the additional Au atoms as well as

Table 1. Calculated Conductance (in the unit of G0) for the
Examined Systems Using DFT and DFT+Σ with Gas-Phase
Shifts Based on OT-RSH and GW for the Reference System
of the Alkane Chain and a Au Trimer and Compared with
Experiment64

DFT DFT+Σ exp.

C3 4.5 × 10−3 1.0 × 10−3 (OTRSH) 1.0 × 10−3

C5 1.2 × 10−3 2.9 × 10−4 (OTRSH) 1.9 × 10−4

C7 1.9 × 10−4 5.3 × 10−5 (OTRSH) 2.0 × 10−5

4.2 × 10−5 (GW)
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other states. This mixing challenges the use of the extended
reference system for BP, and the strong projection onto the
bare molecule LUMO favors the bare molecule as a reference
in this case. For additional emphasis, Figure 4b shows the
energy levels associated with both the bare BP and the Au1−
BP−Au1 gas-phase references. DFT levels at the PBE level are
shown in black; the PBE HOMO−LUMO gap of BP is ∼2.5
eV for BP, and both OT-RSH and GW open up this gap to ∼9
eV. For Au1−BP−Au1, however, the PBE gap is zero; the
HOMO and the LUMO states are practically degenerate in
energy. This is because these states are highly localized on the
Au atoms. (See Figure S1, in which we compare the energy
levels and wave functions associated with three different BP
reference systems: the bare molecule, Au1−BP−Au1, and Au3−
BP−Au3.) Introducing OT-RSH or GW corrections opens up
the gap, however, not to the extent of the BP gap. We note that
unlike in the alkane chain junctions presented above, in this
case, the OT-RSH corrections are different than the GW ones.
The OT-RSH parameter tuning is more challenging for this
system because of the presence of both highly localized and
delocalized states.85 In addition, the one-shot G0W0 we use
may also carry an error due to the starting point and the lack of
self-consistency, as discussed above. The highly Au-localized
states also challenge our image-charge correction model for
nonlocal polarization effects, as discussed above. However, as
for the case of C7+Au3, we can use a well-projected orbital to
set a common P for all states: For the bare BP, the gas-phase
|ψL

gp⟩ is well projected, as shown in Figure 4a, resulting in
PLUMO
BP = 0.8 eV. For the Au1−BP−Au1 reference, the gas-phase

|ψL+1
gp ⟩ is well projected onto the resonance state, resulting in

PLUMO
BP = 0.9 eV.
When used with eq 7, the calculated energy level shifts give

rise to the transmission shown in Figure 4c. The OT-RSH- and
GW-based Σ corrections for the bare BP reference system
result in very similar conductance values of 0.6 × 10−4 G0 and

0.7 × 10−4 G0, respectively, which compare well with the
experimental result of 1.6 × 10−4 G0.

84 (We show only the
GW-based DFT+Σ transmission for brevity; see the SI for the
OT-RSH-based results.) For the Au1−BP−Au1 reference
system, the resulting transmissions are fairly similar (because
the junction states dominating the transmission do not include
localized Au orbitals), but the resonance state is noticeably
shifted to lower energies, resulting from the fact that no single
Au1−BP−Au1 orbital perfectly projects onto any junction state
and most likely also from challenges associated with
calculations of the energy levels for the gas-phase reference
in this case. The Au1−BP−Au1 reference system leads to a
conductance value of 2.0 × 10−4 G0, a result close to the
experimental value (which is an average value over many
junction geometries). However, guided by the molecular
orbital projections and based on the reasoning above, we
consider the bare molecule to be a more justified reference that
leads to a more accurate transmission function for this
particular junction geometry, and we recommend the bare
molecule as a reference for this case.
Our results provide a means by which the DFT+Σ

framework can be generalized to a broad range of molecular
junctions, including those with covalent binding, through the
use of an extended reference system that includes lead atoms.
We note, however, that when including Au atoms in the gas-
phase reference system, special care should be taken because
some of the gas-phase states are highly localized on metallic
states that are not associated with conducting orbitals of the
junction, and a one-to-one correspondence between molecular
and junction orbitals is not guaranteed. Our suggested
generalized DFT+Σ framework, eq 7, resolves this issue by
introducing a self-energy correction based on the mixing of
gas-phase orbitals upon the formation of the junction. The
reference system is chosen to be charge-neutral and closed-
shell, but it is not unique. A judicious choice involves the

Figure 4. (a) Top: DFT-based transmission as a function of energy relative to EF for the BP molecular junction. Bottom: Projection coefficients |C|2

of the resonance LUMO state and other unoccupied levels in the case of BP (upper) and Au1−BP−Au1 reference systems within the generalized
DFT+Σ approach. Each color represents a different gas-phase orbital, shown in the figure. (b) Gas-phase energy levels of the bare BP molecule
(left) and the extended Au1−BP−Au1 system, calculated using PBE (black lines), OT-RSH (blue lines), and GW@OT-RSH (red lines). HOMO−
LUMO gaps are shown in gray arrows. (c) Transmission as a function of energy relative to EF, for the BP molecular junction, calculated using a
generalized Σ shift in eq 7, with the gas-phase correction calculated using GW for both the bare BP (solid red line) and the extended Au1−BP−Au1
(dashed yellow line) molecular references and compared with the DFT-based transmission (black line).
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atoms participating in the covalent binding and the minimal
number of lead atoms necessary for a gas-phase orbital to
resemble the junction conducting orbital; we also select our
reference so as to obtain orbitals that are closest to having
near-unity projections on the junction orbitals. As shown
above, for the examined covalent junctions, this approach can
account for important molecule-lead hybridization effects and
lead to considerable quantitative improvement over DFT
conductance values at a computational cost far less than a full
GW calculation of the junction.
In general, we note that we do not expect that adding more

lead atoms to the reference system will necessarily give rise to
better results within the DFT+Σ formalism. In eq 3, we
introduce a self-energy correction to the reference subsystem
in the junction, correcting the eigenvalues of this subblock of
the Hamiltonian. This ansatz implicitly assumes that the
orbitals of the reference (eigenvectors of this subblock of
junction Hamiltonian) do not change significantly when the
reference subsystem is attached to the other parts of the
scattering region. With more lead atoms included in the
reference system, this assumption may break down, and it is no
longer clear how the self-energy correction should be defined.
Additionally, as the number of lead atoms increases, the
approximate approach used here to capture “image charge
effects” (e.g., renormalization of molecular states/energies by
the leads), embodied in the image charge (or nonlocal
polarization) term of eq 5, will become increasingly irrelevant
and redundant as the number of lead atoms in the reference
grows. These arguments, and the validation from the results of
our calculations on the systems studied here, motivate the
ansatz that one should use a minimal number of lead atoms
here, leading to the best projection of the reference orbitals
onto the junction eigenchannel. As we show here, including a
minimal number of lead atoms that correctly reflects the
hybridization between the molecule and the electrode greatly
improves the quantitative agreement with experiment in the
systems examined in this work.
In Figure 5, we summarize with our recipe generalizing the

DFT+Σ approach for strongly and covalently bound molecular

junctions. First, a transmission calculation based on local or
semilocal functionals is performed, and the resonance state
dominating the conductance is identified. A suitable reference
system is then defined (including the molecule and a minimal
number lead atoms at the contact motif), for which there
should be an orbital in the gas phase that strongly projects (as
near unity as possible) onto the junction state that determines

conductance. We require that the reference system is charge-
neutral and closed-shell. The projections of the junction orbital
(eigenstates of the reference subblock in junction Hamil-
tonian) onto the gas-phase reference orbitals are calculated
using eq 6, and the self-energy correction is calculated using eq
7, with orbital-specific gas-phase shifts weighted by the
expansion coefficients. The renormalization of molecular
energies due to nonlocal polarization by the leads can be
computed, for example, with an image-charge correction
calculated following, for example, ref 69, for the state that is
well-projected onto the resonance eigenchannels.

■ CONCLUSIONS
We have presented an approach to accurately calculate
transport properties through covalently bound molecular
junctions, a generalization of the DFT+Σ method. In
particular, we propose criteria to select an extended gas-
phase reference system, which can include a few lead atoms,
and evaluate an approximate Σ correction based on this
reference system. We also propose an approach to the gas-
phase correction that takes into account the hybridization of
gas-phase reference orbitals upon the formation of the
junction. We demonstrated our approach using junctions
with covalent carboxylic binding and revisited the weakly
coupled Au−BP−Au junction with new insights and discussed
related subtleties. We have demonstrated that this method is
able to predict conductance on par with experimental results,
fully from first-principles with no empirical parameters, at
relatively low computational cost and therefore will be of use
for interpreting the transport properties of broad classes of
molecular junctions.
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