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Abstract

This thesis addresses the electron transport in molecular junctions, focusing
on the energy level alignment and correlation effects. Various levels of theory
have been applied to study the structural and electronic effects in different
molecular junctions, starting from the single particle density functional theory
(DFT) description over the semi-empirical DFT+Σ, to the sophisticated fully
self-consistent GW approach. We find that in order to obtain a quantitative
description of the conductance and the thermopower, it is necessary to go beyond
the single particle description.

The effect of side groups on the benzene-diamine (BDA) molecule has further-
more been studied and it is found that the correct energy level alignment for the
BDA molecule in Au contacts is only captured by the GW approach. Conse-
quently, the GW approach provides an accurate description for the conductance
change resulting from the side groups. The failure of the DFT based description
is due to the strong energy level pinning when the BDA molecule is in contact
with Au contacts.

The effect of contact geometries on the conductance and the thermopower has
also been addressed. It is found that both GW and the DFT+Σ with a certain
image charge position are in quantitative agreement with the experiments, while
pure DFT is not. This is the consequence of the accurate energy level alignment,
where the DFT+Σ method corrects the self-interaction error in the standard
DFT functional and uses a static image charge model to include the image
charge effect on the energy level renormalization.

Additionally, the gating of the 4,4’-bipyridine (44BP) molecule contacted to
either Ni or Au electrodes has been investigated. Here it is found that the



iv

gating mechanism is conceptually different between two cases. In the case of
Ni contacts where the lowest unoccupied molecular level (LUMO) of the 44BP
molecule hybridizes strongly with Ni 3d orbitals, the gating is auxiliary by the
so-called spinterface.

Finally, the correlation effect of the image charge beyond the energy level renor-
malization has been studied. It is shown that the finite response time of the
electrodes to form image charge can suppress the conductance by a factor of 2.
This correlation effect is only captured in the GW approach.



Resumé

Denne afhandling omhandler elektrontransport i molekylære kontakter, med
fokus på energiniveauplaceringer og korrelationseffekter. Forskellige niveauer af
teori er anvendt til at studere de strukturelle og elektroniske effekter i forskellige
molekylære kontakter, fra enkeltpartikeltæthedsfunktionalteori (DFT) over den
semi-empiriske DFT+Σ metode, til den sofistikerede fuldt selvkonsistente GW
metode. Konklusionen er her at det er nødvendigt at bruge den sofistikerede
GW metode for at få en korrekt kvantitativ beskrivelse af ledningsevnen.

En undersøgelse af effekten af forskellige sidegrupper på benzen-diamin (BDA)
molekylet viser yderligere at den korrekte energiniveauplacering i BDA-molekylet
mellem Au kontakter kun opnås ved brug af GW metoden. Som følge af dette
giver GW metoden derfor også en nøjagtig beskrivelse af ledningsevneforan-
dringerne forårgsaget af udbytningen af sidegrupper. Den DFT-baserede metode
fejler her grundet den stærke påvirkning af energiniveauer når molekylet inter-
agerer med guldkontakterne.

Effekten af kontakternes geometrier på ledningsevnen er yderligere blevet under-
søgt. Her giver både GW metoden og DFT+Σ metoden, med en given position
for imagecharge planet, resultater i overenstemmelse med eksperimentielle data,
mens den rene DFT metode fejler. Dette skyldes den præcise energiniveauplac-
ering beregnet med DFT+Σ metoden, som korrigerer selvinteraktionsproblemet
i ordinær DFT og yderligere bruger en statisk imagecharge model til at inkludere
imagechargeeffekterne i energiniveaurenomliseringen.

Herudover er gating af 4,4’-bipyridin (44BP) molekylet med Ni og Au kontak-
ter også blevet undersøgt. Her vises det, at gatingmekanismen er fundamen-
talt forskellig mellem Ni kontakter og Au kontakter. I Ni kontakterne, hvor
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det laveste ubesatte molekylære niveau (LUMO) i 44BP molekyle hybridiserer
kraftigt med Ni 3d orbitalerne, er gatingen påvirket af det såkaldte spinterface.

Slutteligt er korrelationseffekterne på baggrund af imagechargeeffekten blevet
undersøgt gående videre end blot effekten på energiniveauplaceringen. Her vises
det at den endelige responstid af elektroderne for dannelse af imagecharges kan
reducere ledningsevnen med en faktor 2. Denne korrelationseffekt er kun fanget
ved brug af GW metoden.
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Chapter 1

Introduction

In 1965, the Moore’s law[1] predicts that the number of transistors on an elec-
tronic circuit will double every two years. The transistor miniaturization leads
to lower cost, lower power consumption and higher performance. In the con-
ventional semiconductor technology, the transistor is fabricated by a top-down
fashion, which limits the size of an transistor. Currently the size of an transistor
is around 10 nm (around 50 atoms)[2]. To further benefit from the Moore’s law,
a bottom-up approach could potentially solve the problem[3]. In such scenario,
an atomic-scale channel material (a few atoms) is required.

Since the molecular rectifier was purposed by Arieh Aviram and Mark Ratner in
1974[4], the field of the so-called molecular electronics booms. Benefiting from
the large number of existing molecules (roughly 1060 for organic compounds
with 15 atoms or fewer[5]), single molecular electronics could realize rich func-
tionalities, for instance organic solar cell and thermoelectrics. Additionally a
single molecule connected to two metals helps us to understand the electron
transfer at the molecule-metal interface[6] and the electron transport across the
molecule[7, 8]. Furthermore, the discrete molecule energy levels coupled to con-
tinuous metal levels form ideal model systems to explore the Kondo effect[9, 10],
the quantum interference[11, 12, 13] and the giant magnetoresistance[14].

Break junction setups are typically used to fabricate two-terminal single molec-
ular junctions, possibly with a gate. Specifically, a single molecule is caught
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when breaking electrodes. During the past 40 years, many progresses have
been made towards reproducible conductance measurements of single molecular
junctions[15, 16, 17]. Recently, many single molecule experiments go beyond
the conductance measurements[18]: mechanics[19, 20], optoelectronics[21, 22],
thermoelectrics[23, 24, 25], spintronics and quantum interference[26, 13]. How-
ever breaking junction experiments present measurement variability because of
the molecule-metal contact sensitivity at the atomic scale and the timescale
mismatch between the instruments and molecular processes. Well-controlled
experimental setup is needed to make realistic molecular junction applications.

In addition to technology challenges, a theoretical approach is needed to under-
stand the quantum transport in these atomic scale systems. Clearly we need a
fully quantum mechanical approach to describe such quantum systems. In this
thesis, the non-equilibrium Green’s function formalism (NEGF) combined with
either density function theory (DFT) or many-body theory is applied to study
the electron transport in molecular junctions. The focus of the thesis is on the
energy level alignment and dynamical image charge effects.

The thesis is organized as:
Chapter 2 describes the basics of DFT and its practical implementation.

Chapter 3 illustrates the principle of electron transport calculations using the
NEGF formalism and different approaches to include the electron-electron cor-
relation.

Chapter 4 studies the effect of the energy level alignment on the electronic
conductance and the thermopower in different molecular junctions.

Chapter 5 explores the dynamical image charge effect beyond the energy level
alignment using model and ab inito calculations, and its effect on the conduc-
tance and thermopower.



Chapter 2

Density functional theory

To understand the physical properties of a many-body system from atoms to
molecules, then to solids, we need to solve the Schrödinger equation:

HΨ = EΨ, (2.1)

where H, E, Ψ denote the Hamiltonian, the total energy and the many-body
wave function of the system. The Hamiltonian H is composed of the nuclei ki-
netic energy Tn, the nucleus-nucleus interaction Vnn, the electrons kinetic energy
Te, the electron-electron interaction Vee and the electron-nucleus interaction Ven,
namely

H = Tn + Vnn + Te + Vee + Ven

= −
Nn∑

I

∇2
I

2MI
+

1

2

Nn∑

I 6=J

ZIZJ
|RI −RJ |

−
Ne∑

i

∇2
i

2
+

1

2

N∑

i 6=j

1

|ri − rj |
−
Ne,Nn∑

i,I

ZI
|RI − ri|

,

(2.2)

where r, R, Ne, Nn, M , Z denote the electronic coordinate, the nuclear coordi-
nate, the number of nuclei, the number of electrons, the nuclear mass and the
nuclear charge.



4 Density functional theory

In this chapter, density functional theory (DFT) will be introduced to solve the
many-body problem of Eq. 2.1.

2.1 Born-Oppenheimer approximation

As nuclei are much heavier than electrons, we can assume that electrons re-
act to nuclear motions instantaneously. By applying the Born-Oppenheimer
approximation[27], we can decouple the electronic and nuclear degree of free-
dom. While nuclear motions are practically treated using Newtonian dynamics,
we will focus on the electronic problem in the following thesis:

He = Te + Vee + Ven. (2.3)

However due to the electron-electron interaction Vee, the 3Ne-dimension many-
body wave function makes Eq. 2.3 hardly tractable. Only a few systems have
analytic solutions. Therefore we have to get around the many-body wave func-
tion.

The many-body wave function contains all the information about the quantum
system. However you can extract the information you need by working with
integrated variables rather than this 3Ne-dimension many-body wave function.
In this thesis, the electron density and the Green’s function are used to meet
different demands[28]. The electron density approach is introduced in this chap-
ter, namely DFT. The Green’s function approach will be introduced in the next
chapter, with the combination of the electron transport setup.

2.2 Hohenberg-Kohn theorem and Kohn-Sham for-
malism

Instead of solving a problem of 3Ne degrees of freedom, we can convert the
problem to 3 degrees of freedom, namely Ψ to ρ(r), according to the Hohenberg-
Kohn (HK) theorem[29]. It states that firstly the electronic density uniquely
determines the external potential of the system, which means the total energy
is the functional of the density E[ρ(r)]; secondly ground state energy E0 is
smaller or equal to E[ρ(r)], which allows the existence of a variational principle
to minimize the total energy.

The HK theorem only tells us the relation between electron density and total
energy. We still do not know the explicit form of the Hamiltonian. The remain-
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ing problem can be further approximated according to the Kohn-Sham (KS)
formalism[30]:

(
−∇

2

2
+

∫
dr′

ρ(r′)
|r− r′| + Vext(r) + Vxc(ρ(r))

)
ψn(r) = εnψn(r). (2.4)

The central ideal of the KS formalism is to map the system of interacting elec-
trons onto a non-interacting system with the same density. Note that there is
no justification about the physical meaning of KS eigenvalues, except that KS
wave functions ψn produce the true ground state electron density.

Since the Hamiltonian depends on the electron density, which is constructed by
the KS wave function, then we can solve it in a self-consistent fashion:

ρold → He → ψn → ρnew. (2.5)

Therefore the total energy can be written as:

E[ρ(r)] = TKS [{ψ[ρ(r)]}] +
1

2

∫
drdr′

ρ(r)ρ(r′)
|r− r′| +

∫
drρ(r)Vext(r) + Exc[ρ(r)],

(2.6)
where the second term is the Hartree energy, the third term is the external
potential energy and the last term includes the exchange-correlation contribu-
tion from the non-classical correction and many body effects. Note here that
TKS =

∑N
n 〈ψn| − ∇

2

2 |ψn〉 and the difference (T [ρ] − TKS [ρ]) is put into the
Exc = T [ρ]−TKS [ρ]+Ex[ρ]+Ec[ρ], where Ex[ρ] and Ec[ρ] denote the exchange
and correlation parts. By doing this, the very large part of energy contribution
is described reasonably.

2.3 Exchange-correlation functional

Now the problem has been very much simplified into a independent particle
problem with the variable of electron density. But the exact form of Exc is
unknown. There are several ways to approximate this term. The most widely
used is the local density approximation (LDA)[30]. The main idea is to consider
a general inhomogeneous electronic system as locally homogeneous. In practice,
energy terms local in the density are calculated by integrating over the volume
of the system:

Exc[ρ(r)] =

∫
drρ(r)εhomxc (ρ(r)), (2.7)
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where εhomxc denotes the exchange-correlation energy density of the homogeneous
electron gas, which can be solved accurately via numerical methods[31]. The
LDA neglects corrections due to the nearby inhomogeneities (non-local contribu-
tions) in the electron density. Beyond the LDA, we have the generalized gradient
approximation (GGA)[32], meta-GGA, hybrid functional etc[33, 34, 35]. In gen-
eral, the more accurate the functional, the more computationally demanding.

2.4 Projector-augmented wave method

In practice, core electrons are localized around nuclei and are chemically inert.
Therefore do not play an important role in the chemical bonding and electronic
structure in most cases. On the other hand, we need large amount of basis
functions to describe the strongly oscillating wave functions of core electrons. It
will largely increase the computational demand. Therefore it is intuitive to freeze
core electrons with nuclei and produce a pseudo-potential. For valence electrons,
the part of wave function within the core region is replaced by the the smooth
pseudo wave function. This is the so-called pseudo-potential method[36, 37].

In this thesis, we use the projector-augmented wave (PAW) method implemented
in the GPAW code[38, 39, 40, 41]. It is an all electron method in the sense
that valence electrons are kept orthogonal to core electrons. The advantage of
this scheme is that it remains the accuracy of all electron scheme within the
frozen core approximation, but decompose the all electron wave function into a
smooth pseudo wave function and a rapidly varying contribution localized within
the core region. Therefore the full pseudo-potential machinery can be taken
advantage to speed up the calculation. The true all electron wave function |ψn〉
and the smooth pseudo wave function |ψ̃n〉 are related by a linear transformation
T̂ [42]

|ψn〉 = T̂ |ψ̃n〉. (2.8)

2.5 Basis sets

To represent a wave function, we need to choose a basis set. In this thesis, two
types of basis set are used, namely linear combination of atomic orbitals (LCAO)
[43] and grid representation implemented in GPAW. The grid representation
is used for the energy related properties, since we can converge the basis set
systematically by decreasing the grid spacing. On the other hand, the LCAO is
used for the electron transport calculations due to its locality. In the LCAO, the
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KS pseudo wave functions ψn(r) are expanded by a set of atomic-like orbitals
φµ(r),

ψn(r) =
∑

µ

cµnφµ(r) (2.9)

where basis functions are constructed as products of numerical radial functions
and spherical harmonics.

2.6 Boundary conditions

Bloch’s theorem[44] allows us to convert a problem of infinite number of electrons
in a solid to a problem of finite number of electrons in a unit cell at infinite
number of k points. The k points is constrained to lie in the first Brillouin Zone
(BZ). Many interesting quantities such as charge density, total energy, etc. are
evaluated by integrating over the first BZ. For instance, the charge density:

ρ(r) =
1

ΩBZ

∑

n

∫

BZ

fnk|ψnk(r)|2dk, (2.10)

where ΩBZ and fnk denote the volume of the first BZ and the Fermi-Dirac
distribution.

Since the distribution of k is very dense, we can substitute the integration over
the k with a weighted sum over a discrete set of of points:

∫
BZ

1/ΩBZdk →∑
k ωk, where ωk denotes the weight of the k-points. This is the so-called k-point

sampling[45].

In order to model aperiodic systems like molecules, surfaces and defects with
periodic boundary conditions, we need to use the supercell method. It is im-
portant to make sure the physical and chemical properties are converged with
respect to the supercell size. For example to model a surface, we need to put
enough vacuum in the direction norm to the surface, in order to separate the
interaction with the other surface. The surface in plane can be sampled by a
k-point mesh.
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Chapter 3

Electron transport
calculations

The conductance of a macroscopic conductor follows the Ohm’s law,

G = σ
A

L
, (3.1)

where σ, A, L denotes the conductivity, the cross-section and the length of
the conductor. However this equation is not valid when the quantum nature
of the system starts to play a role. For molecular junction systems we are
interested in this thesis, the length scales of those systems fulfil the following
inequalities[46, 47]

λF ≈ lm < L < lφ, (3.2)

where λF , lm, lφ denotes the Fermi wave length, the mean free path and the
phase coherence length. To investigate the steady state electron transport in
those molecular junction systems, the non-equilibrium Green function technique
(NEGF)[48, 49, 50] combined with the ab initio description of the electronic
structure can be applied.

In this chapter, the basics of the NEGF formalism will be introduced as well as
the description of the electron-electron interaction with either DFT or the many-
body perturbation theory. Additionally a semi-empirical method, DFT+Σ, is
formulated in detail.
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3.1 Transport setup

P, W

Center region

Principal layers

Left lead Right lead

µL µR

ΣGW

Figure 3.1: The schematic model for the electron transport through a molecule
(the blue hexagon) sandwiched by the left/right semi-infinite leads (the circles
plus the boxes) which are connected to the left/right macroscopic reservoirs
at the temperature TL/R and the chemical potential µL/R. One single box
represents one principal layer.

The schematic model of a typical molecular system is shown in Fig. 3.1. A single
molecule (the blue hexagon) is sandwiched by two semi-infinite leads (the circles
plus the boxes). The left/right lead is connected to the left/right macroscopic
reservoir at the temperature TL/R and the chemical potential µL/R. Since the
reservoirs are macroscopic objects, the electrons coming in and out the leads
are thermalized at the temperature TL/R and the chemical potential µL/R. We
assume that the leads are perfect crystal without any scattering processes.

The general current formula for the system is[51, 52]:

I =
i

4π

∫
Tr[(ΓL − ΓR)G< + (fLΓL − fRΓR)(Gr −Ga)]dε (3.3)

where G is the interacting Green function matrix of the center region, ΓL/R is
the coupling strength between the center region and the left/right lead, fL/R
is the Fermi-Dirac distribution of the left/right reservoir. Note that the energy
dependence are dropped out for simplicity.

The interacting G can be calculated from the Dyson equation[53]

G = G0 +G0Σ̃G (3.4)

where G0 is the non-interacting Green function matrix of the center region
and the self-energy Σ̃ includes the perturbation from the lead and the electron
correlation.
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3.2 NEGF+DFT

In this section, we will describe the NEGF combined with DFT. The non-
interacting DFT Hamiltonian includes the electron-electron interaction at a
mean field level. Therefore the Σ̃ in Eq. 3.4 only includes the perturbation
from the left/right leads. By using strictly localized basis sets, for instance
the numerical atomic orbitals generated by the confinement scheme, the non-
interacting DFT Hamiltonian of the entire system (the left/right leads plus the
center region) can always be partitioned into

H0 =




HL HLC 0

H†LC HC HRC

0 H†RC HR


 (3.5)

where Hα with α ∈ L,R is the Hamiltonian matrix of the leads, HαC is the cou-
pling matrix between the leads and the center region and HC is the Hamiltonian
matrix of the center region.

According to the Dyson equation Eq. 3.4, the interacting retarded Green func-
tion at the DFT level is

Gr(ε) = [(ε+ iη)S −H0 − ΣL(ε)− ΣR(ε)]−1, (3.6)

where
H0,ij = 〈φi| − 1/252 +νion(r) + νH(r) + νxc(r)|φj〉, (3.7)

Sij = 〈φi|φj〉, (3.8)

denotes the KS Hamiltonian matrix and overlap matrix in numerical atomic
basis functions. Additionally, the perturbations from the left/right leads are
included by the self-energies:

Σrα(ε) = ((ε+ iη)SCα −HCα)g0,rα (ε)((ε+ iη)S†Cα −H†Cα), (3.9)

where the surface Green’s function

g0,rα (ε) = ((ε+ iη)Sα −Hα)−1 (3.10)

Due to the periodicity in the crystal leads, the semi-infinite leads can always be
constructed by infinitely repeated principal layers(integer number of periodic-
ity). By using localized basis, the first nearest coupling is allowed between the
principal layers.
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The Hamiltonian of the left lead has the form

HL =




. . .
...

...
...

· · · h0 h1 0

· · · h†1 h0 h1
· · · 0 h†1 h0


 (3.11)

where h0 is the Hamiltonian matrix of a single principle layer and h1 is the
coupling Hamiltonian matrix between the two principle layers. A similar form
applies to the right lead.

Because only the first principle layer is coupled to the center region, the surface
Green’s function can be evaluated by iterative methods[54]. Additionally, the
coupling between the left/right lead and the center region HαC is identical to
the coupling between two principle layers h1. This can be justified by putting
enough layers of lead into the center region. In the case of metals with short
screening lengths, we are able to make the properties converge into lead at the
boundary with a few atomic layers.

3.3 NEGF+GW

In this section, we will describe the NEGF formalism combined with the many-
body perturbation theory, namely the description of the electron-electron in-
teraction at the GW level. The non-interacting Green’s function G0 can be
reasonably constructed from the single-particle KS-DFT scheme. Therefore the
retarded Green’s function of the center region is calculated by

Gr(ε) = [(ε+iη)S−H0+Vxc−∆VH [G]−ΣL(ε)−ΣR(ε)−Σxc[G](ε)]−1, (3.12)

In Eq. 3.3 the Hartree potential change is calculated from

∆VH,ij = 2
∑

kl

νij,kl(%kl − %0kl) (3.13)

where

% = −i
∫
G<(ε)dε (3.14)

%0 = −i
∫
G<0 (ε)dε (3.15)

νij,kl =

∫ ∫
φ∗i (r)φj(r)φk(r′)φ∗l (r

′)

|r− r′| drdr′ (3.16)
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denotes the interacting density matrices, the KS density matrices and the bare
Coulomb interactions in atomic orbital basis functions.

In Eq. 3.3 the KS exchange-correlation functional Vxc,ij = 〈φi|νxc(r)|φj〉 is
replaced by the many-body self-energy ΣGW which is approximated at the GW
level. The GW self energy can be symbolically written as[53]

ΣGW = iGW, (3.17)

where

W = ε−1ν, (3.18)
ε = 1− νP, (3.19)
P = −iGG, (3.20)

denotes the screened interaction, the dielectric function and the irreducible den-
sity response function. The GWmethod is described in detail in Ref. [55, 56, 57].

P , W and ΣGW are calculated for the extended molecule (The part in blue as
shown in Fig. 3.1). However only the ΣGW corresponding to the molecule is
kept and the lead part is replaced by the DFT xc potential,

Σxc(ε) =



νxc νxc νxc
νxc ΣGW (ε) νxc
νxc νxc νxc


 . (3.21)

This treatment ensures that the lead is consistently treated at the DFT level.
More importantly, the unconverged part of ΣGW at the edge is removed, but the
correlation interaction between the molecule and the leads is included in ΣGW .

The calculation is performed self-consistently using a linear mixing of Green’s
functions as

Gold → P → ε→W → Σxc → Gnew. (3.22)

The self-consistent solution ensures the charge continuity condition[58, 59] and
removes the starting point dependency.

3.4 DFT+Σ

In this section, the DFT+Σ method will be formulated in detail[60, 61, 62].
This semi-empirical method is computationally much cheaper than the GW
calculations. It corrects the KS eigenvalues of the frontier molecular orbitals
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in the gas phase and also includes the image charge effect via a classical image
charge model.

First, despite the unjustified physical meaning of the KS eigenvalues, the KS
HOMO-LUMO gap is typically underestimated by several eV s. This can be cor-
rected by shifting the KS HOMO and LUMO energies to match the experimental
values:

∆1,occ = −IP − εH (3.23)
∆1,unocc = −EA− εL. (3.24)

Here the calculated ionization potential (IP) and electron affinity (EA) from
total energy difference approach is used instead:

IP = E(N − 1)− E(N) (3.25)
EA = E(N)− E(N + 1), (3.26)

where E(N), E(N + 1), E(N − 1) denotes the total energy of the neutral, -1
charged, +1 charged of the gas phase molecule.

When a molecule is approaching a metal surface, an induced image charge in the
metal surface will renormalize molecular levels. The reduction of the HOMO-
LUMO gap can be included via a classical image charge model. The image
charge energy for a point charge distribution placed between two image planes
located at x = 0 and x = L is

∆2 =
1

8πε0

N∑

α=1

N∑

β=1

ρi(rα)ρi(rβ)

×
∞∑

n=1


 1√

(xα + xβ − 2nL)2 +R2
αβ

+
1√

(xα + xβ − (n− 1)L)2 +R2
αβ

− 1√
(xα − xβ + 2nL)2 +R2

αβ

+
1√

(xα − xβ − 2nL)2 +R2
αβ




(3.27)

where xα is the x-coordinate of atoms α, Rαβ =
√

(yα − yβ)2 + (zα − zβ)2 and
ρi(r) is the point charge distribution for a given orbital i.
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The image charge correction relies on the assumption that the screening by metal
electrodes can be described classically as two flat conductors characterized by
an image plane. The image plane position can in principle can be calculated for
a single flat surface using DFT[63, 64, 65] yielding around 1.0 Å outside the last
metal layer. The situation is, however, more complicated for a tip structure,
and one might expect a reduced screening with the effective image plane further
away from the molecule. Therefore the positions of the image charge plane are
input parameters.

The total corrections of the KS eigenvalues for a molecule contacted to metal
electrodes is

Σocc/unocc = ∆1,occ/unocc + ∆2,occ/unocc (3.28)

Then theHmol spanned by the basis functions on the molecular atoms is replaced
by the corrected H̃mol:

H̃mol = Hmol + Σ

=
∑

i∈occ/unocc

(εi + Σocc/unocc|ψi〉〈ψi|) (3.29)

Finally the whole corrected H̃ is used to construct the Green’s function Eq. 3.3.

3.5 Conductance and thermopower

In the linear response regime (currents are linear in ∆T and ∆µ), where ∆T =
TL − TR � T and ∆µ = µL − µR = e∆V � µ. The conductance and ther-
mopower are calculated from[66, 67]

G = e2L0(εF ) (3.30)

and

S =
L1(εF )

eTL0(εF )
= −π

2k2BT

3e

∂In(T (ε))

∂ε

∣∣∣∣
ε=εF

. (3.31)

Here Lm(µ) is defined as

Lm(µ) =
2

h

∫ ∞

−∞
dεT (ε)(ε− µ)m

(
−∂f(ε, µ, T )

∂ε

)
, (3.32)
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where the transmission function can be calculated from[51, 52]

T (ε) = Tr[Gr(ε)ΓL(ε)Ga(ε)ΓR(ε)] (3.33)

and f(ε, µ, T ) is the Fermi-Dirac distribution function. Note Eq. 3.5 is derived
from the non-interacting picture, but in the linear response region it is also valid
for the interacting picture[68].

The last expression in S assumes that the transmission is slowly varying around
εF [69]. T is the average temperature of the left and right electrodes. We note
that the thermopower in Eq. 3.31 is defined within linear response, and is thus
applicable when ∆T/T is small. The non-linear effects are expected to be of
minor importance, since the experiments were done with T ≈ 300 K and |∆T | <
30 K. Moreover, the measured thermoelectric current is linearly dependent with
small ∆T in the experiments, indicating that the linear response formula is
adequate.



Chapter 4

Energy level alignment

Over the last decade, it has been clear that in order to close the discrepancy
between experimental conductances and calculated ones, it is necessary to have
an accurate theoretical description of the molecular energy levels in molecular
junctions.

Despite the unjustified physical meaning of the KS energies and wave functions,
NEGF+DFT is used as a standard tool to provide qualitative understanding of
the electron transport in nano-scale systems[70, 71, 72, 73]. However because
standard DFT suffers from the underestimation of HOMO-LUMO gaps[74, 75],
the calculated conductances are overestimated by several orders of magnitude
compared to experimental values in most molecular junctions.

This could be efficiently remedied by the GW approximation of the electronic
structure[53, 76]. The GW method provides an accurate description of fron-
tier molecular levels for gas-phase molecules[77, 78, 79]. Additionally, the GW
method catches the image charge effect[80, 81, 82] when the molecule is sand-
wiched between two metal electrodes. NEGF+GW therefore provides an accu-
rate energy level alignment at the molecule/metal interface and a quantitative
description of electron transport in molecular junctions[83, 84, 85, 57, 86, 87, 88].

In this chapter, the NEGF formalism combined with either DFT or GW is
applied to study the electron transport in different molecular junctions.
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4.1 Functionalization of the benzene-diamine molecule

4.1.1 Motivation

Venkataraman et al.[89] reported that the conductance of a 1,4-benzenediamine
(BDA) molecule sandwiched between two Au leads can be tuned to some extend
by functionalizing the benzene molecule with different side groups. Since the
conductance of Au-BDA-Au junction is mainly dominated by the highest occu-
pied molecular orbital (HOMO), the conductance tuning results from the change
of the level alignment between the HOMO level and the Au Fermi level. In the
experiment, the HOMO level is shifted up in energy by the introduction of an
electron donating (ED) side group and down in energy by an electron withdraw-
ing (EW) side group. Although the effect of different functional groups on the
conductance change is relatively small, the system can be used as a test-bed for
a theoretical description of the energy level alignment and electronic transport
through the molecules.

In this study, the effect of side groups on the conductance of Au-BDA-Au junc-
tions is addressed using the NEGF with different levels of theory to describe
exchange-correlation (xc) effects, namely DFT, DFT+Σ, GW and HF. This
section is based on Paper I.

4.1.2 Results and discussion

The atomic structure of the Au-BDA-Au junction is shown in Fig. 4.1. The
other junctions are made by substituting the BDA molecule. The junction
structures are optimized until the residual force on each atom is smaller than
0.01 eV/Å. For all the junctions, very small structural variations at the contact
interface are observed due to the side group substitution. Since the conductance
is relatively insensitive to the contact geometry for weakly coupled amine-linked
junctions[17, 62, 90], we conclude that the origin of the conductance variation
observed for the functionalized junctions is an electronic rather than a structural
effect.

Fig. 4.2 (a) shows the transmission functions of the unsubstituted Au-BDA-Au
junction, calculated using DFT-PBE, HF, and GW. The transmission functions
of all the different functionalized BDA junctions around the Fermi energy are
shown in Fig. 4.2 (b). The effect of side groups on conductance is weak, in-
dicating by the small change in the transmission shape and the values of the
transmission around the Fermi energy. It is HOMO mediated electron transport
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Figure 4.1: (a) The atomic structure of the Au-BDA-Au junction. The amine
linkers connect the benzene ring to the gold electrodes via two 3-fold coordinated
gold atoms. The black box indicates the region where the GW self-energy is
evaluated self-consistently. The other structures considered are constructed by
replacing BDA by (b) BDA+CH3*4, (c) BDA+OCH3, (d) BDA+OCH3, (e)
BDA+Cl, (f) BDA+CN, (g) BDA+F*4.
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Figure 4.2: (a) The transmission function for the unsubstituted BDA junction
calculated using DFT-PBE, HF and the self-consistent GW approximation. (b)
The transmission functions for different functionalized BDA junctions.
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Figure 4.3: (a) The HOMO positions relative to the Fermi level of differ-
ent functionalized BDA junctions calculated using DFT-PBE, HF, the self-
consistent GW approximation and DFT+Σ. The position of the HOMO is
taken as the first transmission peak below the Fermi level. (b) The HOMO
positions in the gas-phase relative to the vacuum level.

in all the cases, indicated by the position of the Fermi level crossing the HOMO
resonance. It has a negative Seebeck coefficient since the Fermi level is crossing
the tail of the HOMO resonance, in agreement with the experimental finding on
Au-BDA-Au junctions[91].

Fig.4.3 (a) and (b) shows the positions of the HOMO resonance in the junc-
tion and in the gas-phase respectively, calculated using different methods. The
functional groups have been ordered according to their ED/EW nature with the
most donating groups to the left and the most withdrawing groups to the right.

In the gas-phase, the same trend for the HOMO position is observed in all the
methods, but considerable differences are observed both in the absolute values as
well as the relative differences between the molecules. Using either GW or ∆SCF
as a reference, the DFT-PBE levels are typically overestimated by 2-3 eV while
HF underestimates by 0.5-1 eV. This is because, while the DFT-PBE HOMO
level are overestimated due to the spurious self-interaction in PBE xc functional,
the self-interaction free HF approximation underestimates the HOMO due to
the missing correlation.

Fig. 4.3 (a) shows that the general trend of the HOMO position observed in
the gas-phase carry over to the contacted molecules in the junctions. While
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Figure 4.4: The conductance of side group functionalized BDA junctions cal-
culated using DFT-PBE, HF, and self-consistent GW. The experimental con-
ductances are shown in black.

the relative HOMO resonance positions in the junctions with GW and HF are
almost unchanged from the gas-phase and still show a variation of around 1.5 eV,
the DFT-PBE HOMO resonance positions vary much less with the side groups
compared to the gas-phase and show a total variation of only 0.25 eV. The
stronger pinning of the HOMO to the Fermi level in the DFT-PBE calculations
results from the larger overlap of the HOMO resonance with the Fermi level in
DFT and from the spurious self-interaction which enhances the effective fields
making it energetically more difficult for charge to flow to/from the HOMO. In
addition, the strong pinning in DFT is inherited in DFT+Σ, showing a small
total variation of 0.7 eV.

The screening is enhanced by metal electrodes which shifts the HOMO level
upwards in energy, when the molecule is sandwiched in the junction[83, 85].
While HF and DFT completely miss this effect, the GW method naturally
captures this feature, which can be seen from the increased distance between
the GW and HF levels when going from the gas-phase to the junction in Fig.
4.3. The screening (image charge shift) amounts to around 0.4 eV on average
for the functionalized BDA junctions studied here.

The calculated zero-bias conductances are shown in shown in Fig. 4.4 with the
corresponding values are listed in Tab. 4.1. The DFT-PBE conductances over-
estimate the experimental values by a factor of 3, while the HF conductances
underestimate the experimental values by a factor of 20. Inclusion of the screen-
ing at the GW level brings the conductances closer to the experimental values,
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Table 4.1: The summary of conductances (in units of 10−3G0) calculated using
DFT-PBE, GW, HF, and DFT+Σ for different image plane positions, namely
z = −1.0, 0.0, +1.0 Å relative to the Au tip atom. The last column are the
experimental conductances[89].

Effect DFT GW HF DFT+Σ EXP-1.0 Å 0.0 Å +1.0 Å
CH3*4 donor 17.2 4.15 0.337 4.41 6.24 10.79 8.2±0.2
OCH3 donor 19.6 3.85 0.385 3.37 4.26 6.23 6.9±0.2
CH3 donor 18.2 3.76 0.393 3.16 3.77 5.81 6.4±0.6
H 21.3 3.67 0.459 3.57 4.51 6.69 6.4±0.2
Cl acceptor 17.2 3.19 0.384 3.35 3.88 5.90 6.0±0.4
CN acceptor 16.7 2.91 0.343 3.05 3.52 5.29 6.0±0.3
F*4 acceptor 11.3 1.74 0.225 3.42 4.13 6.65 5.5±0.3

but the GW method still underestimates the experimental values by a factor of
2.

Surprisingly the relative effect of the functional groups is only correctly pre-
dicted using the GW method, given the fact that the changes of the DFT
HOMO positions follow the ED and EW effects of the substituent groups as
well. Specifically, functional groups with donor characteristic such as CH3*4,
OCH3 and CH3 increase the conductance, while functional groups with accep-
tor characteristic such as Cl, CN, and F*4 decrease the conductance. As shown
in Fig. 4.3, due to the stronger effect of pinning to the metal Fermi level, the
changes of the DFT HOMO positions are relatively small compared to the GW
results. As a result, the variation in the DFT conductances is more sensitive to
other effects[88] and does not reflect the (small) variation in the level positions.

In Fig. 4.5, the DFT+Σ results are compared with GW and experimental values.
The conductances of the z = +1.0 Å image plane position are in agreement with
the experimental values. The image charge energies are reduced when shifting
the image planes further away from the molecule by z = −1.0 Å or z = 0.0
Å. This implies that the molecular levels are shifted away from the Fermi level,
and the conductances are lowered to values closer to the GW results. While the
DFT+Σ conductances are in overall good agreement with the experiments, the
changes in conductance with different side groups are not correctly captured by
this method.

We can also consider the DFT+SO method, where the positions of the DFT
HOMO and LUMO levels are shifted using a scissor operator to match the posi-
tions of GW HOMO and LUMO levels. The DFT+SO method recovers the cor-
rect ordering of the conductance as shown in Fig. 4.5. The relative conductance
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Figure 4.5: The conductance of the functionalized BDA junctions calculated
using the DFT+Σ method (yellow) with three different image plane positions,
namely z = −1.0, 0.0, +1.0 Å relative to the Au tip atom, compared with the
GW, DFT+SO and experimental results.

difference between the DFT+SO and GW results from the frequency dependence
of the GW self-energy which is absent in DFT+SO[88]. The DFT+SO results
further support the interpretation that the wrong ordering of the conductances
in DFT and DFT+Σ is a consequence of incorrect level alignment.

In conclusion, we have studied the role of energy level alignment for a cor-
rect description of the electronic conductance of side group functionalized BDA
molecular junctions. It was found that the self-consistent GW method yields
excellent agreement with experiments for both qualitative trends and absolute
conductance values. In contrast, because of the over-pinning of the molecular
levels to the Au Fermi level, the energy level alignment is incorrectly predicted
by DFT and DFT+Σ. Therefore both standard DFT and the scissors operator
corrected DFT+Σ method failed to catch the relative variation in conductance
with functional groups.
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4.2 The effect of contact variation on conduc-
tance and thermopower

4.2.1 Motivation

With the global energy shortage issue, thermoelectric materials provide a promis-
ing solution to convert waste heat into electricity. On the other hand, by apply-
ing electric potential, thermoelectric materials can be utilized to cool or heat
devices. This is called thermoelectric effect.

The efficiency of thermoelectric materials can be measured by the dimensionless
figure of merit

ZT =
S2GT

κph + κe
, (4.1)

where S: the Seebeck coefficient, G: the electronic conductance, T : the average
temperature, κph: the phonon thermal conductance and κe: the electron thermal
conductance. To date, the best reported ZT values are in the 2 ∼ 3 range[92].

Ideally, to get the best ZT , we should have large S, large G and small κ. Typ-
ically, for bulk materials, these quantities are interrelated and cannot be con-
trolled independently: lowering the thermal conductance typically also lowers
the electrical conductance.

One promising approach is to use molecular junctions to improve the thermoelec-
tric effect. This has been demonstrated both experimentally and theoretically[93,
24]. This opens a new way to improve the efficiency of thermoelectric devices.
However to understand the factors that influence ZT at the atomic scale is quite
challenging experimentally.

In addition, thermopower measurements are used as a spectroscopic technique
because they characterize whether the electron transport is mediated by the
HOMO or the LUMO.

In this study, the conductance and the thermopower of benzenediamine (BDA)
and benzenedicarbonitrile (BDCN) molecules contacted to Au electrodes are
calculated using DFT, GW and DFT+Σ. While the electron transport in Au-
BDA-Au junctions are HOMO-mediated, it is LUMO-mediated in Au-BDCN-
Au junctions. We focus on accessing the sensitivity of these quantities on the
atomic details of the electrode-molecule interface. This section is based on Paper
II.
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4.2.2 Results and discussion
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Figure 4.6: The atomic structure of Au-BDA-Au junction (a) and Au-BDCN-
Au junction (b) with the perfect tip contacts. The corresponding transmission
functions are shown in (c) and (d), calculated using DFT, GW and DFT+Σ.
Two positions of the image charge plane are used, namely ±1 Å. The experi-
mental conductances and thermopowers are indicated by the vertical bar and
the slope of the dashed line at the Fermi energy respectively.

Starting with perfect tip contacts, three different methods, namely DFT, DFT+Σ
and GW, are applied. The transmission functions of Au-BDA-Au junction and
Au-BDCN-Au junction with the perfect tip contacts are shown in Fig. 4.6. The
calculated conductance and thermopower values are listed in Tab. 4.2.

Table 4.2: Summary of the calculated conductances and thermopowers of the
Au-BDA-Au junctions and the Au-BDCN-Au junction with perfect tip contacts,
compared with experimental values. The conductances and thermopowers are
in units of G0 and µV/K−1 respectively.

BDA BDCN
G S G S

Exp. 6.4× 10−3 2.3 8.4× 10−5 -1.3
GW 3.6× 10−3 7.8 6.3× 10−5 -9.2
DFT 24× 10−3 6.7 1.9× 10−2 -129
DFT+Σ(+1Å) 5.7× 10−3 0.8 4.7× 10−4 -24
DFT+Σ(-1Å) 2.9× 10−3 -0.9 2.2× 10−4 -19

In the BDA case, both the GW and the DFT+Σ (+1 Å) conductances agree with
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the experiments, while the DFT overestimates the conductance by a factor of 2.
All the methods show a positive thermopower in agreement with the experiment,
except for the DFT+Σ (-1 Å). Moreover the DFT+Σ (+1 Å) conductance gives
the best agreement with the experiment.

In the BDCN case, the DFT conductance is two orders of magnitude larger
than the experiment because the DFT LUMO level is located too close to the
Au Fermi level. The DFT+Σ and GW give better conductances by correcting
the LUMO level up in the energy. All the methods give a positive thermopower
and the GW thermopower is in excellent agreement with the experiment.

To access the sensitivity of the contact details, different contact configurations
are used namely, a tip, adatom or a trimer configuration as shown in Fig. 4.7.
From the above conductance and thermopower calculations for the perfect tip
contacts, GW and DFT+Σ show improvement over DFT due to the better
energy level alignment. Additionally, due to the high computational demand of
the GW calculations, the DFT+Σ method is applied in the remaining part of
our study in order to provide an accurate description.
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Figure 4.7: The conductance versus the thermopower of Au-BDA-Au junction
with various contact geometries, calculated using DFT and DFT+Σ. Two po-
sitions of the image charge plane are used, namely +1 Å (open symbols) and -1
Å (filled symbols). The cross indicates the calculated values from Ref. [91].

In the BDA case shown in Fig. 4.7, the conductance and thermopower of all four
structures calculated using the DFT+Σ (+1 Å) are in good agreement with the
experiments, while the calculations with image planes placed 1 Å inside the Au
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lead to negative thermopower, namely DFT+Σ (-1 Å). The GW conductance
is close to the experiments, but the thermopower is a factor of 3 larger. Both
DFT conductances and thermopowers are largely overestimated. Compared
to the previous calculations[91] which are done with different DFT codes and
presumably different geometries, the agreement with our results are very close.
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Figure 4.8: The conductance versus the thermopower of Au-BDCN-Au junc-
tion with various contact geometries, calculated using DFT and DFT+Σ. Two
positions of the image charge plane are used, namely +1 Å (open symbols) and
-1 Å (filled symbols).

In the BDCN case shown in Fig. 4.8, the DFT conductances are 2-3 orders
of magnitude larger while the DFT thermopowers are a factor of 30-100 larger,
compared to the experiments. The DFT+Σ conductances are 3-200 times larger
than the experiments. The largest discrepancy is found for the tilted tip con-
figuration, resulting from the strong coupling between the LUMO and the Au
s-orbitals. On the other hand, the thermopower from DFT+Σ are an order of
magnitude larger than the experimental value. The GW method gives an excel-
lent agreement with the experiments. The GW conductance is only 25% lower
than the experimental value and the GW thermopower is larger by a factor of
7.

In conclusion, we have studied the electronic conductance and thermopower for
BDA and BDCN single-molecule junctions. For both molecules, good agreement
with experimental results are found with the exchange and correlation effects
described by the self-consistent GW approximation. While the DFT conduc-
tances and thermopowers for different BDA junctions agree with experimental
results within a factor of 5, much larger discrepancies are found for the BDCN
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junction where the DFT results differ from the experiments by two orders of
magnitude. By correcting the energy level alignment, DFT+Σ improves the
results for both BDA and BDCN. It is also found that the conductance and the
thermopower are robust against the small structrual changes. We demonstrated
here that a proper treatment of exchange–correlation effects is important to
have quantitative description of the energy level alignment and therefore the
conductance and thermopower properties.
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4.3 Electrochemical gating of nonredox molecules

4.3.1 Motivation

To realize a single molecular transistor, a gate electrode is required to control
the molecular energy levels[94]. The electrochemical gate approach shown in
Fig. 4.9 (a) can operate in room temperature liquid environments and produce
high gate efficiency due to the achievable large electric field. Combined with
scanning tunnelling microscope break junction techniques, it has been used to
study the nonredox 4,4’-bipyridine (44BP) molecule sandwiched between Au
contacts[95, 96].

Figure 4.9: (a) The schematic of the electrochemical gating setup for scan-
ning tunnelling microscope break junction measurements. (b) Examples of con-
ductance traces. (c) The conductance histograms for Ni-44BP-Ni (gray) and
Au-44BP-Au (yellow) junctions.

The metal-molecule contact plays a critical role in molecular electronics. Most
single molecule junction experiments are done with Au contacts due to its chemi-
cal stability and mechanical elasticity. Using ferromagnetic metal contacts such
as Ni could leads to spinterface, namely spin-dependent orbital hybridization
at the metal-molecule interface [97, 98, 99]. In the electrochemical control ap-
proach, it becomes possible to use Ni contacts instead of Au contacts, because
Ni can be prevented from oxidation.
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In this study, electrochemical control is used to do nonredox gating for Ni-44BP-
Ni and Au-44BP-Au single molecule junctions. The DFT based calculations
are used to underpin the different gating mechanism for those two junctions.
Specifically, the DFT+Σ method is employed to calculate the conductance for
both Ni-44BP-Ni and Au-44BP-Au junctions at different gate voltages. The
GW method is used for Au-44BP-Au junction to benchmark the accuracy of the
DFT+Σ calculations. The gating effect is simulated by shifting the molecular
states:

Σgate =
∑

n

Vg|ψn〉〈ψn|, (4.2)

where Vg is the applied gate voltage and |ψn〉 is the molecular states calculated
by diagonalizing the molecular part of the DFT Hamiltonian for the junction.
This section is based on Paper III.

4.3.2 Results and discussion

Figure 4.10: The experimental (open symbols) and calculated (filled sym-
bols) conductances for Ni-44BP-Ni and Au-44BP-Au junctions as a function of
the gating voltage. The squares and triangles are for the Ni and Au contacts
respectively.
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The experimental conductances of Ni-44BP-Ni and Au-44BP-Au junctions at
different gating voltages are shown in Fig. 4.10. While two distinct conductance
values are observed in the Au contacts, only one conductance values is measured
in the Ni contacts. More interestingly, the Ni contacts not only shows much
higher conductance than the Au ones, but also has much larger gate-dependency.
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Figure 4.11: (a) The atomic structures of the tilted and linear configuration.
(b) The transmission functions for Au-44BP-Au junctions at different gating
voltages in the linear configuration (dashed lines) and in the tilted ones (solid
lines). (c) The spin-dependent transmission functions for Ni-44BP-Ni junctions
at different gating voltages in the tilted configurations. The inset is a transmis-
sion zoom-in around the Fermi energy.

The origin of the two distinct conductances in the Au contacts is ascribed to the
two different junction geometries, seen in Fig. 4.11 (a), during the break junc-
tion experiments[100]. The DFT+Σ calculations predict a higher conductance
when the molecule is tilted compared to when it is linear. The transmission
functions and the calculated conductances for Au contacts in the tilted and lin-
ear configurations are shown in Fig. 4.7 and Fig. 4.10 respectively. The tilted
configuration enhances the coupling between Au s-orbitals and LUMO of the
44BP. As a result, the broadened LUMO resonance increases the conductance
compared to the linear configuration. At the same time, the LUMO is pushed
up in energy because the molecule is further negatively charged. Additionally,
the GW calculations are performed to validate the DFT+Σ calculations for the
Au-44BP-Au junction and give 5.7×10−3G0 and 1.1×10−3G0 for the titled and
linear configurations, in agreement with the DFT+Σ.
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In the case of Ni contacts, the linear and tilted configurations have similar con-
ductances according to the DFT+Σ. The Ni contacts have much larger binding
energies for the tilted and linear configurations of 2.64 and 2.54 eV respectively,
compared to the Au cases that the binding energies are 1.71 and 1.91 eV re-
spectively. This suggests that both configurations are probed in the Ni break
junction experiments, but are indistinguishable from each other because the
conductance is insensitive to the contact angle. Note that only the transmission
functions of the tilted configuration are shown in Fig. 4.11 (c) for clarification.

-2

-1

0

1

2

3

ε
-ε

F
 (

eV
)

Minority 3d

Majority 3d

Majority Minority

Density of states (in log scale)Density of states

Ni electrode LUMO of 44BP molecule

Figure 4.12: The density of states of the Ni electrode and the LUMO of 44BP
molecule in the junction setup.

The enhanced gating efficiency and large conductance in the case of Ni contacts
result from the ferromagnetic nature of the Ni electrodes. Fig. 4.11 (c) shows
that the spin-degeneracy is lifted, resulting in one minority and one majority
spin channels. In the minority channel, high transmission at Fermi energy is due
to the coupling between the Ni d band and the LUMO of the molecule. This
is called spinterface. On the other hand, weaker Ni d-LUMO hybridization in
the majority channel results in small transmission at Fermi energy. The spin-
polarization in the Ni contacts are clearly seen from the projected density of
states in Fig. 4.12.

As the gate voltage applied to the Ni-44BP-Ni junctions is increased, the Fermi
level is shifted closer to the LUMO and the hybridization of the LUMO with
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the Ni d band increases. Consequently, the peak due to the hybridization in the
minority channel is enhanced, which results in the increase of the conductance.

A pinning effect for the gating is observed experimentally in the case of Au
contacts. However the calculated gating efficiency in Au contacts is similar to
the Ni case. To clarify that, a self-consistent treatment of the gate is needed to
take care of the charge transfer.

In conclusion, we have studied the electron transport and gating mechanisms
of the 44BP molecule contacted to either Au or Ni electrodes. The two dis-
tinct conductance values in Au-44BP-Au junctions results from two possible
junction geometries during the experiments. Furthermore, the DFT based cal-
culations suggest that the larger conductance in Ni-44BP-Ni junctions over that
in Au-44BP-Au junction results from the spinterface: The strong hybridization
between the Ni d band and the LUMO of the 44BP molecule.
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Chapter 5

Beyond energy level
alignment

The image charge could renormalize the energies of the molecular levels by
decreasing/increasing the additional/removal energies. This enhanced screening
effect accounts for an accurate energy level alignment at the molecule-metal
interface.

In addition to energy level alignment, the electron transport could be effected
by: (1) The polarization of the molecular wave functions due to the image charge
induced in the metal electrodes. This would change the coupling strength at the
molecule-metal interface[87]. (2) The finite formation time of the image charge.
This means that the image charge is lacking behind the tunneling electron and
results in a reduction of the effective metal-molecule coupling strength[88]. Both
two effects are fully accounted in the GW calculations, apart from the accurate
energy level alignment.

In this chapter, the effect of the finite image charge formation time will be stud-
ied in Sec. 5.1 and the consequence on the conductance and the thermopower in
Sec. 5.2. Since the molecules of interest here have low polarizability, the image
charge induced polarization is negligible.
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5.1 Dynamical image charge effect

5.1.1 Motivation

An image charge (IC) is induced in metal electrodes when an electron tunnels
between two metal electrodes. Under the assumption that the image charge is
formed instantaneously, the effect on the energy level alignment can be taken
into account by a static model for the image potential, as shown in the Chap.
4.

However, the response time of a noble metal is often comparable to the tunneling
time. Therefore the static model is questionable in such situation. The time it
takes to polarize the electrode is given roughly by the inverse plasmon frequency
of the electrode, τp ≈ 1/ωp, while a simple expression for the time the electron
spends on the moleculer follows from the time-energy uncertainty relation τtun ≈
~/|EF − εa|, where εa is the energy of the molecular orbital closest to the Fermi
level.

In this study, we explore the effect of the finite electrode response time to form
an image charge. Firstly, we analytically derive and provide the explanation
for the conductance suppression due to the finite image charge formation time.
Then first-principles many-body calculations are performed to account for more
realistic systems. This section is based on Paper IV.

5.1.2 Results and discussion

The electron transport through a localized electronic level 〈a| coupled to two
electrodes is considered, as shown in Fig. 5.1. We assume that the finite spectral
width γ is constant in the relevant energy range, and the level is unoccupied, i.e.,
ε > EF + γ (the case for an occupied level is treated completely analogously).
The Green’s function of the localized level:

Ga(ω) =
1

[ω − εa − ReΣa(ω)] + i[γ − ImΣa(ω)]
(5.1)

where the self-energy Σa(ω) = 〈a|Σ̂(r, r′, ω)|a〉 contains only the correlation
effects and the Hartree and exchange parts are absorbed in εa as they do not
contribute to the image charge effect.

The screening from the electrodes shifts the pole of the GF from εa to the
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Figure 5.1: Upper panel: When the localized level |a > is empty, the charge
distribution corresponding to the electrode ground state, |Ψ0〉, is homogeneous
(no image charge). Lower panel: When the level is occupied, the potential from
the localized electron, Va(r), induces an image charge in the electrode ground
state, |Ψ̃0〉.

quasiparticle energy

εQPa = εa + ∆εic,∆εic = ZΣa(εa) (5.2)

where ∆εic is the image charge shift and Z = (1− dΣa(εa)/dω)−1 is the renor-
malization factor. The physical meaning of Z is explained later.

Within the GW approximation, the self-energy has the form

Σ(r, r′, ω) =
i

2π

∫
G0(r, r′, ω + ω′)W̄ (r, r′, ω′)dω′, (5.3)

where the bare Coulomb interaction ν has been subtracted from dynamically
screened Coulomb interaction W : W̄ = W − ν. Neglecting the spatial overlap
between |a〉 and the metal states, the relevant matrix element of the screened
interaction becomes

W̄a(ω) =

∫ ∫
Va(r)χ(r, r′, ω)Va(r′)drdr′, (5.4)

where Va(r) is the potential created by an electron in the states |a〉,

Va(r) =

∫ |ψa(r′)|2
|r − r′| dr

′. (5.5)

and χ is the density response function of the metal electrode. Clearly, W̄ de-
scribes the energy associated with the polarization of the electrode due to the
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presence of an electron in |a〉. A Feynman diagram of the self-energy is shown
in Fig. 5.1.

Using the plasmon pole approximation for the response function, the self energy
energy can be written as

Σa(ω) =
A

ω − εa − ωp + i(γ + γp)
, (5.6)

where ωp and γp are the characteristic plasmon energy and spectral width. The
constant A can be fixed using the condition in Eq. 5.2 which yields

A =
∆εicω

2
p

ωp −∆ic
. (5.7)

For a single-level model, the transmission at the Fermi energy can be written as

T (EF ) =
(γ)2

(EF − εeffa )2 + (γ)2
, (5.8)

where the effective energy level is defined as

εeffa = εa + ReΣa(EF )

= εa + ∆εic

(
ωp

|EF − εa|+ ωp

)
.

(5.9)

The transmission through the interacting level is thus equivalent to transmission
through a noninteracting level with energy εeffa . When the image charge forma-
tion is fast compared to the average time spent by the electron on the molecule,
i.e., when ωp � |EF − εa|, the effective level equals εQP

a and the static image
charge approximation is valid. In the opposite regime where the tunneling time
is short compared with the image charge formation, i.e., ωp � |EF − εa|, the
self-energy vanishes and the tunneling electron "sees" the unscreened level εa.

The effect of the finite electrode response time is embeded into an effective level
model as shown in the Eq. 5.8. However it does not reflect the correct physics
since the pole of the Green’s function remains at εQP

a . Within the qusiparticle
approximation, Σ(ω) can be expanded to first order around εa, which resulting
the transmission function

TQP(ω) =
(Zγ)2

(ω − εQP
a )2 + (Zγ)2

, (5.10)

where
Z = 1− ∆εic

ωp
(5.11)
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Figure 5.2: The transmission function of the gold/BDA junction calculated
using DFT, DFT+ΣSO, GW and static GW (QPscGW).

is derived from Eq. 5.6 and 5.7. This shows that the transmission resonance
remains at εQP

a , but is narrowed by a factor of Z compared to the noninteracting
result. Therefore the conductance is suppressed by a factor of Z2 in the off-
resonant tunneling regime.

To test the role of dynamical screening under more realistic conditions, first-
principles GW calculations are performed for the BDA molecule connected to
Au electrodes. Fig. 5.2 shows the transmission functions calculated using four
different methods. Not surprisingly the DFT method overestimates the con-
ductance because the HOMO is placed too close relative the Fermi level. To
isolate the role of dynamical screening, the DFT+ΣSO is performed where a
"scissor operator" is used to match the DFT molecular levels with the GW
ones. Additionally QPscGW scheme of Schilfgaarde et al.[101] is employed here
to perform the static GW calculations. The transmission functions calculated
using the QPscGW and DFT+ΣSO methods are essentially identical. This is be-
cause the DFT and QP molecular orbitals coincide, given the low polarizability
of BDA.

The observed difference in the transmissions between full GW and DFT+ΣSO
or QPscGW originates from the frequency dependence of the GW self-energy.
Fig. 5.3 shows the HF and GW results for the spectral function of the BDA
HOMO together with the imaginary and real parts of the GW self-energy. The
renormalization factor Z equals to 0.84 obtained from the slope of ReΣ. This
leads to a conductance reduction by a factor of Z2 = 0.71. The transmission
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Figure 5.3: The spectral function of the HOMO of the contacted BDAmolecule
calculated using HF and GW. The real and imaginary parts of the GW self-
energy are also shown.

reduction in Fig. 5.2 is not fully accounted by Z2, which is probably due to
the nontrivial interplay between the dynamical effects on different transport
channels.

In conclusion, we have demonstrated that the finite formation time of the im-
age charge can renormalize the coupling strength and therefore suppresses the
conductance.
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5.2 Simultaneous description of conductance and
thermopower

5.2.1 Motivation

From a calculation with an incorrect energy level alignment, it is in principle
possible to obtain the correct conductance or thermopower of a single-molecule
junction. However a simultaneously good description of conductance and ther-
mopower can hardly be achieved unless the energy level alignment and level
broadening are correctly described. To have a highly stringent test of the qual-
ity of the underlying electronic structure calculation, it is necessary to conduct
a simultaneous modeling of the conductance and thermopower.

In addition, by considering various junction geometries and preferentially com-
paring to experiments where the conductance and thermopower were measured
simultaneously, a faithful benchmark of the GW approximation for electronic
transport calculations can be established.

In this study, we apply the GW method to study the conductance and ther-
mopower of a single bis-(4-aminophenyl) acetylene molecule (B4APA) sand-
wiched between two Au electrodes where the conductance and thermopower of
Au/B4APA junctions were simultaneously measured by Widawsky et al.[102].
This section is based on Paper V.

5.2.2 Results and discussion

The Au/B4APA molecular junction is shown in Fig. 5.4. To mimic the exper-
imental break junction setup, the break junction simulation is carried out by
displacing the two Au electrodes in steps of 0.25 Å. Fig. 5.5 (a) shows that the
configuration S0 has the minimum energy which corresponds to the zero-stress
configuration in the experiments.
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(b)
HOMO
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z = +1.0

z = 0.0

z = -1.0

Figure 5.4: (a) A single B4APA molecule is sandwiched between two Au tip
electrodes. The three different image plane positions are employed in DFT+Σ
method. (b) The HOMO orbital of the B4APA molecule in the junction.
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the Au-N-C atoms, (d) the conductance, and (e) the thermopower. The exper-
imental values are indicated by the gray bars[102].
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Fig. 5.5 (d) and (e) show the evolution of the conductance and thermopower cal-
culated using DFT and GW respectively. The DFT conductances are in general
a factor of 6 larger than the experimental value, while the DFT thermopower
varies from 2.8 to 20 µV/K. The configuration S+2 has a DFT thermopower
close to the experimental value. However it is unlikely to have such configura-
tion in the statistical break junction experiment due to the high total energy.
The variation of the DFT conductance and thermopower during the stretching
stimulation can be understood in terms of the Lorentzian model, as explained
in Paper V. We conclude that the discrepancy between the DFT results and the
experimental values are not because of the variation in the junction geometry.

The energy levels of B4APA in the gas phase are listed in the Tab. 5.1 calculated
using DFT-PBE Kohn-Sham eigenvalues (PBE-eig), GW, HF and DFT-PBE
total energy differences (PBE-tot). In the absence of the experimental reference,
the PBE-tot values have been taken as the reference which are found to have
an accuracy of around 0.2 eV for the ionization energy for small molecules.
The DFT HOMO level is overestimated by 1.9 eV while the DFT LUMO is
underestimated by 2.0 eV compared to the PBE-tot. Additionally the HF opens
up the DFT the HOMO-LUMO gap from 2.8 eV to 9.4 eV by correcting the
self-interaction error in the DFT-PBE functional. Furthermore the GW reduces
the HF gap to 7.1 eV by including the correlation effect that is missing in the
HF.

Table 5.1: Summary of the HOMO and LUMO energies of the B4APAmolecule
in the gas-phase and in the junction respectively, calculated using DFT-PBE KS
eigenvalues (PBE-eig), GW, HF and DFT-PBE total energy differences (PBE-
tot). Units are eV.

Molecule Orbital PBE-eig GW HF PBE-tot
HOMO -4.4 -5.9 -6.9 -6.3

Gas-phase LUMO -1.6 1.2 2.5 0.4
H-L gap 2.8 7.1 9.4 6.7
HOMO -1.4 -2.1 -3.3 N/A

Junction LUMO 1.5 4.5 6.2 N/A
H-L gap 2.9 6.6 9.5 N/A

Fig. 5.6 shows the transmission functions calculated using DFT, GW and HF for
the zero-stress configuration S0. The calculated conductance and thermopwer
are listed in the Tab. 5.2. Compared to the DFT and HF results, the GW results
are in excellent agreement with the experiments mainly due to the better energy
level alignment at the molecule-metal interface. The HOMO and LUMO levels
positions are listed in the Tab. 5.1.
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Figure 5.6: Transmission functions for the zero-stress Au/B4APA junction
configuration (S0) calculated using DFT-PBE, GW and HF. The experimental
conductance[102] is indicated by the gray box and the Fermi level is set to zero
eV.

Table 5.2: Conductances and thermopowers for the zero-stress Au/B4APA
junction configuration (S0) calculated using DFT-PBE, GW and HF. The ex-
perimental values are listed in the last column[102].

DFT-PBE GW HF Exp.
G (10−3G0) 3.31 0.29 0.022 0.57 ± 0.2
S (µV/K) 2.8 11.6 5.4 9.7 ± 0.3
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The image charge induced wave function polarization is negligible in this system
due to limited polarizability of the B4APA HOMO orbital. However the effect
of finite image charge formation on conductance and thermopower are explored
here by comparing the GW calculations with the DFT+ΣSO calculations. As
shown in Fig. 5.7, the GW conductance is a factor of 0.73 lower than the
DFT+ΣSO ones, while the thermopower are essentially identical. The reduction
of the GW conductance is related to the quasi-particle renormalization of the
HOMO level, as explained in Sec 5.1.
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Figure 5.7: (a) Transmission functions calculated using GW and DFT+ΣSO
for the zero-stress Au/B4APA junction configuration (S0). The experimental
conductance is indicated by the gray box and the Fermi level is set to zero
eV[102]. (b) Spectral functions of the HOMO of the contacted molecule calcu-
lated using HF and GW. The black curves show the real and imaginary parts
of the GW self-energy.

When electron-electron interactions are described with a GW self-energy, the
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transmission of a single level in the wide band limit can be written as

T QP(E) =
(ZΓ)2

(E − εQP
a )2 + (ZΓ)2

(5.12)

where Γ, Z, εQP
a denote the tunneling width, the renormalization factor and the

QP energy level.

In the off-resonance tunneling regime, the conductance can be written as

GQP ≈ (ZΓ)2

εQP2
a

G0 (5.13)

For the HOMO level of 4BAPA in the junction, it is found that the renormal-
ization factor of Z2 = 0.74 agrees almost exactly with the ration between the
conductance obtained from GW and DFT+ΣSO. Similarly the thermopower
can be written as

SQP ≈ −π
2k2BT

3e

2

εQP
a

. (5.14)

The thermopower turns to be independent of Z, which is consistent with the
fact that the thermopowers using GW and DFT+ΣSO are essentially identical.

Next we address the effect of stretching the Au/B4APA junction on the con-
ductance and thermopower calculated using the DFT+Σ method, as shown in
Fig.5.8. Three different image plane positions, namely z = +1, 0, -1 Å rela-
tive to the Au tip atom are employed. It is found that the conductances are
greatly improved over the uncorrected DFT results, but the thermopowers are
not improved; in fact they are worsened.
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Figure 5.8: When stretching the Au/B4APA junction, the effect on (a) the
conductance and (b) the thermopower, calculated from DFT+Σ method using
three different image plane positions, namely z = +1, 0, -1 Å relative to the
Au tip atom. The break junction experimental values are indicated by the gray
bars[102].

Wheile the DFT conductances remain almost constant during the stretching, the
DFT+Σ conductances are decreasing during the stretching simulation. This is
due to the reduction of the image charge effect on the energy level renormaliza-
tion when the molecule is moving away from the electrodes.

In conclusion, we have demonstrated that a quantitatively simultaneous de-
scription of both conductance and thermopower in a gold/B4APA junction is
achievable by using the GW approximation to the exchange-correlation func-
tional. The GW method not only provides a better level alignment, but also
accounts for the dynamics of the image charge screening which reduces the ef-
fective metal-molecule coupling strength.
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We study the effect of functional groups (CH3*4, OCH3, CH3, Cl, CN, F*4) on the electronic trans-
port properties of 1,4-benzenediamine molecular junctions using the non-equilibrium Green function
method. Exchange and correlation effects are included at various levels of theory, namely density
functional theory (DFT), energy level-corrected DFT (DFT+!), Hartree-Fock and the many-body
GW approximation. All methods reproduce the expected trends for the energy of the frontier or-
bitals according to the electron donating or withdrawing character of the substituent group. How-
ever, only the GW method predicts the correct ordering of the conductance amongst the molecules.
The absolute GW (DFT) conductance is within a factor of two (three) of the experimental values.
Correcting the DFT orbital energies by a simple physically motivated scissors operator, !, can bring
the DFT conductances close to experiments, but does not improve on the relative ordering. We as-
cribe this to a too strong pinning of the molecular energy levels to the metal Fermi level by DFT
which suppresses the variation in orbital energy with functional group. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4829520]

A single molecule connected to source and drain elec-
trodes through well defined chemical bonds constitutes an
ideal system for exploring (coherent) charge and heat flow
within a molecule and across a metal-molecule interface.1, 2

Understanding the electronic structure of metal-molecule
interfaces, and in particular the energy level alignment
and interface conductance, is essential for the develop-
ment of accurate models in several research fields including
organic photovoltaics,3 (photo-)electrochemical reactions4, 5

and molecular electronics,6 which all involve charge flow
across a metal-molecule interface as a key element.

Molecular transport junctions are also interesting in
their own right. A variety of fascinating phenomena,
including strong correlation Kondo physics,7, 8 electro-
static gate control,7, 9 magnetic switching,10, 11 and quantum
interference,12–14 have recently been demonstrated at the
single-molecule level. However, the most unique property of
molecular junctions, which continues to drive new discover-
ies in the field, is the vast degree of flexibility in the design
of molecular components providing atomic-scale handles on
the electronic properties.15–17 The main problem is the lack of
atomic-scale control of the metal-molecule interface. Amine
anchoring groups have shown promise in some experimen-
tal testbeds, offering well defined and reproducible electronic
properties.

The effect of chemical modifications of the 1,4-
benzenediamine (BDA) molecule on the electrical conduc-

a)Electronic mail: thygesen@fysik.dtu.dk

tance has been studied experimentally by Venkataraman
et al.16 It was shown that the conductance can be tuned, to
some extent, by functionalizing the BDA molecule with dif-
ferent side groups. The conductance of BDA is mainly dom-
inated by the highest occupied molecular orbital (HOMO).
The HOMO energy level will be shifted up in energy by the
introduction of an electron donating (ED) group and down in
energy by an electron withdrawing (EW) group. While the ef-
fect of different functional groups only lead to relatively small
changes in the conductance it still provides an interesting
testbed for a theoretical description of the energy level align-
ment and electronic transport through the molecules. We note
in passing that functional side groups can lead to much larger
relative conductance changes in molecules showing destruc-
tive quantum interference effects, either by tuning or switch-
ing on/off the interference effect.13, 14, 18

DFT calculations have previously been performed to
investigate the effect of different functional groups on the
BDA conductance.19 Due to the self-interaction error in stan-
dard (semi-)local exchange-correlation (xc) functionals, the
HOMO level lies too high in energy, and the conductance
is typically overestimated by up to several orders of magni-
tude. This discrepancy has been corrected to some extent by
the DFT+! method.19–22 In this method, the positions of the
HOMO and LUMO levels are rigidly shifted to correct for the
error in the approximate xc functionals. The shift corrects the
energy levels for the free molecule in the gas-phase, for which
accurate numbers are available, and includes an image charge
correction to account for the screening by the electrodes. The

0021-9606/2013/139(18)/184307/6/$30.00 © 2013 AIP Publishing LLC139, 184307-1
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latter is estimated using a classical electrostatic model, which
depends on the positions of two image planes as adjustable pa-
rameters. Self-interaction errors and image charge screening
could, in principle, also affect the shape of molecular orbitals
which thus influence the metal-molecule coupling strength
and the broadening of molecular resonances.23 More recently,
the self-consistent GW method has been successfully applied
to calculate the conductance of several small molecules.24–26

It has been demonstrated that the GW scheme, without ad-
justable parameters, provides quantitative agreement with the
experiments for both conductance25, 26 and thermopower.27

In this paper, we address the effect of functional groups
on the conductance of gold/BDA junctions using the non-
equilibrium Green’s function method (NEGF) with different
levels of theory to describe exchange-correlation (xc) effects.
The DFT+! method improves on DFT-PBE and yields con-
ductances within a factor 2 of the experimental results for
certain positions of the image planes. However, both DFT-
PBE and DFT+! fail to capture the trends in the conduc-
tance observed in experiment and expected from the electron
donating or withdrawing character of the functional group.
Hartree-Fock (HF) underestimates the conductance by a fac-
tor of 20 and also fails to capture the conductance trends. We
find that only the GW method predicts both the trend, that is,
the relative ordering of conductance amongst the BDA func-
tionalized molecules, as well as the overall magnitude of the
conductance in good agreement with experiments.

All the calculations are performed with the GPAW code28

using the projector-augmented wave method and a numerical
atomic orbitals basis set.29 We use a double zeta with polar-
ization (DZP) basis for Au and a double zeta (DZ) basis for
the molecules. We use rather diffuse basis functions for Au
corresponding to an energy shift of 0.01 eV. This is essential
to obtain a good description of the surface dipole, which is
important for a correct alignment of molecular energy lev-
els. With the present basis set, we obtain a work function of
5.4 eV for the flat Au(111) surface in good agreement with
the experimental value of 5.31 eV.30 The molecules are sand-
wiched between two four-atom Au tips attached to Au(111)
surface as illustrated in Fig. 1(a). The supercell contains eight
4 ! 4 Au(111) atomic layers. The geometries of the molecu-
lar junctions are optimised by relaxing the molecule and four
atom tips until the residual force on any atom is less than
0.01 eV/Å. For the relaxation, we use the PBE31 functional
and a 4 ! 4 ! 1 k-point sampling. The HF and GW transport
calculations are performed according to the method described
in Ref. 24. The transmission is calculated from the Landauer
formula32, 33

T (") = Tr[Gr (")#L(")Ga(")#R(")], (1)

where the retarded Green’s function is obtained from

Gr (E) = [(E + i$)S " H0 + Vxc " %VH [G]

"!r
L(E) " !r

R(E) " !xc[G](E)
!"1

. (2)

Here S, H0, and Vxc are the overlap matrix, Kohn-Sham (KS)
Hamiltonian matrix and the PBE xc-potential in the atomic
orbital basis, respectively. $ is a numerical positive infinites-
imal which is set to 0.02 eV in all the calculations. !r

L/R are

NH2H2N

Cl
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FIG. 1. (a) The atomic structure of the gold/BDA junction. The amine linkers
connect the benzene ring to the gold electrodes via two 3-fold coordinated
gold atoms. The black box indicates the region where the GW self-energy is
evaluated self-consistently. The other structures considered are constructed
by replacing BDA by (b) BDA+CH3*4, (c) BDA+OCH3, (d) BDA+OCH3,
(e) BDA+Cl, (f) BDA+CN, (g) BDA+F*4.

the retarded lead self-energies and %VH is the deviation of
the Hartree potential from the equilibrium DFT-PBE value.
!xc is the many-body xc self-energy. For HF and GW, !xc

is the non-local Fock exchange potential and the GW self-
energy, respectively. These self-energies are evaluated self-
consistently for atomic orbitals centered on atoms within the
box region in Fig. 1(a). A standard NEGF-DFT calculation
is recovered when !xc is taken as KS xc-potential, Vxc. The
self-consistent cycle is performed by a linear mixing of the
Green functions. The energy dependent quantities are repre-
sented on an energy grid ranging from "160 eV to 160 eV
with an energy-grid spacing of 0.01 eV.

In the DFT+! method an orbital dependent self-energy
term ! is included to shift the molecular orbital energies.19–22

The self-energy term ! has the form
"

n %n|&n#$&n|, where
%n = %occ for all the occupied states and %n = %unocc for
all the unoccupied states. The states |&n# are the molecular
orbitals calculated by diagonalizing the molecular part of the
DFT Hamiltonian for the junction. The energy shift %occ has
two contributions: A correction obtained as the difference be-
tween the Kohn-Sham HOMO energy and the vertical ionisa-
tion potential (IP) of the molecule in the gas-phase. The IP is
evaluated from a %SCF calculation involving the PBE ground
state energies of the neutral and cation species, i.e., IP = E(N
" 1) " E(N). This term mainly corrects for self-interaction
errors and moves the occupied states down by 2–3 eV. Like-
wise, %unocc corrects the LUMO to fit the electron affinity EA
= E(N) " E(N + 1) and moves the unoccupied states up in en-
ergy. Second, we include a classical image charge correction
due to the screening from the metal electrodes of the HOMO
and LUMO charge densities. This correction relies on the as-
sumption that screening by the Au electrodes can be described
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classically as two flat conductors characterised by two image
planes, the positions of which are adjustable parameters. The
image planes are placed symmetrically in the junction. We
consider three different positions of the image plane relative
to the tip gold atom, namely, z = "1.0, 0.0, +1.0 Å.

The junction atomic structure and the functionalized
BDA molecules investigated are shown in Fig. 1. For all the
junctions, we observe very small structural variations at the
contact interface due to the side group substitution. The av-
erage Au-N bond length is 2.55 Å with standard deviation
(STD) of 0.026 Å and the average Au-N-C angle is 130.4%

with STD of 3.1%. It is known, both experimentally and theo-
retically, that the conductance is relatively insensitive to the
contact geometry for amine-linked junctions.20, 34 Previous
calculations also show that, for the most stable configurations,
the conductance remains essentially constant when the Au-
N bond length is changed by up to 0.05 Å.35 Since the STD
of the Au-N bond length obtained for the molecules is only
0.026 Å, we conclude that the origin of the conductance vari-
ation observed for the functionalized junctions is an electronic
rather than a structural effect.

The transmission functions for the unsubstituted BDA
junction calculated using DFT-PBE, HF, and GW are shown
in Figs. 2(a) and 2(b) shows a zoom of the transmission of all
the different functionalized BDA junctions around the Fermi
energy on a logarithmic scale. For each method, we find that
the functional group only induces small changes in the shape
and value of the transmission around the Fermi energy. This
indicates that the effect of functional group on conductance
is weak, in agreement with the experiment. In all cases, the
Fermi level is crossing the tail of a HOMO resonance peak,
indicating that the HOMO level is mediating the charge trans-
port. We note that the slope of the transmission function at the
Fermi energy is an indicator for the Seebeck coefficient. The
negative slope signals HOMO-mediated transport in agree-
ment with measurements of the Seebeck coefficient of gold
BDA junctions.22

The positions of the HOMO resonance in the junction
and in the gas-phase are shown in Figs. 3(a) and 3(b), re-
spectively. In addition, we show the results obtained with the
DFT+! approach. To define the HOMO level position in
the junction we have used the position of the first transmis-
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FIG. 2. (a) The transmission function for the unsubstituted BDA junction
calculated by DFT-PBE (blue), Hartree-Fock (green), and the self-consistent
GW approximation (red). (b) The transmission functions for the different
functionalized BDA junctions.
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level. (b) HOMO level positions in the gas-phase relative to the vacuum level.

sion peak below the Fermi level reaching a value of 0.8–1.
The functional groups have been ordered according to their
electron donating/withdrawing nature with the most donating
groups to the left and most withdrawing groups to the right.
The position of the HOMO level is seen to follow this trend
both in the junction and the gas-phase.

Focusing on the gas-phase, we see that although all meth-
ods give the same trend for the HOMO level position, there
are considerable differences both in the absolute values as
well as the relative differences between the molecules. Taking
either GW or %SCF as a reference, the DFT-PBE levels are
typically overestimated by 2-3 eV while HF underestimates
by 0.5–1 eV. The large overestimation of the HOMO level by
DFT-PBE can be explained by the spurious self-interaction. In
contrast, the self-interaction free HF approximation underesti-
mates the HOMO due to the missing correlation. All methods
predict similar trends for the dependence of the HOMO en-
ergy on the functional group, except for the F*4 group where
DFT+! and DFT-PBE predict give much smaller change
than HF and GW.

We note that the GW results for the IPs lie around 1 eV
above the IPs predicted by the %SCF method. For BDA, the
IP predicted by GW (6.2 eV) is 1–1.5 eV smaller than the
experimental vertical IP which lies in the range 7.3–7.6 eV.36

Thus, it seems that the gas-phase IPs obtained with GW are on
the order 1 eV too small for the present set of molecules. This
is somewhat larger than that reported previously by some of
us for a test set of 34 small molecules (mean deviation from
experiments of 0.4 eV).37 We ascribe this difference to the
different basis sets employed. In Ref. 37 we used a DZP basis
set comprising maximally localized Wannier functions con-
structed from a highly accurate real space grid DFT calcu-
lation augmented by numerical atomic orbitals, whereas the
present calculations are performed with a DZ basis of numer-
ical atomic orbitals. We further note that previous plane wave
G0W0 calculations found an IP for BDA of 7.0 eV.38 This re-
sult is more consistent with the mean deviation of 0.4 eV re-
ported in Ref. 37 and indicates that our present basis set is not
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TABLE I. Summary of conductances (in units of 10"3G0) obtained with DFT-PBE, GW, Hartree-Fock, and
DFT+! for different image plane positions, namely z = "1.0, 0.0, +1.0 Å relative to the Au tip atom. The
experimental conductances are listed in the last column.16

DFT+!

Effect DFT GW HF " 1.0 Å 0.0 Å +1.0 Å Expt.

CH3*4 donor 17.2 4.15 0.337 4.41 6.24 10.79 8.2 ± 0.2
OCH3 donor 19.6 3.85 0.385 3.37 4.26 6.23 6.9 ± 0.2
CH3 donor 18.2 3.76 0.393 3.16 3.77 5.81 6.4 ± 0.6
H 21.3 3.67 0.459 3.57 4.51 6.69 6.4 ± 0.2
Cl acceptor 17.2 3.19 0.384 3.35 3.88 5.90 6.0 ± 0.4
CN acceptor 16.7 2.91 0.343 3.05 3.52 5.29 6.0 ± 0.3
F*4 acceptor 11.3 1.74 0.225 3.42 4.13 6.65 5.5 ± 0.3

fully converged for gas-phase calculations. We would like to
stress, however, that the accuracy of our GW calculations are
expected to be higher for the molecules in the junction than
for the gas-phase. This is because in the junction, the screened
interaction entering the GW self-energy is dominated by the
response function of the gold electrodes. The latter is mainly
determined by low-energy transitions (s " s intraband and s
" d interband transitions), which are well represented by our
DZP basis set. The last point follows from the excellent agree-
ment between the band structure of bulk gold obtained with
our DZP basis and a plane wave basis set (not shown). More-
over, it is our experience that standard G0W0 quasiparticle
calculations for metallic systems converge much faster with
respect to plane wave cut-off than calculations for isolated
molecules. Based on this we expect our GW calculations for
the contacted molecules to be less sensitive to the finite basis
set than the gas-phase calculations.

The general trends in the HOMO level position observed
in the gas-phase are also seen for the contacted molecules,
see Fig. 3(a). The relative HOMO resonance position in the
junction with GW and HF is almost unchanged from the gas-
phase and still shows a variation of around 1.5 eV. However,
with DFT-PBE the HOMO resonance position varies much
less with the functional group compared to the gas-phase and
shows a total variation of only 0.25 eV. We ascribe this to
a stronger pinning of the HOMO to the Fermi level in the
DFT-PBE calculations. The stronger pinning results from the
larger overlap of the HOMO resonance with the Fermi level
in DFT and from the spurious self-interaction which enhances
the effective fields making it energetically more difficult for
charge to flow to/from the HOMO. Additionally, the DFT+!

inherits the strong pining in DFT and therefore shows a small
total variation of 0.7 eV.

We note that the DFT-PBE levels are in general closer
to the GW levels in the junction than in the gas-phase. This
is a result of the enhanced screening by the metal electrodes
which pushes the HOMO level upwards in energy when the
molecule is placed in the junction.39, 40 This effect is com-
pletely missed by Hartree-Fock and DFT. However, our GW
method naturally captures this feature, which can be seen
from the increased distance between the GW and HF lev-
els when going from the gas-phase to the junction in Fig. 3.
For the functionalized BDA junctions, the image charge shift
amounts to around 0.4 eV on average.

The calculated zero-bias conductances obtained from G
= G0T(EF), where G0 = 2e2/h is the conductance quantum,
are shown in Fig. 4. The corresponding values are listed in
Table I. We find that DFT-PBE overestimates the experimen-
tal conductances by a factor of 3, while HF underestimates
the experimental conductances by a factor of 20. Inclusion of
screening at the GW level brings the conductances closer to
experimental values, but the method still underestimates the
experimental values by a factor of 2.

Interestingly, only GW correctly predicts the relative ef-
fect of the functional groups. Specifically, functional groups
with donor characteristic such as CH3*4, OCH3, and CH3 in-
crease the conductance, while functional groups with accep-
tor characteristic such as Cl, CN, and F*4 decrease the con-
ductance. Although the variations in conductance are small,
they correlate well with the variations in the HOMO positions
and with the expected effects of the side groups. In the case
of DFT, although the changes of the DFT HOMO positions
follow the ED and EW effects of the substituent groups, the
conductances do not follow this trend. From Fig. 3, as already
mentioned, the changes of the DFT HOMO positions are rel-
atively small compared to the GW results due to the stronger
effect of pinning to the metal Fermi level. Consequently, the
variation in the DFT conductance is more sensitive to other
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FIG. 4. Conductance of side group functionalized BDA junctions calculated
with DFT-PBE (blue), Hartree-Fock (green), and self-consistent GW (red).
The experimental conductances are shown in black.
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levels.

effects, such as the variation in the coupling strengths, and
does not reflect the (small) variation in the level positions.

In Fig. 5, we compare the DFT+! results with GW and
experimental values. The conductances of the z = +1.0 Å
image plane position gives results in overall best agreement
with the experimental values. Shifting the image planes fur-
ther away from the molecule by z = "1.0 Å or z = 0.0 Å re-
duces the image charge energies. This implies that the molec-
ular levels are shifted away from the Fermi level, and the
conductances are lowered to values closer to the GW results.
While the DFT+! results are in overall good agreement with
the experiments, the changes in conductance with different
side groups are not correctly captured by this method. Inter-
estingly, if the positions of the DFT HOMO and LUMO levels
are shifted using a scissor operator (DFT+SO) to match the
positions of GW HOMO and LUMO levels, the correct order-
ing of the conductance is recovered. We note in passing that
the relative conductance difference between the DFT+SO and
GW is related to the frequency dependence of the GW self-
energy which is absent in DFT+SO.41 The DFT+SO results
further support the interpretation that the wrong ordering of
the conductances in DFT and DFT+! is a consequence of
incorrect level alignment.

In their original work Venkataraman et al. explored the
connection between the change induced by a side group
on the tunnel conductance and reaction rate of the BDA,
respectively.16 To this end, they plotted the log of the ratio of
the measured conductance for the substituted (GX) and unsub-
stituted (GH) molecule scaled by the number of substituents
on the ring against the Hammett parameter 'para. In Fig. 6 we
have made a similar plot comparing our calculated data with
the measured data from Ref. 16 and taking Hammett constants
from Ref. 42. Overall, there is a good agreement between the
GW and experimental data sets. In particular, the clear trend
that the conductance decreases as the Hammett constant is
made more positive is well reproduced by GW. In contrast the
DFT results do not show this trend. The non-additive depen-
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molecules follow Ref. 16 for the ease of comparison.

dence on the number of substituent groups (labels 1,2,4 for
methyl and 11,12 for fluorine) is, however, not well accounted
for by GW which underestimates the change in conductance
with the number of groups compared with experiments.

The results presented above demonstrate a quantita-
tive agreement between experiments and self-consistent GW
transport calculations. Although the GW conductances are
still around a factor of two lower than the experiments, the
agreement is indeed satisfactory given the statistical varia-
tions in the metal-molecule linker structure, solvent, and tem-
perature effects. In a recent study we have investigated the
influence of structural effects on the BDA conductance.27 At
the level of DFT+! we found that the conductance varied
by about a factor of two for different junction geometries
in agreement with previous work,20 and similar structure-
induced variation are expected at the GW level. In contrast
to the DFT-based calculations, the variations in GW con-
ductance for different side groups follow the experimental
trends as well as the variations in the HOMO position as ex-
pected from the donating/accepting character of the functional
groups.

We have found that the DFT+! method gives conduc-
tance values in close agreement with experiment for im-
age plane positions at z = +1.0 Å. On the other hand, the
closer agreement with the more accurate GW calculations for
z = 0.0 Å or z = "1.0 Å might just as well suggest that these
are more correct positions of the image planes. More impor-
tantly, both DFT and DFT+! show, irrespective of image
plane positions, a very similar relative ordering of the con-
ductance, although the absolute position of the frontier en-
ergy levels are rather different in the two methods. This is a
consequence of the strong pinning of the DFT molecular res-
onances to the metal Fermi level an effect which is inherited
by the DFT+! method.

In conclusion, we have explored the role of energy level
alignment for a correct description of the electronic conduc-
tance of side group functionalized benzene-diamine molecu-
lar junctions. The self-consistent GW method was found to
yield excellent agreement with experiments for both quali-
tative trends and absolute conductance values. In contrast,
standard DFT as well as the scissors operator corrected
DFT+! method failed to reproduce the relative variation in
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conductance with functional group. This result could be ex-
plained by incorrect energy level alignment predicted by DFT
due to over-pinning of the molecular levels to the metal Fermi
level.

ACKNOWLEDGMENTS

T.M. acknowledges support from the Danish Council
for Independent Research, FTP Grant Nos. 11-104592 and
11-120938. K.S.T. and C.J. acknowledge support from the
Danish Council for Independent Research, FTP Sapere Aude
Grant No. 11-1051390. G.C.S. and M.S. received funding
from the European Research Council under the European
Union’s Seventh Framework Programme (FP7/2007-2013)/
ERC Grant agreement No. 258806.

1C. Joachim, J. K. Gimzewski, and A. Aviram, Nature (London) 408, 541
(2000).

2Y. Dubi and M. DiVentra, Rev. Mod. Phys. 83, 131 (2011).
3J.-L. Brdas, J. E. Norton, J. Cornil, and V. Coropceanu, Acc. Chem. Res.
42, 1691 (2009).

4I. E. Castelli, D. D. Landis, K. S. Thygesen, S. Dahl, I. Chorkendorff,
T. F. Jaramillo, and K. W. Jacobsen, Energy Environ. Sci. 5, 9034
(2012).

5I. E. Castelli, T. Olsen, S. Datta, D. D. Landis, S. Dahl, K. S. Thygesen,
and K. W. Jacobsen, Energy Environ. Sci. 5, 5814 (2012).

6K. Moth-Poulsen and T. Bjornholm, Nat. Nanotechnol. 4, 551 (2009).
7S. Kubatkin, A. Danilov, M. Hjort, J. Cornil, J.-L. Bredas, N. Stuhr-Hansen,
P. Hedegard, and T. Bjornholm, Nature (London) 425, 698 (2003).

8W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and H. Park, Nature
(London) 417, 725 (2002).

9H. Song, Y. Kim, Y. H. Jang, H. Jeong, M. A. Reed, and T. Lee, Nature
(London) 462, 1039 (2009).

10S. Sanvito, Chem. Soc. Rev. 40, 3336 (2011).
11M. Diefenbach and K. Kim, Angew. Chem., Int. Ed. 46, 7640 (2007).
12P. Sautet and C. Joachim, Chem. Phys. Lett. 153, 511 (1988).
13D. Q. Andrews, G. C. Solomon, R. P. Van Duyne, and M. A. Ratner, J. Am.

Chem. Soc. 130, 17309 (2008).
14C. M. Guedon, H. Valkenier, T. Markussen, K. S. Thygesen, J. C. Humme-

len, and S. J. van der Molen, Nat. Nanotechnol. 7, 305 (2012).
15L. Venkataraman, C. Nuckolls, M. S. Hybertsen, and M. L. Steigerwald,

Nature (London) 442, 904 (2006).
16L. Venkataraman, Y. S. Park, A. C. Whalley, C. Nuckolls, M. S. Hybertsen,

and M. L. Steigerwald, Nano Lett. 7, 502 (2007).

17A. Mishchenko, D. Vonlanthen, V. Meded, M. Brkle, C. Li, I. V. Pobelov,
A. Bagrets, J. K. Viljas, F. Pauly, F. Evers et al., Nano Lett. 10, 156 (2010).

18T. Markussen, R. Stadler, and K. S. Thygesen, Nano Lett. 10, 4260 (2010).
19D. J. Mowbray, G. Jones, and K. S. Thygesen, J. Chem. Phys. 128, 111103

(2008).
20S. Y. Quek, L. Venkataraman, H. J. Choi, S. G. Louie, M. S. Hybertsen, and

J. B. Neaton, Nano Lett. 7, 3477 (2007).
21S. Y. Quek, H. J. Choi, S. G. Louie, and J. B. Neaton, Nano Lett. 9, 3949

(2009).
22S. Y. Quek, H. J. Choi, S. G. Louie, and J. B. Neaton, ACS Nano 5, 551

(2011).
23M. Strange and K. S. Thygesen, Phys. Rev. B 86, 195121 (2012).
24K. S. Thygesen and A. Rubio, Phys. Rev. B 77, 115333 (2008).
25M. Strange, C. Rostgaard, H. Häkkinen, and K. S. Thygesen, Phys. Rev. B

83, 115108 (2011).
26M. Strange and K. S. Thygesen, Beilstein J. Nanotechnol. 2, 746 (2011).
27T. Markussen, C. Jin, and K. S. Thygesen, “Quantitatively accurate cal-

culations of conductance and thermopower of molecular junctions,” Phys.
Status Solidi B (published online).

28J. Enkovaara, C. Rostgaard, J. J. Mortensen, J. Chen, M. Du!ak, L.
Ferrighi, J. Gavnholt, C. Glinsvad, V. Haikola, H. A. Hansen et al., J. Phys.:
Condens. Matter 22, 253202 (2010).

29A. H. Larsen, M. Vanin, J. J. Mortensen, K. S. Thygesen, and K. W.
Jacobsen, Phys. Rev. B 80, 195112 (2009).

30H. B. Michaelson, J. Appl. Phys. 48, 4729 (1977).
31J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
32Y. Meir and N. S. Wingreen, Phys. Rev. Lett. 68, 2512 (1992).
33K. S. Thygesen, Phys. Rev. B 73, 035309 (2006).
34L. Venkataraman, J. E. Klare, I. W. Tam, C. Nuckolls, M. S. Hybertsen, and

M. L. Steigerwald, Nano Lett. 6, 458 (2006).
35M. S. Hybertsen, L. Venkataraman, J. E. Klare, A. C. Whalley, M. L.

Steigerwald, and C. Nuckolls, J. Phys.: Condens. Matter 20, 374115
(2008).

36See http://webbook.nist.gov/cgi/cbook.cgi?ID=C106503&Units=SI&Mask
=20#Ion-Energetics for gas phase ion energetics data (accessed 13 June
2013).

37C. Rostgaard, K. W. Jacobsen, and K. S. Thygesen, Phys. Rev. B 81,
085103 (2010).

38I. Tamblyn, P. Darancet, S. Y. Quek, S. A. Bonev, and J. B. Neaton, Phys.
Rev. B 84, 201402 (2011).

39J. B. Neaton, M. S. Hybertsen, and S. G. Louie, Phys. Rev. Lett. 97, 216405
(2006).

40J. M. Garcia-Lastra, C. Rostgaard, A. Rubio, and K. S. Thygesen, Phys.
Rev. B 80, 245427 (2009).

41C. J. Jin and K. S. Thygesen, “Dynamical image charge effect in elec-
tron tunneling beyond energy level alignment,” e-print arXiv:1311.0163v1
(unpublished).

42C. Hansch, A. Leo, and R. W. Taft, Chem. Rev. 91, 165 (1991).



66 Appendix A

Paper II
Quantitatively accurate calculations of conductance and thermopower
of molecular junctions
T. Markussen, C. Jin, K. S. Thygesen
Physica Status Solidi (b) 250, 2394 (2013)



Phys. Status Solidi B 250, No. 11, 2394–2402 (2013) / DOI 10.1002/pssb.201349217 p s s
basic solid state physics

b

st
at

u
s

so
li

d
i

www.pss-b.comp
h

ys
ic

a

Part of Special Issue on
Quantum Transport at the Molecular Scale

Quantitatively accurate calculations
of conductance and thermopower of
molecular junctions
Troels Markussen*, Chengjun Jin, and Kristian S. Thygesen

Department of Physics, Center for Atomic-scale Materials Design (CAMD), Technical University of Denmark,
2800 Kgs. Lyngby, Denmark

Received 13 May 2013, revised 5 August 2013, accepted 5 August 2013
Published online 3 September 2013

Keywords conductance, first-principles calculations, molecular junctions, thermopower

∗ Corresponding author: e-mail trma@fysik.dtu.dk, Phone: +45 4525 3234, Fax: +45 4593 2399

Thermopower measurements of molecular junctions have
recently gained interest as a characterization technique that sup-
plements the more traditional conductance measurements. Here
we investigate the electronic conductance and thermopower
of benzenediamine (BDA) and benzenedicarbonitrile (BDCN)
connected to gold electrodes using first-principles calcula-
tions. We find excellent agreement with experiments for both
molecules when exchange–correlation effects are described by
the many-body GW approximation. In contrast, results from
standard density functional theory (DFT) deviate from exper-
iments by up to two orders of magnitude. The failure of DFT

is particularly pronounced for the n-type BDCN junction due
to the severe underestimation of the lowest unoccupied molec-
ular orbital (LUMO). The quality of the DFT results can be
improved by correcting the molecular energy levels for self-
interaction errors and image charge effects. Finally, we show
that the conductance and thermopower of the considered junc-
tions are relatively insensitive to the metal–molecule bonding
geometry. Our results demonstrate that electronic and thermo-
electric properties of molecular junctions can be predicted from
first-principles calculations when exchange–correlation effects
are taken properly into account.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Molecular junctions in which one or
several molecules are connected to metallic electrodes rep-
resents a unique testbed for our understanding of charge,
spin, and heat transport at the nano-scale. Fascinating quan-
tum phenomena such as giant magnetoresistance [1], Kondo
effects [2], and quantum interference [3] have recently been
observed in such systems. In addition, molecular junctions
can be seen as model systems allowing for detailed studies of
charge transfer and energy level alignment at metal–molecule
interfaces [4] of great relevance to, e.g., organic electronic
devices and dye-sensitized solar cells.

It has recently been proposed that molecular junc-
tions could be used as basis for thermoelectric energy
conversion [5, 6]. As a first step towards this goal, sev-
eral groups have recently reported measurements of the
thermopower, S, of molecular junctions [7–14]. The ther-
mopower enters the dimensionless thermoelectric figure of
merit ZT = GS2T/κ characterizing the efficiency of a ther-
moelectric material. Here G is the electronic conductance,
T is temperature, and κ is the thermal conductance with
contributions from both electrons and phonons. ZT should

be large (ZT > 1) in order to achieve efficient energy
conversion.

Thermopower measurements are also interesting as a
spectroscopic tool as it provides information about the car-
rier type, i.e., whether the transport is dominated by the
highest occupied molecular orbital (HOMO) or the lowest
unoccupied molecular orbital (LUMO) [15]. Importantly,
this information cannot be deduced from standard current–
voltage characteristics (without a gate electrode).

Previous first-principles calculations of thermopower in
molecular junctions have been based on density functional
theory (DFT) within the Landauer formalism [16–18, 14].
While the standard generalized gradient approximation
(GGA) to the exchange–correlation functional generally
overestimates both thermopower and conductance [16, 18]
better agreement with experimental values were reported
for certain hybrid functionals with a simplified wide-
band approximations. [17] By correcting for DFT-GGA
self-interaction errors and image charge effects in a non-
self-consistent way within the DFT + Σ approach, good
agreement with experiments for both conductance and
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thermopower values have recently been reported [18, 14].
Such simple correction schemes are attractive since they
allow for efficient treatment of relatively large systems.
However, their formal justification is limited to weakly cou-
pled molecules. Specifically, charge-transfer screening [19],
inelastic scattering [20], as well as orbital renormalization
[21] are not accounted for by such methods. Moreover, their
performance has not yet been benchmarked against more
elaborate and fully self-consistent calculations. We mention
that a large number of high-thermopower molecular devices
have recently been proposed on the basis of theoretical DFT
studies [22–28].

It has recently become clear that predictive and quantita-
tively accurate modeling of electronic energy level alignment
and charge transport in metal–molecule junctions must be
based on methods that go beyond the single-particle DFT
description. The latter (with the standard GGA) significantly
underestimates the distance from the molecular energy levels
to the metal Fermi energy, in particular for the unoccu-
pied orbitals [29], and consequently overestimates tunneling
through the molecular HOMO–LUMO gap. In contrast,
the GW method based on many-body perturbation theory
yields excellent quasiparticle energies of both molecules
[30, 31], metals [32] and semiconductors [33, 34], and dras-
tically improves the description of the electronic structure
of metal–molecule interfaces compared to DFT [29, 35].
Very recently, self-consistent GW conductance calculations
for simple molecules in idealized junction geometries were
shown to be in good agreement with experiments [36, 37].

In this work we report GW calculations of conduc-
tance and thermopower in molecular junctions and perform
a systematic assessment of the sensitivity of these quantities
on the atomic details of the electrode-molecule interface.
Specifically, we consider benzenediamine (BDA) and ben-
zenedicarbonitrile (BDCN) connected to gold electrodes.
Conductance measurements for the two molecules have been
reported in Refs. [38, 39], respectively, while thermopower
measurements were reported in Refs. [8, 10]. We find that
the GW results are in good agreement with the measured
values for both molecules. While DFT-based results dis-
play large discrepancies with experiments, in particular for
the BDCN junction, the energy level-corrected DFT + Σ
approach yields better agreement with experiments and
GW results. Having thus justified the DFT + Σ approach
we use this computationally efficient method to investigate
the detailed influence of junction geometries. This analy-
sis shows that the DFT + Σ results are relatively robust
against variations in the bonding geometry, and that the dis-
crepancies between DFT-GGA and experiments cannot be
explained by structural differences in the experiments and
calculations.

2 Methods We consider molecules connected to a left
(L) and right (R) semi-infinite gold electrode, each charac-
terized by chemical potentials µL,R and temperature TL,R. In
the limit of small differences V = (µL − µR)/e and #T =
TL − TR the conductance and thermopower can be obtained

from the transmission function

T (E) = Tr [Gr(E)ΓL(E)Ga(E)ΓR(E)] , (1)

where Gr(a)(E) is the retarded (advanced) Green’s func-
tion, and ΓL,R(E) = i(Σr

L,R(E) − Σa
L,R(E)) describes the level

broadening due to coupling to the left and right electrodes
expressed in terms of the electrode self-energies ΣL,R(E).
Defining the function Lm(µ):

Lm(µ) = 2
h

! ∞

−∞
dE T (E)(E − µ)m

"
−∂f (E, µ, T )

∂E

#
,

(2)

where f (E, µ, T ) is the Fermi–Dirac distribution function
at the (average) chemical potential µ and temperature T , the
electronic conductance, G, and thermopower, S, are given by

G = e2L0(EF) (3)

S = − lim
#T→0

#V

#T

$$$$
I=0

= L1(EF)
e T L0(EF)

. (4)

Here we have included the definition of the thermopower,
which is the proportionality constant between the temper-
ature difference, #T , and the voltage bias, #V , needed
to balance the electronic current induced by #T . If
the transmission function is slowly varying the ther-
mopower is approximately given by [15], S = −π2k2

BT/
(3e)∂ ln(T (E))/∂E|E=µ, showing that a high thermopower
is achieved when the slope of the transmission function is
steep. Here, T is the average temperature of the left and
right electrodes. We note that the thermopower in Eq. (4) is
defined within linear response, and is thus applicable when
#T/T is small. While nonlinear effects in principle could
play a role we expect this to be of minor importance for
the experiments we compare our calculations with, since in
the experiments T ≈ 300 K and #T < 30 K. Moreover, the
experiments directly show a linearly increasing #V versus
#T indicating that the linear response formula is adequate.

2.1 DFT We use three different methods to calculate
the (retarded) Green’s function and electronic transmission.
First, we use the standard DFT-NEGF approach, Gr

DFT =
((E + iη) · S − HKS − Σr

L(E) − Σr
R(E))−1, where HKS is the

effective one-particle Kohn–Sham Hamiltonian expressed in
a double-ζ polarized basis of localized atomic orbitals [40], S
is the overlap matrix between the orbitals, and η is a positive
infinitesimal. For the DFT calculations we use GPAW [41],
which is an electronic structure code based on the projector-
augmented wave method. The calculations are performed
with a (4, 4, 1) k-point sampling and the exchange corre-
lation potential described by the Perdew–Burke–Ernzerhof
(PBE) functional [42].

2.2 GW Second, in order to describe exchange and cor-
relation effects beyond DFT we apply the self-consistent GW
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Table 1 Experimental [47] (exp.) and calculated ionization potential (IP) and electron affinity (EA) obtained from total energy calculations
(#E) and from GW calculations. εH and εL are the Kohn–Sham HOMO and LUMO energies. The image charge energy shifts for the
occupied states ∆occ and for the unoccupied states, ∆unocc are calculated from the HOMO and LUMO charge distributions, respectively. The
two numbers correspond to the image plane placed 1 Å inside (outside) the closest Au atom. The total shift of the occupied (unoccupied)
states are denoted by Σocc ( Σunocc), with the two numbers corresponding to the two positions of the image plane. All energies are in units
of eV.

IPexp. EAexp. IP#E EA#E IPGW EAGW −εH −εL ∆occ ∆unocc Σocc Σunocc

BDA 6.87 – 6.9 −1.0 6.2 −2.9 4.0 0.7 0.9 (1.6) −0.8 (−1.3) −1.9 (−1.2) 0.8 (0.4)
BDCN 10.1 1.1 9.9 1.3 9.2 −0.1 7.1 3.4 0.8 (1.3) −0.7 (−1.2) −2.1 (−1.6) 1.3 (0.9)

approximation, in which the retarded Green’s function of the
molecule is given by

Gr
GW(E) = [(E + iη) · S − (HKS − Vxc)

−Σr
GW(E) − Σr

L(E) − Σr
R(E)

%−1
. (5)

Here we subtract the PBE exchange–correlation potential,
Vxc, from the DFT hamiltonian, HKS, and add the GW self-
energy ΣGW(E). Since the GW self-energy depends on Gr(E)
at all energies, Eq. (5), together with the equations for the
GW self-energy, need to be solved self-consistently for all
energies, which is a computationally demanding task that at
present is only possible for small molecules. The details of
the GW-transport method have been described previously in
Refs. [36, 37, 43]. We have checked that ionization potentials
of free molecules calculated with GW applying a double-zeta
polarized basis set agree to within 0.3 eV with GW calcula-
tions employing much larger basis sets (up to triple-zeta with
double polarization) [30].

2.3 DFT + Σ It is well known that DFT is unable
to accurately describe energy gaps and level alignment of
molecules at surfaces [29]. The GW approach greatly
improves the description, but at the cost of being computa-
tionally very demanding. It is thus desirable of comparing
the GW results to a numerically easier method, that
allows for systematic studies of many junction structures
and larger molecules. One such method is the non-self-
consistent self-energy correction scheme (DFT + Σ) that
has recently been shown to predict conductance and ther-
mopower values in good agreement with single-molecule
experiments [14, 18, 44, 45]. In this section we provide a
detailed description of our implementation of the method.
In the DFT + Σ approach we initially correct the gas phase
HOMO and LUMO energies. This is done by calculating the
ionization potential (IP) and electron affinity (EA) from total
energy calculation:

IP = E(+e) − E(0), (6)

EA = E(0) − E(−e), (7)

where E(0) is the total energy of the neutral molecule, E(+e)
is the energy of the molecule with one electron removed
(i.e., positively charged), and E(−e) is the total energy of the

molecule with one extra electron on it. For the IP and EA
gas-phase calculations we use the GPAW code with a real
space grid basis [41]. The calculated values are shown in
Table 1. Also shown in the table are the Kohn–Sham HOMO
and LUMO energies, obtained from GPAW with a double-
ζ polarized basis of localized atomic orbitals [40]. While
the real-space basis generally yields more accurate results,
the transport calculations need the LCAO basis, and hence
we calculate the Kohn–Sham energies with the LCAO basis.
We note that the calculated IPs and EAs are in close agree-
ment with experimental values. Also note that traditionally
IP and EA are defined as positive for energies below the vac-
uum level, whereas HOMO and LUMO level positions are
negative, if they are below the vacuum level.

When a molecule is brought close to a metallic sur-
face, image charge interactions will change the energy levels
resulting in a shift of the occupied levels up in energy and
the unoccupied states down in energy [35]. We estimate the
image charge corrections following Ref. [44]: (i) From a cal-
culation with the molecule placed in the junction, we obtain
a Hamiltonian, H , and overlap matrix, S, describing both
molecular and metal atoms. From these matrices we cut out
the sub-matrices Hmol and Smol spanned only by the LCAO
basis functions on the molecular atoms. The eigenenergies,
εi and eigenvectors, ψ(i) for the molecule in the junction are
obtained from the equation

Hmolψ
(i) = εiSmolψ

(i). (8)

We obtain a point charge distribution for a given orbital,
i, as

ρi(r) = −e
&

ν

&

α

|ψ(i)
ν,α|2 ! (r − Rν), (9)

where −e is the electron charge and ψ(i)
ν,α is the coefficient

for orbital α at atom ν with position Rν. The image charge
energy for a point charge distribution placed between two
image planes located at x = 0 and x = L is

∆i = 1
8πε0

N&

α=1

N&

β=1

ρi(rα)ρi(rβ)

×
∞&

n=1

'
1(

(xα + xβ − 2nL)2 + R2
αβ}
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+ 1(
(xα + xβ + (n − 1)L)2 + R2

αβ}

− 1(
(xα − xβ + 2nL)2 + R2

αβ}

− 1(
(xα − xβ − 2nL)2 + R2

αβ}

)
, (10)

where xα is the x-coordinate of atom α and Rαβ =(
(yα − yβ)2 + (zα − zβ)2.

We use the HOMO charge distributions to estimate the
image charge correction, ∆occ, for all the occupied states
and likewise the LUMO charge distribution to obtain the
correction ∆unocc, for all the unoccupied states.

The image charge correction relies on the assumption that
screening by the Au electrodes can be described classically
as two flat conductors characterized by an image plane. The
image plane position can in principle can be calculated for
a single flat surface using DFT [46, 14] yielding values of
∼1.5 Å outside the last metal layer. The situation is, however,
more complicated for a tip structure, and one might expect
a reduced screening with the effective image plane further
away from the molecule. In order to asses the robustness of
the method we consider both z = ±1 Å, relative to the closest
Au atom.

The resulting shifts of all occupied states is then

Σocc = −IP − εH + ∆occ (11)

and of all the unoccupied states

Σunocc = −EA − εL − ∆unocc, (12)

where εH and εL are the Kohn–Sham HOMO and LUMO
energies from a gas-phase calculation (measured relative

to the vacuum level). The calculated values are shown in
Table 1.

We now obtain a corrected molecular Hamiltonian as

H̃mol = Hmol + Σ

=
&

i∈occ.

(εi + Σocc)|ψi⟩|⟨ψi|

+
&

j∈unocc.

(εj + Σunocc)|ψj⟩|⟨ψj|, (13)

which replaces Hmol in the larger matrix H describing the
whole junction. From the corrected Hamiltonian we calculate
the transmission function as described above.

3 Results In all junction structures considered below
the molecule (BDA or BDCN) is placed between Au(111)
electrodes with either a tip, an adatom or a trimer on the
surface. In all structures, the molecule and the outermost Au
atoms, including the first Au layers (16 atoms) on each side,
have been relaxed until the forces were below 0.05 eV Å−1.
We use 8 Au layers in total and a (4, 4, 1) k-point sampling.

Figure 1 shows the calculated transmission functions
for BDA (c) and BDCN (d). Here the molecules are con-
nected to Au tips as shown in panels (a) and (b). The vertical
bars at E = EF indicate an approximate experimental range
of conductance values in units of G0 = 2e2/h. The dashed
purple lines have slopes which would reproduce the exper-
imental thermopower values. In agreement with previous
studies we find that the transmission through BDA is HOMO
dominated and the transmission at the Fermi level has a
negative slope, and hence a positive thermopower in qual-
itative agreement with experiments. An exception to this is
the DFT + Σ(−1 Å) with the image planes placed inside the
Au tips, which give a slightly positive slope. We also note
that both the GW and DFT + Σ results fall within the exper-
imental range of conductances, while the DFT transmission

Figure 1 Junction structure for tip configurations of BDA (a) and BDCN (b). The transmission functions are shown in panels (c) and (d)
calculated with GW (red), DFT (blue) and DFT + Σ (black). For DFT + Σ we show results for image plane positions ±1 Å relative to
the tip Au atom. The vertical bars at E = EF indicate the experimental conductance ranges and the dashed lines have slopes that would
give the experimental thermopowers.
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Figure 2 Transmission functions for different BDA junction structures calculated with DFT (a) and DFT + Σ (b) with the image planes
at +1 Å outside the last Au atom. The junction structures are shown in Fig. 3.

at the Fermi level is a factor 2–3 too high. The DFT- and
GW curves are seen to have too large slopes (in absolute
values) compared with the experimental situation, whereas
the DFT + Σ(+1 Å) is seen to have a slope that matches
the experiments very well. The calculated conductance and
thermopower values are given in Table 2.

We note that the features in the transmission function
around −1.8 and 2.5 eV reflect the local density of states at
the tip Au atom and are not related to the molecular levels.
Since the gold atoms are always treated at DFT level in our
calculations, these features appear at the same energies in the
GW, DFT and DFT + Σ spectra.

Turning now to the BDCN transmissions (panel d) we
observe much larger deviations between the three methods.
In agreement with previous calculations [48], DFT gives a
LUMO transmission peak right above the Fermi level. This
leads to a conductance more than two orders of magnitude
larger than the estimated experimental value [49]. On the
other hand, DFT + Σ and GW shift the LUMO to higher
energies and therefore yield lower conductances, with in
particular the GW result close to the experiment. All three
methods predict a negative thermopower (positive slope of
T (EF)), but the magnitude is largely different, with the GW
curve being closest to the experimental slope – see also

Table 2 Experimental and calculated conductance and ther-
mopower values for BDA and BDCN in tip configurations. The
corresponding transmission functions are shown in Fig. 1. For
DFT + Σ we show the results for two different positions of the
image plane: ±1 Å correspond to 1 Å outside (inside) the last Au
atom. The conductances are given in units of G0 = 2e2/h and the
thermopowers are in units of "VK−1.

BDA BDA BDCN BDCN

G S G S

exp. 6.4 × 10−3 2.3 8.4 × 10−5 −1.3
GW 3.6 × 10−3 7.8 6.3 × 10−5 −9.2
DFT 24 × 10−3 6.7 1.9 × 10−2 −129
DFT + Σ(+1) 5.7 × 10−3 0.8 4.7 × 10−4 −24
DFT + Σ(−1) 2.9 × 10−3 −0.9 2.2 × 10−4 −19

Table 2. We note that the GW LUMO transmission peak
around E − EF = 4.0 eV has a significantly lower peak value
(∼ 0.05) than the DFT and DFT+Σ peak values of 1. This
is due to quasiparticle scattering by electron-electron inter-
action which reduces the quasiparticle lifetimes at energies
E ̸= EF. Mathematically this shows as a finite imaginary
part of the GW self-energy which broadens the resonance
and lowers the peak height [20]. We also note that GW pre-
dicts the LUMO energy to be significantly higher than the
DFT + Σ results. The GW LUMO position might be too high
in energy due to the finite basis set used in the calculations.
However, we have checked that the GW conductance and
thermopower are relatively robust against a manual down-
shift of the LUMO position. A down shift of the LUMO
position by 2 eV leads to a conductance increase by a factor
of 4 while the thermopower increases by a factor of 2, and
thus remain close to the experimental values.

3.1 Structure dependence: BDA While the trans-
mission functions in Fig. 1 and data in Table 2 indicate that
both DFT + Σ and GW significantly improve the description
of the electronic structure compared with ordinary DFT, it
cannot at this point be ruled out that the better agreement with
experiments is a result of a particular, and maybe incorrect
atomic structure. To address this question we have calculated
the transmission function at the DFT and DFT + Σ level for
four different junction geometries. Since the GW calculations
are computationally very demanding we restrict this part of
the analysis to the computationally easier DFT and DFT + Σ
methods. The transmission functions are shown in Fig. 2. It
is seen that the conductance values, i.e., T (EF), within each
method are largely insensitive to the specific junction geom-
etry, the slope of the transmission functions show a larger
variation, which is reflected in the thermopower values.

Figure 3 shows a scatter plot of conductance versus ther-
mopower values for BDA calculated with the three different
methods and with the experimental values indicated with the
filled pentagon. For DFT + Σ, the open (closed) symbols
indicate image planes 1 Å outside (inside) the last Au atom.
For all four structures the DFT + Σ(+1 Å) results (open
black symbols) are very close to the experiments for both the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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Figure 3 Scatter plot of conductance versus thermopower for
BDA. Different open symbols correspond to the four different
geometries shown to the right. DFT, GW, and DFT + Σ data are
colored blue, red, and black respectively. For DFT + Σ we show
results for image planes at 1 Å outside (inside) the closest Au atom
corresponding to open (filled) symbols. In addition, we include data
points from Ref. [18] (crosses) calculated for an adatom and a trimer
geometry.

thermopower and the conductance, while the calculations
with image planes placed 1 Å inside the Au (filled black sym-
bols) lead to negative thermopower values. GW (red) gives
a conductance close to experiments, but the thermopower
is larger by a factor of three. The DFT calculations (blue)
give both conductance and thermopower values larger than
experiments. For comparison, we have also plotted data from
Ref. [18] (crosses) for two different geometries calculated
with DFT (blue) and DFT + Σ (black). In spite of the (pre-
sumably) different geometries and the different DFT codes,
the agreement between our data and the data from Ref. [18]
is very close. The relatively small variations observed in both
conductance and thermopower of BDA for different junction
structures is in agreement with previous studies [18].

3.2 Structure dependence: BDCN While the agree-
ment between DFT + Σ(+1 Å) and experiments for BDA is
striking, the discrepancies are larger for the BDCN junc-
tions. Again, we consider four different junction structures
with DFT and DFT+Σ and plot the conductance and
thermopower values in Fig. 4. The transmission functions
calculated with DFT and DFT + Σ are shown in Fig. 5. The
DFT calculations give conductance which are 2–3 orders of
magnitudes too high, and thermopowers between 30 and 100
times too high compared with experiments. The DFT + Σ
calculations yield conductances, which are larger than exper-
iments by factors 3–200. The largest discrepancy is found for
the tilted tip configurations. The high conductance found for
this configuration is caused by a much stronger coupling of
the LUMO orbital to the Au resulting in a significant broad-
ening of the LUMO transmission peak as seen in Fig. 5.
The stronger coupling of the LUMO with the Au can be
understood from the symmetries of the LUMO and the gold
s-states. In the linear tip configuration, the LUMO, which
has #-character, couples very weakly to the Au s-orbitals due
to different symmetries. In the tilted tip configuration there

Figure 4 Scatter plot of conductance versus thermopower for
BDCN. The different open symbols correspond to the four different
geometries shown to the right. DFT, GW, and DFT + Σ data are
colored blue, red, and black, respectively. For DFT + Σ we show
results for image planes at 1 Å outside (inside) the closest Au atom
corresponding to open (filled) symbols.

is no such symmetry mismatch and the LUMO hybridizes
much stronger with the Au. However, the tilted tip configu-
ration is also energetically much less favorable than the linear
tip configuration. Excluding this geometry, the DFT + Σ
conductances are within an order of magnitude from the
experimental value. The thermopower from DFT + Σ are
(numerically) an order of magnitude larger than the experi-
mental value.

For the BDCN tip geometry, the GW calculations are in
very good agreement with the experiments: The conductance
is only 25% lower than the experimental value and the ther-
mopower is larger by a factor of 7. While the very close
agreement between GW and experimental conductances
might be coincidental for the specific geometry, there is no
doubt that a description of exchange and correlation effect
beyond semi-local DFT is crucial for the BDCN junction.

3.3 Stretching simulation of BDA junction As an
additional investigation of the influence of contact geom-
etry we have simulated a stretching experiments for BDA
between two Au tips. Initially, the tips are close together
with the molecule in a relaxed configuration in between them
as shown in Fig. 6 (top left). We have subsequently opened
the junction in steps of 0.25 Å. In each step we relax the
atomic coordinates for the molecule and Au tip atoms includ-
ing the first Au layer in the electrodes. When the forces are
below 0.05 eV Å−1 the right electrode is again shifted by
0.25 Å and a new relaxation is performed. For each of the
relaxed geometries we subsequently calculate the conduc-
tance and thermopower with DFT and DFT + Σ.

Figure 6 shows the conductance, thermopower, and
change in total energy versus electrode separation. In the
top we include snap shot images of the structure at z =
0, 1, 2, 3, 4 Å. Starting from a configuration, where the
molecule is tilted at an angle ∼ 45◦, the molecule is turning to
a more linear configuration, when the junction is stretched.
The most stable configuration is found at z = 2.0 Å. The
bond between the molecule and right Au tip starts to break

www.pss-b.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 Transmission functions for different BDCN junction structures calculated with DFT (a) and DFT + Σ (b) with the image planes
at +1 Å outside the last Au atom. The junction structures are shown in Fig. 4.

around z ≈ 3 Å where the Au–N distance at the right contact
starts to increase whereas the left Au–N distance does not.
The bond breaking is also seen in the conductance values
which start to decrease exponentially around z ≈ 3 Å. Both
the DFT and DFT+Σ conductances are remarkably stable
in the first half of the stretching simulation. Except for z =

Figure 6 Stretching simulation. Conductance G and thermopower
S, calculated with DFT (blue dots) and DFT + Σ (black squares)
as function of electrode–electrode separation, z. The bottom panel
shows the change in total energy #Etot, relative to the final con-
figuration. The zero-point of z is arbitrarily set at the initial
configuration. On the top, we show snap shot images of the geome-
tries at z = 0, 1, . . . , 4 Å. The dashed purple lines indicate the
experimental conductance and thermopower values.

0.0 Å the conductances are constant up to z = 2.0 Å while
the thermopower show only a slight decrease.

The stretching simulation indicate that the conductance
and thermopower are rather insensitive to the exact electrode-
electrode separation. Together with the results in Figs. 3 and
2 we therefore conclude that the DFT + Σ results for the
conductance and thermopower are reliable, and the close
agreement with experiments is not a result of a particular
atomic geometry. The close agreement with GW calculations
further support DFT + Σ as a viable method for predicting
the conductance and thermopower of molecular junctions, at
least within an order of magnitude.

4 Discussion and conclusions Concerning the
image plane position in the DFT + Σ approach, we note
that the +1 Å position gives the best agreement with exper-
iments for BDA, but the opposite is true for BDCN where
the −1 Å position gives results closer to experimental values.
Although the variations with respect to image plane position
are rather small, the deviating results may indicate limitations
in the DFT + Σ approach due to the classical description of
the image charge energy.

In our calculations we have neglected the effect of
electron–phonon (el–ph) interactions. For non-resonant
transport, as in our case, el–ph interactions only affect the
electronic current by few percents in atomic junctions [50],
although exceptions may occur when levels are quasi degen-
erate [51] or in molecules with large torsion angles between
separate π-systems [27]. These exceptions are not relevant
for the considered BDA or BDCN junctions. Even though the
conductance is only weakly affected by el–ph interactions,
the effect on the thermopower might be larger but still expect-
edly within 10–20% [27]. We expect that el–ph interactions
will only lead to small quantitative changes of the calculated
thermopower values and we expect all our conclusions to still
be valid.

In conclusion, we have calculated the electronic conduc-
tance and thermopower for BDA and BDCN single-molecule
junctions. With the electronic exchange and correlation
effects described by the self-consistent GW approximation
we find good agreement with experimental results for both

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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molecules. While DFT (GGA) calculated conductances and
thermopowers for different BDA junctions agree with exper-
imental results within a factor of 5, there are much larger
discrepancies for the BDCN junction where the DFT results
differ from the experiments by two orders of magnitude.
A simple correction to the DFT Hamiltonian (DFT + Σ)
improves the results for both BDA and BDCN. By consider-
ing various junction geometries we find that our results are
robust against small structural changes. Our results demon-
strate that a proper treatment of exchange–correlation effects
is important when modeling electronic and thermoelectric
properties of molecular junctions.
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ABSTRACT: Using a scanning tunnelling microscope break-
junction technique, we produce 4,4′-bipyridine (44BP) single-
molecule junctions with Ni and Au contacts. Electrochemical
control is used to prevent Ni oxidation and to modulate the
conductance of the devices via nonredox gatingthe first time
this has been shown using non-Au contacts. Remarkably the
conductance and gain of the resulting Ni-44BP-Ni electro-
chemical transistors is significantly higher than analogous Au-
based devices. Ab-initio calculations reveal that this behavior
arises because charge transport is mediated by spin-polarized
Ni d-electrons, which hybridize strongly with molecular
orbitals to form a “spinterface”. Our results highlight the important role of the contact material for single-molecule devices
and show that it can be varied to provide control of charge and spin transport.

KEYWORDS: Single-molecule, break-junction, electrochemical gating, spintronics, density functional theory, metal−molecule interface

Single-molecule transistor behavior can be achieved using a
gate electrode to control the energy levels of a molecule

bridging two metallic electrodes.1 This gate can be provided
electrochemically using the double layer potential existing at
the metal−electrolyte interface (Figure 1a). An electrochemical
gate avoids the complex fabrication of solid-state three-terminal
molecular devices, can operate in room temperature liquid
environments, and can produce high gate efficiencies thanks to
the large electric fields which are achievable. There has been
significant interest in redox active molecules such as viologens
as candidates for electrochemical transistors;2−4 however, the
gating of nonredox molecules has only recently been
demonstrated using Au electrodes by Li et al.5 with 4,4′-
bipyridine (44BP) molecules and subsequently by Capozzi et
al.6 Nonredox gating relies directly on the modulation of the
electronic energy levels of the molecule and the contacts and
closely resembles the operation of the traditional field-effect
transistor.
The metal−molecule contact plays a critical role in molecular

electronics.7 Au-pyridyl contacts, such as the Au-44BP bond,
have been shown to provide reproducible junctions, for which
two conductance values can be distinguished due to different
binding geometries.8−10 However, despite significant progress
investigating different chemical linker groups,9,11−18 there have

been few previous attempts to broaden the range of metal
electrodes studied. The use of other metals promises a better
understanding of the metal−molecule interface and new effects
for molecular devices. For example, ferromagnetic contacts such
as Ni are anticipated to deliver single-molecule spintronic
effects.19,20 Spin-dependent orbital hybridization at the metal−
molecule interface was previously demonstrated at low
temperature21 and more recently at room temperature by Lee
et al.,22 who showed that it strongly affects thermopower of
Ni−benzenedithiol−Ni single-molecule junctions.
Using a scanning tunnelling microscope (STM) break

junction technique,23 we fabricate 44BP single-molecule
electrochemical transistors with Ni and Au contacts, utilizing
electrochemical control to prevent oxidation of the Ni contacts
and to provide nonredox electrochemical gating of the devices.
The Ni devices exhibit significant advantages compared to Au-
based ones, including larger conductance and more stable
chemical binding due to the influence of the Ni d-electrons.
They also exhibit stronger electrochemical transistor behavior.
Calculations based on density functional theory (DFT) show
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that the microscopic origin of the gating is fundamentally
different for Ni- and Au-based junctions due to the strong
hybridization of the Ni d-electrons with the frontier molecular
orbitals and the ferromagnetic nature of the Ni contacts, which
is consistent with the findings of Lee et al.22

Electrochemical control was provided by a four-electrode
electrochemical cell, which is shown schematically in Figure 1a.
The potentials of the STM tip and substrate were controlled
relative to that of the electrolyte, which consisted of a pH 3,
0.05 M Na2SO4 aqueous solution. A Pt wire was used as a
counter electrode, and a polypyrrole quasireference electrode
(PPy) was used.24 This was found to have an open circuit
potential of +0.31 V with respect to a saturated calomel
reference electrode. Au substrates were obtained commercially
and were prepared by cleaning in piranha solution, a 3:1
mixture of H2SO4 and H2O2 (WARNING: piranha solution is
dangerous and should be prepared and used with caution). Ni
substrates were prepared by the electrodeposition of a ∼100
nm Ni coating onto clean Au substrates. Ni and Au STM tips
were produced by electrochemical etching25,26 and were coated
with wax to minimize unwanted electrochemical currents. Ni
oxide was removed by in situ electrochemical reduction.27 To
ensure the magnetic configuration of the Ni electrodes
remained constant during the conductance measurements, a
custom built electromagnet was used to provide a 2 kOe
magnetic field parallel to the substrate surface.
Conductance−distance traces were obtained by measuring

current through the STM tip while repeatedly withdrawing it
from contact with the substrate surface. During each
conductance−distance measurement the tip was first brought
to a set-point current of 400 μA before the feedback was

disabled and the tip retracted by 6 nm at a rate of 20 nm s−1.
Figure 1b shows selected traces obtained using Ni electrodes
under electrochemical control in a solution containing 44BP
molecules. Plateaus observed in these traces which have G ≥ G0
(where G0 is the conductance quantum 2e2/h) are attributed to
spontaneous atomic restructuring of the metal contacts as they
are stretched. Before the metal contact is broken, traces
generally exhibit a plateau close to G0 indicating the formation
of single-atom contacts. After the initial separation of the newly
formed contacts, a single-molecule can bridge them. In this
case, a plateau is observed in the conductance−distance trace;
otherwise, we observe an exponential decay of the tunnelling
current (see Supporting Information). In each experiment,
conductance histograms were generated from several thousand
conductance traces. To avoid possible bias, no selection or
filtering was applied to the data. A constant tip−substrate
voltage of 0.1 V was maintained throughout the experiments,
whereas the potential of the substrate with respect to the
surrounding electrolyte was varied between measurements in
order to modulate the gate voltage.
Figure 1c compares typical logarithmically binned con-

ductance histograms obtained for Ni and Au junctions in the
presence of 44BP under electrochemical control. Plateaus in the
conductance traces give rise to clear features in the histograms.
Pronounced peaks are observed in the Au histograms for G ≥
G0 due to the existence of preferred atomic configurations for
the contacts. Even though Ni conductance traces exhibit clear
plateaus for G ≥ G0 variation between individual traces leads to
only a single broad peak in the histogram similar to previous
reports of Ni atomic contacts28 (see Supporting Information).
Additional peaks (labeled A) observed between 0.1 G0 and 1 G0
are attributed to the effects of hydrogen adsorption on the
atomic contacts5,29 (see Supporting Information). Molecular
features appear in the histograms with G≪ G0 only when 44BP
molecules are present. High conductance and low conductance
features (labeled HC and LC), which are typical of the Au-
pyridyl contact8−10 are observed for Au, whereas only a single
broad peak (labeled C) that has larger conductance than the Au
features is observed for Ni contacts. Compared with Au, Ni
junctions show considerable trace-to-trace conductance varia-
tion, leading to a broader peak in the histogram, which is
similar to recently reported Ag molecular junctions.30

The differences between Ni and Au junctions are also
reflected in 2-dimensional (2d) histograms. In agreement with
previous results,8 the Au histogram (see Supporting Informa-
tion) exhibits two clearly distinguishable areas with a high
number of counts due to the separate HC and LC
configurations, whereas in Figure 2a only a single feature is
seen for Ni junctions. In the initial stage of the junction
evolution, the molecule is most likely tilted with respect to the
junction axis because 44BP molecules are larger than the
average initial electrode separation of 2.5 or 4.0 Å for Ni or Au
contacts, respectively (see Supporting Information), so that the
molecules are swept through a range of contact angles as the tip
is retracted. In the case of Au-44BP-Au junctions, our DFT-
based calculations (see later) predict a higher conductance
when the molecule is tilted compared to when it is linear (see
Figure 2b) with binding energies for the two configurations of
1.71 and 1.91 eV, respectively, in good agreement with previous
results.8 Our calculations for Ni junctions show that 44BP
binds more strongly to Ni than to Au by almost 1 eV, yielding
binding energies for the tilted and linear configurations of 2.64
and 2.54 eV, respectively. According to the DFT-based

Figure 1. (a) Schematic diagram of the four-electrode cell and cartoon
of the electrochemical double layer over which the gate voltage (VG) is
applied. (b) Example conductance−distance traces obtained for Ni-
44BP-Ni single-molecule junctions with a substrate potential of −0.9
V. Δz is the relative displacement of the tip which is offset laterally in
each scan for clarity. (c) Logarithmically binned conductance
histograms for Ni (gray) and Au (yellow) junctions generated from
1441 and 2200 scans, respectively, obtained at −0.9 V without data
selection. The spike-like feature (labeled with a red arrow) is an
artifact of the dual-channel preamplifier used for the measurements
(see Supporting Information).
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transport calculations, the tilted and linear configurations are
also found to have similar conductance (see Supporting
Information), in contrast to the case of Au electrodes. This
suggests that both configurations are probed in the Ni break
junction experiments, but are indistinguishable from each other
because the conductance is insensitive to the contact angle,
which is consistent with the single feature in the histograms.
Figure 3a and b show that the conductance of Ni-44BP-Ni

and Au-44BP-Au junctions vary as a function of the gate voltage
applied to the substrate. The molecular peaks are clearly shifted
to higher conductance values as the potential is made more
negative. At potentials more positive than −0.7 V, no molecular
junctions were observed for Ni contacts, which is likely due to
the onset of Ni oxidation. The mean conductance was extracted
from each histogram by fitting a log-normal distribution to the
molecular conductance peak. These values are plotted in Figure
3c. For both Au and Ni contacts the conductance increases
exponentially as the potential is made more negative. The
conductance of Ni junctions is larger and the gate voltage

dependence is stronger. In the case of Au, the conductance
reaches a plateau at negative potentials, which was not observed
in previous studies covering a less extensive potential range.5,6

The gating effect can be explained by a change in the Fermi
level of the electrodes (ϵF) relative to that of the molecule due
to the potential applied between the electrodes and the solution
in which the molecule is situated. As the potential is made more
negative, ϵF is raised and the energy barrier for electron
tunnelling between ϵF and the lowest unoccupied molecular
orbital (LUMO) decreases.5 The conductances of Au-44BP-Au
junctions measured in nonpolar 1,3,5-trimethylbenzene solvent
(where no electrochemical gating is possible) are also plotted in
Figure 3c at the potential of zero charge of Au electrodes in
nonspecifically adsorbing HClO4 electrolyte (PZC), where no
gating effect is expected5 and where there is good agreement
with the measurements performed in the electrochemical
environment. Measurements were also performed using 1,2-
bis(4-pyridyl)ethylene, which exhibits similar trends to 44BP
based molecular junctions (see Supporting Information).
Our results are corroborated by DFT-based calculations of

the conductance that were performed using the nonequilibrium
Green’s function method in the GPAW code.32 The DFT
energies were corrected to account for self-interaction errors
and missing image charge screening.16 The linear conductance
was calculated from the Laudauer formula,33 and the effect of
the electrochemical gate was simulated in a non-self-consistent
way by shifting the energy levels of the molecular orbitals by a
constant VG. We also performed extensive many-body GW
calculations34 for the nongated linear and tilted Au junctions.
The GW calculations are in good agreement with the DFT-
based results, which further validates the use of the DFT-based
transport scheme (see Supporting Information). Further details
of the theoretical methods are described in the Supporting
Information. Figure 4 shows the relevant electron transmission
curves calculated using DFT-based methods for Au-44BP-Au
and Ni-44BP-Ni junctions at various different values of gate
voltage. These transmission curves show how the probability of
an electron to be transmitted through the junction varies as a
function of electron energy. Conductances calculated from such
transmission curves are compared to the measured values in
Figure 5. The potential difference between the Ni or Au

Figure 2. (a) 2d conductance histogram obtained for electrochemi-
cally controlled Ni-44BP-Ni molecular junctions with a substrate
potential of −0.9 V (with respect to the PPy electrode). The individual
conductance traces were offset laterally to synchronize the start of each
scan with the end of the final atomic metal plateau in the range 0.8−2
G0. As such some data selection was carried out because only scans
with a plateau in this range were included. This selection was done
using an automated algorithm. The histogram contains 1817 out of
2520 scans. (b) The 44BP molecule in the tilted junction geometry
and linear geometry.

Figure 3. Conductance histograms obtained for Ni-44BP-Ni (a) and Au-44BP-Au (b) single-molecule junctions with various different potentials
applied to the substrate. (c) Mean conductance values measured for Ni-44BP-Ni and Au-44BP-Au junctions under electrochemical control are
plotted as a function of substrate potential. The conductance values measured for Au-44BP-Au junctions in 1,3,5-trimethylbenzene solvent are
plotted at the potential of zero charge (PZC) of Au electrodes in a nonspecifically adsorbing HClO4 electrolyte, which is −0.18 V vs the PPy scale.31

The PZCs for Ni (−0.87 V vs PPy31) and Au electrodes in HClO4 are indicated by the gray and gold shaded regions, respectively. (PPy = +0.31 V vs
SCE).
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electrodes and the reference electrode is equal to VG plus an
offset that depends on the choice of reference electrode. We
assume that VG = 0 corresponds to the PZC of each electrode
(see previous text and Supporting Information). Using this
assumption in Figure 5 provides good agreement between the
calculations and the measurements performed in the electro-
chemical environment.
For the Au-44BP-Au transmission curves (Figure 4a), the tail

of the LUMO resonance dominates the transmission at ϵF. In
agreement with previous work, the stronger electronic coupling

of the tilted configuration broadens the LUMO resonance,
leading to higher transmission compared with the linear
configuration at the same gate voltage.10 As VG is increased,
ϵF is shifted closer to the LUMO resonance, and the
transmission increases. In Figure 5, the DFT calculations
predict that the conductance of Au-44BP-Au junctions
continues to rise at negative potentials, whereas experimentally
the conductance reaches a plateau at around VG = −0.6 V. A
possible explanation is that the LUMO becomes pinned to ϵF at
negative potentials due to charge transfer to the molecule from
the electrodes leading to increased Coulomb repulsion. This
pinning may prevent further gating of the Au devices and limit
their potential as single-molecule transistors. The effect of this
pinning is not captured in our DFT-based calculations because
the gating effect is simulated by shifting the molecule levels
rigidly, rather than by a self-consistent approach incorporating
charge transfer between metal and molecule. Another
explanation of this plateau (limitation of the gate voltage due
to saturation of the charge in the electrochemical double layer)
was ruled out by performing measurements in various different
solutions (see Supporting Information).
Due to the ferromagnetic nature of the Ni electrodes, the

spin degeneracy of the electron transport is lifted. Therefore,
the transmission curves calculated for Ni junctions (Figure 4b)
are separated into contributions from the minority and majority
spin channels. Non-spin-polarized DFT-based calculations were
also carried out but these did not reproduce the experimentally
observed conductance. Unlike spin-polarized calculations, the
non-spin-polarized calculations predict a large increase in the
conductance of a Ni-44BP-Ni junction going from the tilted to
the linear geometry (see Supporting Information), which is not
observed experimentally (see Figure 2). This shows the
importance of including spintronic effects when simulating
single-molecule junctions with ferromagnetic contacts.
In Figure 4b, the transmission curves calculated for Ni-44BP-

Ni junctions exhibit additional peaks close to the LUMO.
These are due to the strong hybridization of the Ni d band with
the LUMO of the molecule (see Supporting Information). For

Figure 4. Transmission functions calculated at different gate voltages for (a) Au-44BP-Au junctions in the tilted configuration (solid lines), the linear
configuration (dashed lines), and (b) spin-polarized Ni-44BP-Ni junctions in the tilted configuration. The upper panel shows the Ni minority spin
channel, and the lower panel shows the majority channel. The inset shows a zoomed-in area of the transmission curves around the Fermi energy for
the minority channel with different gate voltages. For clarity, the linear configuration is not shown but the transmission at ϵF is very similar to that of
the tilted configuration (see Supporting Information).

Figure 5. Comparison of the conductance calculated for Au-44BP-Au
junctions and spin-polarized Ni-44BP-Ni junctions in the tilted
configuration with experimentally measured values. The experimental
data has been plotted so that measurements at the PZC of Ni (−0.87
V vs PPy31) and Au (−0.18 V vs PPy31) electrodes are located at VG =
0.
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the minority spin channel, ϵF lies on this peak which leads to a
high transmission at ϵF and the experimentally observed
increase in conductance between Ni-44BP-Ni and Au-44BP-Au
junctions. The spin-split hybridization of the Ni d band with the
LUMO of the molecule is similar to that recently reported for
Ni-benzenedithiol-Ni single-molecule junctions.22 Note that for
the majority channel, the peak due to the hybridization is much
lower in energy and correspondingly contributes much less to
the total transmission at ϵF. This is extremely important,
because it implies that the current through the Ni-44BP-Ni
junction is highly spin-polarized, in apparent contrast to Ni-
benzenedithiol-Ni.22

As the gate voltage applied to the Ni-44BP-Ni junctions is
increased, ϵF is shifted closer to the LUMO and the
hybridization of the LUMO with the Ni d band increases. As
a result, the peak due to hybridization for the minority channel
is enhanced and the conductance goes up. This gating
mechanism is qualitatively different to that active in the case
of Au contacts.
In summary, we have established that single-molecule

junctions with oxide-free Ni contacts can be fabricated under
electrochemical control. Our method could easily be extended
to other base metals which are of interest as contacts for single-
molecule devices. The Ni-44BP-Ni junctions show promise as
single-molecule transistors, as they exhibit larger conductance
and stronger gating than Au devices. Furthermore, DFT
calculations strongly suggest that the current across the
junction is highly spin-polarized due to spin-dependent
hybridization of the Ni d band with the LUMO of 44BP.
This indicates that Ni-44BP-Ni junctions are good candidates
for single-molecule spintronic applications.
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When an electron tunnels between two metal contacts it temporarily induces an image charge (IC) in the
electrodes which acts back on the tunneling electron. It is usually assumed that the IC forms instantaneously such
that a static model for the image potential applies. Here we investigate how the finite IC formation time affects
charge transport through a molecule suspended between two electrodes. For a single-level model, an analytical
treatment shows that the conductance is suppressed by a factor Z2, where Z is the quasiparticle renormalization
factor, compared to the static IC approximation. We show that Z can be expressed either in terms of the plasma
frequency of the electrode or as the overlap between electrode wave functions corresponding to an empty and
filled level, respectively. First-principles GW calculations for benzene-diamine connected to gold electrodes
show that the dynamical corrections can reduce the conductance by more than a factor of two when compared to
static GW or density functional theory where the molecular energy levels have been shifted to match the exact
quasiparticle levels.

DOI: 10.1103/PhysRevB.89.041102 PACS number(s): 85.65.+h, 31.70.Dk, 71.10.−w, 73.20.−r

The effect of image forces on tunneling electrons was
first studied by Sommerfeld and Bethe [1] and Holm [2]
in the 1930s, and later refined by Simmons [3] to a form,
which still today is widely used. In Simmons model, the
effect of image forces is described by a simple 1/z correction
to the tunneling barrier. Its range of validity has recently
been critically examined on basis of ab initio calculations
and experimental data for (sub-)nanometer-sized tunneling
junctions [4–8].

Image charge (IC) forces also have important consequences
for electron transport at metal-molecule interfaces because
they influence the position of the molecular energy levels
relative to the metal Fermi level [9–14]. Because the interaction
with the image charge lowers the energy cost of adding an elec-
tron/hole to a molecular orbital, the occupied energy levels are
shifted upwards, while the empty levels are shifted downwards
in energy as the molecule approaches a metal surface.

Theoretically, the image forces are challenging to describe
because they are created by the electron on which they act.
To properly include such correlation effects one must go
beyond standard single-particle theories like Hartree-Fock
and density functional theory (DFT) [15,16]. For transport
in molecular junctions, this has been done previously using
the GW approximation to the electron self-energy both in the
steady state [17–20] and time-dependent [21] regimes. Due
to the computational complexity of such many-body methods,
simple ad hoc correction schemes have been developed which
shift the energy of the molecular orbitals by an amount
estimated from a classical image charge model [22,23]. Such
correction schemes, generally termed DFT + �, have been
shown to improve the agreement with experiments compared
to the uncorrected DFT result [24]. An interesting question is
then whether such a level correction scheme captures all the
effects of the IC on electron transport if the corrections are
chosen to reproduce the exact level alignment for the frontier
orbitals. It was recently shown that the IC not only influences
the energy of the molecular orbitals but also their spatial shape
[25]. A change in orbital shape will change the hybridization
with the metal states and thereby affect the tunneling rate.

This effect is beyond the DFT + � schemes, but should be
significant only for highly polarizable molecules.

Except for the few many-body calculations, all previous
attempts to model the IC effect in molecular transport junctions
have been based on the assumption that the IC forms instanta-
neously such that a static IC model applies. On the other hand,
it is intuitively clear that the role of the IC depends on the time it
takes to polarize the electrode compared to the time the electron
spends on the molecule. The former is given roughly by the
inverse plasmon frequency of the electrode, τp ≈ 1/ωp, while
a simple expression for the latter follows from the time-energy
uncertainty relation, τtun ≈ �/|EF − εa|, where εa is the
energy of the molecular orbital closest to the Fermi level. We
note that the related problem of how a finite plasmon frequency
influences the spatial form of the image potential at a metal
surface has been studied by several authors in the past [26–28].

In this Rapid Communication we show, using both a simple
one-level model and first-principles many-body calculations,
that the finite electrode response time always suppresses the
conductance of a molecular junction compared to the result of
a noninteracting model with the exact same level alignment
(static IC approximation). Formally this is a consequence of
the reduction of the quasiparticle weight of the molecular
resonance from 1 to Z < 1 due to the electron-electron
interactions which shift spectral weight from the single-
particle excitation to other excitations (in particular plasmons).
In the off-resonance tunneling regime, the conductance of the
one-level model is suppressed by Z2 compared to the static
result. We provide two complementary physical explanations
for this reduction. In a dynamical picture, it can be related to
the ratio between the characteristic IC formation time τp and
the dwell time of the electron on the molecule expressing the
reduced screening of the electron due to the “lagging behind”
of the IC. In a picture of hopping between many-body states, Z
can be expressed as an overlap of the electrode wave function
with and without the IC and thus explains the origin of the
reduced tunneling rate as a mismatch between the initial and
final states of the electrode. Ab initio GW calculations for
benzene-diamine (BDA) connected to gold electrodes shows

1098-0121/2014/89(4)/041102(5) 041102-1 ©2014 American Physical Society
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a conductance reduction of almost a factor 3 compared to
the static approximation (noninteracting transport through
optimally tuned energy levels), demonstrating the importance
of dynamical corrections for realistic systems.

We consider the problem of electron transport through a
single electronic level |a〉 coupled to left (L) and right (R)
electrodes. Due to the hopping matrix elements between |a〉
and the states of the electrodes, the level is broadened into
a resonance with a finite spectral width γ , which we take
to be energy independent for simplicity. We assume that the
level is unoccupied, i.e., εa > EF + γ , however, the case of
an occupied level is treated completely analogously. The time-
ordered Green’s function of the localized level can be written

Ga(ω) = 1

[ω − εa − Re �a(ω)] + i[γ − Im �a(ω)]
, (1)

where the self-energy �a(ω) = 〈a|�̂(r,r′,ω)|a〉 accounts for
the Coulomb interaction between electrons in the electrodes
and an electron in |a〉. To lowest order in the interaction, the
self-energy contains the Hartree and exchange potentials of
Hartree-Fock theory. These terms do not contribute to the
image charge effect and are therefore absorbed in εa . Thus
� includes only the higher order terms (correlation effects).

The screening from the electrodes shifts the pole of the GF
from εa to the quasiparticle (QP) energy

εQP
a = εa + �εic, �εic = Z�a(εa), (2)

where �εic denotes the image charge shift and Z = [1 −
d�a(εa)/dω]−1 is the renormalization factor to be discussed
later.

Within the GW approximation [29], the self-energy takes
the form

�(r,r′,ω) = i

2π

∫
G0(r,r′,ω + ω′)W̄ (r,r′,ω′)dω′, (3)

where W̄ = W − v, and W is the dynamically screened
Coulomb interaction. We have subtracted the bare Coulomb
interaction v = 1/|r − r′| from W to avoid double counting
of the exchange energy which is already contained in εa . The
unperturbed Green’s function, is given by

G0(r,r′,ω) = ψa(r)ψa(r′)∗

ω − εa + iγ

+
∑

k

ψk(r)ψk(r′)∗

ω − εk + i0+sgn(εk − EF )
. (4)

In terms of the density response function of the metal electrode
χ , we have (suppressing the integration over spatial variables)
W̄ (ω) = vχ (ω)v. Neglecting the spatial overlap between |a〉
and the metal states, the relevant matrix element of the screened
interaction 〈a|W̄ (ω)|a〉 becomes

W̄a(ω) =
∫ ∫

Va(r)χ (r,r′,ω)Va(r′)dr dr′, (5)

where Va(r) is the potential created by an electron in the
state |a〉,

Va(r) =
∫ |ψa(r′)|2

|r − r′|
dr′. (6)

A Feynman diagram of the self-energy is shown in Fig. 1.

Ga |ψ >
0

Filled level

|a>

χ

Empty level

Va

e

|ψ >
0

FIG. 1. (Color online) Upper panel: When the localized level
|a〉 is empty, the charge distribution corresponding to the electrode
ground state, |�0〉, is homogeneous (no image charge). Lower panel:
When the level is occupied, the potential from the localized electron,
Va(r), induces an image charge in the electrode ground state, |�̃0〉.
A Feynman diagram for the self-energy describing the IC effect is
shown in the upper panel.

Using a plasmon pole approximation (PPA) for the response
function,

W̄a(ω) = A
( 1

ω − ωp + iγp

− 1

ω + ωp − iγp

)
, (7)

the self-energy can be evaluated using complex contour
integration

�a(ω) = A

ω − εa − ωp + i(γ + γp)
, (8)

where ωp and γp are the characteristic plasmon energy and
spectral width, respectively. It follows that the imaginary part
of �a is a Lorentzian of width � = γ + γp centered at ωp +
εa . In the rest of the Rapid Communication we assume, for
simplicity, that � � ωp. Since we are only interested in �a(ω)
in the range between EF and εa , this means we can set � = 0 in
Eq. (8). The constant A can be fixed by invoking the condition
�εic = Z�a(εa), which results in

A =
�εicω

2
p

ωp − �εic
. (9)

Close to equilibrium, i.e., for small bias voltages, the
conductance is given by Landauer’s fromula G = 2e2

h
T (EF )

[30]. For the single-level model, the transmission at the Fermi
level can be written

T (EF ) = γ 2

(
EF − εeff

a

)2 + γ 2
, (10)

where we have defined the effective energy level seen by the
tunneling electron as

εeff
a = εa + Re �a(EF )

= εa + �εic

(
ωp

|EF − εa| + ωp

)
. (11)
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In the above expression we have assumed, for simplicity of
the expression, that �εic � ωp. The transmission through the
interacting level is thus equivalent to transmission through a
noninteracting level with energy εeff

a . When the image charge
formation is fast compared to the average time spent by
the electron on the molecule, i.e., when ωp � |EF − εa|,
the effective level equals εQP

a and the static image charge
approximation is valid. In the opposite regime where the
tunneling time is short compared with the image charge
formation, i.e., ωp � |EF − εa|, the self-energy vanishes and
the tunneling electron “sees” the unscreened level εa .

In Eq. (10) we have embedded the effect of the finite
electrode response time into an effective level position.
Although this seems like a reasonable consequence of a partial
image charge screening, it does not reflect the correct physics,
since the pole of the Green’s function, and thus the spectral
peak, remains at εQP

a . What is affected is the renormalization
factor Z. Using Eqs. (8) and (9) it follows that

Z = 1 − �εic

ωp

. (12)

Within the quasiparticle approximation, one expands �(ω) to
first order around εa which yields the transmission function

T QP(ω) = (Zγ )2

(
ω − ε

QP
a

)2 + (Zγ )2
. (13)

This shows that the transmission resonance remains at εQP
a , but

is narrowed by a factor of Z compared to the noninteracting
result. In the off-resonant tunneling regime where |EF −
εQP
a | � γ it follows that the conductance is suppressed by

a factor Z2 compared to the static approximation which sets
�a(ω) = �εic.

The Green’s function formalism describes the propagation
of one electron with the effect of all other electrons of the
system embedded into the self-energy. Alternatively, one can
describe the transport process in terms of transitions between
many-body states with a different number of electrons on
the level. For noninteracting electrons this involves only the
hopping matrix elements between the state |a〉 and the single-
particle states of the electrodes, |k〉. However, within such a
picture we neglect the fact that all the other electrons in the
electrode also feel a change in potential when the occupation
of the localized level changes. To account for this effect, the
single-particle transition matrix element must be multiplied by
the overlap between the initial and final many-body states of
the electrode, 〈�0|�̃0〉. The situation is sketched in Fig. 1.

Using first order perturbation theory to treat the effect of an
electron on the molecule, the change in the electrode ground
state becomes

∣∣�(1)
0

〉
=

∑

s 	=0

〈�s |V̂ |�0〉
Es − E0

|�s〉, (14)

where V̂ =
∫

n̂(r)Va(r)dr with Va(r) defined in Eq. (6), is the
operator describing the potential created by the electron on the
level.

Using the Lehmann representation for the response function
in Eq. (5), performing the integration in Eq. (3), and taking the

derivative at ω = εa , one obtains

Z =
(

1 +
∑

s 	=0

|〈�s |V̂ |�0〉|2

(Es − E0)2

)−1

. (15)

Noting that the normalized final state is |�̃0〉 = (|�0〉 +
|�(1)

0 〉)/(1 + 〈�(1)
0 |�(1)

0 〉)1/2, and comparing with Eq. (14), it
follows that

Z = |〈�̃0|�0〉|2. (16)

In fact, this also follows from a more general result stating that
Z is the squared norm of the QP state |a〉 (see, e.g., Ref. [25]).
Equation (16) shows that the origin of the Z2 conductance
suppression expressed by Eq. (13) (at least in the cotunneling
regime where |EF − εQP

a | � γ ), can be understood as a
mismatch of the initial and final states of the electrodes.
Here we note the similarity with the phenomenon known as
Franck-Condon blockade where transport through a molecule
is suppressed/blocked due to reduced overlap between the
initial and final vibronic states of the molecule [31]. According
to Eq. (16) the magnitude of Z is determined by the relative
weight of the component |�(1)

0 〉 in the final state |�̃0〉. We can
relate the norm of |�(1)

0 〉 to the response time of the electrode by
noting that the terms in Eq. (14) have an Es − E0 denominator.
Within the PPA the dominant terms come from the plasmon
excitations for which Es − E0 ≈ ωp. Thus a faster electrode
response, i.e., larger ωp, is equivalent to a smaller perturbation
of the ground state and thus Z closer to unity. This is again
consistent with Eq. (12).

To test the role of dynamical screening under more realistic
conditions, we have performed first-principles GW calcula-
tions for the benchmark system of BDA connected to gold
electrodes (see inset of Fig. 2). The details of the calculation
follow Ref. [18]. In brief, the Green’s function of the contacted
molecule is obtained by solving the Dyson equation self-
consistently including both lead coupling self-energies and the
GW self-energy. We use a basis of numerical atomic orbitals

-4 -2 0 2
Energy E-EF (eV)

10-3

10-2

10-1

100

Tr
an

sm
is
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on

DFT
DFT+ΣSO
GW
static GW

FIG. 2. (Color online) The transmission function of the
gold/BDA junction calculated using four different methods (see
text). For the static GW calculations we employed the xc potential
of Eq. (18).
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at the double-ζ plus polarization level for the gold electrodes
and double-ζ for the BDA. The GW self-energy is evaluated
in a spatial region containing the molecule and the four closest
Au atoms on each side of the molecule. For the considered
junction geometry this is sufficient because the IC is essentially
confined to the tip Au atoms [18].

In Fig. 2 we show the transmission function calculated using
four different methods. In addition to the GW result we show
the transmission obtained from DFT with the standard Perdew-
Burke-Ernzerhof exchange-correlation (xc) functional [32].
Not surprisingly the latter yields a higher conductance due
to the well-known underestimation of the molecular energy
gap. To isolate the role of dynamical effects we have used
a “scissors operator” to adjust the energies of the molecular
orbitals in the DFT calculation to those obtained with GW:

�SO =
∑

ν∈mol

�εν |ψν〉〈ψν |. (17)

The molecular orbitals |ψν〉 are obtained by diagonalizing the
DFT Hamiltonian within the subspace spanned by the basis
functions of the BDA. In practice, the energy shift (�εν) of
the three highest occupied and three lowest unoccupied orbitals
are fitted to match the positions of the main peaks in the GW
transmission spectrum. As a fourth method we followed the
QPscGW scheme of Schilfgaarde et al. to construct a static
and Hermitian xc potential from the GW self-energy using the
expression [33]

V xc = 1

2

∑

νμ∈mol

|ψν〉Re
{[

�
(
εQP
ν

)]
νμ

+
[
�

(
εQP
μ

)]
νμ

}
〈ψμ| (18)

with the QP energies εQP
ν obtained from the full GW cal-

culation. As can be seen from Fig. 2, the QPscGW and
DFT + �SO methods yield very similar transmission spectra.
This is because the off-diagonal matrix elements of V xc

from Eq. (18) are essentially zero, meaning that the DFT
and QP molecular orbitals coincide. (This is not surprising
given the low polarizability of BDA [25].) We thus conclude
that the observed difference in transmission between full GW
on the one hand and DFT + �SO or QPscGW on the other
hand, is neither due to differences in energy level alignment
nor in the spatial shape of orbitals, but originates from the
frequency dependence of the GW self-energy.

In Fig. 3 we show the Hartree-Fock (HF) and GW results for
the spectral function of the BDA highest occupied molecular
orbital (HOMO) together with the imaginary and real parts
of the GW self-energy 〈ψH |�̂(ω)|ψH 〉. From this it follows
that the GW self-energy shifts the HOMO up in energy by
1.9 eV. The corresponding self-energy shift for BDA in the
gas phase, caused by intramolecular screening, is found to be
1.0 eV. From this we conclude that the size of the IC shift,
caused by the metallic screening, is 0.9 eV. It is clear from the
almost linear behavior of Re �(ω), that the linear expansion
of � leading to Eq. (13) is well justified. Furthermore, the

FIG. 3. (Color online) The spectral function of the HOMO of the
contacted BDA molecule calculated with Hartree-Fock (blue) and
GW (red). The real and imaginary parts of the GW self-energy are
also shown (black curves).

imaginary part of the GW self-energy vanishes for energies
above εH in agreement with the one-level model. The width
of the spectral functions in Fig. 3 is given by the imaginary
part of the coupling self-energy (not shown). The energy
variation of this broadening follows the density of states at the
gold tip atom. This explains the larger broadening of the GW
resonance compared to the HF resonance which is situated
below the gold d band.

From the slope of Re � we obtain the renormalization factor
of Z = 0.84. Based on the one-level model this should lead
to a conductance suppression by a factor Z2 = 0.71 which
is, however, not sufficient to explain the observed difference
between the GW and static GW result (see Fig. 2). The
reason for this is that the BDA junction is not well described
by a one-level model. While the unoccupied states play a
minor role for the conductance, the HOMO-2, which is an
antibonding version of the HOMO, must be included to obtain
a realistic model. This points to a nontrivial interplay between
the dynamical effects on different transport channels.

In conclusion, our results demonstrate that the role of
electron-electron interactions in charge transport across a
metal-molecule interface goes beyond the well-established ef-
fect on the energy level alignment. In general, the image charge
dynamics renormalizes the level broadening (or equivalently
the tunneling rate) by an amount that depends on the plasmon
frequency of the electrode. Since the former can be tuned, e.g.,
by nanostructuring or electrostatic gating, this could provide a
basis for experimental investigations of the dynamical image
charge effect.

The authors acknowledge support from the Danish Council
for Independent Research’s Sapere Aude Program through
Grant No. 11-1051390.
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We investigate the electronic conductance and thermopower of a single-molecule junction consisting of
bis-(4-aminophenyl) acetylene (B4APA) connected to gold electrodes. We use nonequilibrium Green’s function
methods in combination with density-functional theory (DFT) and the many-body GW approximation. To
simulate recent break junction experiments, we calculate the transport properties of the junction as it is pulled
apart. For all junction configurations, DFT with a standard semilocal functional overestimates the conductance
by almost an order of magnitude, while the thermopower is underestimated by up to a factor of 3, except
for the most highly stretched junction configurations. In contrast, the GW results for both conductance and
thermopower are in excellent agreement with experiments for a wide range of electrode separations. We show
that the GW self-energy not only renormalizes the molecular energy levels but also the coupling strength.
The latter is a consequence of the finite response time associated with the electronic screening in the metal
electrodes.

DOI: 10.1103/PhysRevB.90.075115 PACS number(s): 73.63.−b, 73.40.Gk, 85.65.+h

I. INTRODUCTION

Molecular junctions consisting of a single molecule con-
nected to metallic electrodes via atomically well-defined
chemical bonds represent unique benchmark systems for the
study of charge, spin, and heat transport at the nanoscale [1].
Fascinating quantum phenomena such as giant magnetoresis-
tance [2], Kondo effects [3,4], and quantum interference [5,6]
have recently been reported for single-molecule junctions.
Moreover, these systems allow for detailed studies of charge
transfer and energy level alignment at metal-molecule inter-
faces of great relevance to, e.g., organic electronic devices and
dye-sensitized solar cells [7–10].

As an addition to standard charge transport experiments,
thermopower measurements have recently been advanced as
a powerful spectroscopic tool for single-molecule junctions
[11–16]. The thermopower is directly related to the slope of
the transmission function at the Fermi level and thus can be
used to infer the carrier type, i.e., whether transport is n- or p-
type (semiconductor language) or whether the transport takes
place via the highest occupied molecular orbital (HOMO) or
the lowest unoccupied molecular orbital (LUMO) (chemical
language).

Both the conductance and thermopower are highly sensitive
to the position and width of the molecular resonances in
the junction. This poses a challenge for ab initio modeling
of single-molecule junctions since a proper description of
the level alignment at metal-molecule interfaces is known
to be highly problematic within the popular framework of
density functional theory (DFT) [17,18]. While it is in principle
possible to obtain the correct conductance or thermopower of a
single-molecule junction from a calculation with an incorrect
level alignment (i.e., obtain the correct result for the wrong
reason), it is much less plausible that a simultaneously good
description of conductance and thermopower can be achieved
unless the energy level alignment and level broadening are

*thygesen@fysik.dtu.dk

correctly described. Thus simultaneous modeling of the con-
ductance and thermopower should represent a highly stringent
test of the quality of the underlying electronic structure
calculation.

Over the past decade, it has become clear that predictive and
quantitatively accurate modeling of electronic energy level
alignment and charge transport in metal-molecule junctions
must be based on methods that go beyond the single-particle
DFT description. The (self-consistent) GW approximation
represents an accurate, although computationally demanding,
alternative to DFT yielding quasiparticle (QP) energies in
much better agreement with experiments. The improved
description of the level positions is the main reason for the
excellent agreement found between GW transport calculations
and experiments on molecular junctions. However, in addition
to the level alignment, the GW approximation accounts for
two other effects, both of which are beyond the single-
particle theories and which can have significant effects on
the calculated transport properties. One is the change of
the molecular wave functions arising from the interaction
between the tunneling electron and its image charge in the
electrode. This effect tends to contract the frontier orbitals
toward the metal surface, and is stronger for molecules with
large polarizability [19]. The second effect stems from the
finite formation time of the image charge in the electrode
represented roughly by the inverse of the plasmon frequency.
This means that the image charge is “lacking behind” the
tunneling electron and results in a reduction of the effective
metal-molecule coupling strength [20]. Both of these effects
are fully accounted for by the GW calculations presented in
the present work, although only the latter is significant due
to the relatively low polarizability of the bis-(4-aminophenyl)
acetylene molecule (B4APA) studied here.

We have recently demonstrated that an excellent description
of both the conductance and thermopower of benzenediamone
(BDA) and benzenedicarbonitrile (BDCN) molecular junc-
tions can be obtained using the GW method [21]. In contrast,
standard DFT deviates from experiments by up to two orders
of magnitude for these systems. Our previous work was based

1098-0121/2014/90(7)/075115(8) 075115-1 ©2014 American Physical Society
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on a single (idealized) junction geometry, and the experimen-
tal data were taken from four independent experiments of
conductance and thermopower for the two molecules, re-
spectively. To establish a more faithful and consistent bench-
marking of the GW approximation for electronic transport
calculations, it is necessary to consider various junction ge-
ometries and preferentially compare to experiments where the
conductance and thermopower were measured simultaneously.
This is the motivation for the work reported in this paper.

Simultaneous measurements of conductance and ther-
mopower of gold/B4APA were reported by Widawsky
et al. [15]. The positive sign of the thermopower indicated
that the electron transport through B4APA is hole-mediated,
and this was supported by DFT-based transport calculations.
It was shown that a correction of the DFT molecular energy
levels was necessary in order to obtain a conductance and
thermopower in agreement with experiments [15].

In this paper, we show that the conductance and ther-
mopower of the gold/B4APA junction calculated with the
GW approximation are in excellent agreement with the break
junction experiments of Widawsky et al. Importantly, the good
agreement is found for a wide range of stretching conditions.
In contrast, DFT with a semilocal functional overestimates
the conductance by a factor of 6 for all electrode separations
while the thermopower is generally underestimated, except
for very particular and highly stretched junction geometries.
Secondly, we address the dynamical aspects of the image
charge screening of the conductance and thermopower. Our
calculations show that the finite response time of the electrode
not only renormalizes the molecular energy levels, but also
reduces the coupling strength between the molecule and the
electrode. This effect reduces the conductance by almost a
factor of 2 while the thermopower is essentially unaffected
(in a one-level model, the thermopower is independent of the
coupling strength).

II. METHODS

All the calculations were performed with the GPAW

code [22] using the projector-augmented wave method. A bis-
(4-aminophenyl) acetylene molecule (B4APA) is sandwiched
between two Au tips attached to the Au(111) surface as
illustrated in Fig. 1(a). The supercell contained eight 4 ×
4 Au(111) atomic layers. The geometry of the molecule and
Au tips was optimized until the residual force on every atom
was below 0.02 eV/Å. For the structure optimization, we used
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation (xc)
functional [23], and the first Brillouin zone was sampled on a
4 × 4 × 1 k-point mesh.

The DFT and GW transport calculations were performed
following the method described in Refs. [24,25]. The trans-
mission function was calculated from the Landauer for-
mula [26,27]

T (E) = Tr[Gr (E)�L(E)Ga(E)�R(E)], (1)

where the retarded Green’s function was obtained from

Gr (E) =
[
(E + iη)S − H0 + Vxc − �VH [G]

−�r
L(E) − �r

R(E) − �xc[G](E)
]−1

, (2)

z = +1.0
z = 0.0

z = -1.0

FIG. 1. (Color online) (a) A single bis-(4-aminophenyl) acety-
lene molecule (B4APA) is sandwiched between two Au tips attached
to the Au(111) surface. The three different image plane positions
used in the DFT+� method are indicated, namely z = +1,0,−1 Å
relative to the Au tip atom. (b) Contour plot of the highest occupied
molecular orbital (HOMO) of the B4APA molecule in the junction.

where S, H0, and Vxc are the overlap matrix, the Kohn-Sham
Hamiltonian matrix, and the PBE xc potential in the atomic
orbital basis [28], respectively. η is a numerical positive
infinitesimal which is set to 0.02 eV in the calculations. �r

L/R

are the retarded lead self-energies and �VH is the deviation
of the Hartree potential from the equilibrium DFT-PBE value.
�xc is the many-body xc self-energy. For the HF and GW , �xc

is the nonlocal exchange potential and the GW self-energy, re-
spectively. These self-energies are evaluated self-consistently.
A standard non-equilibrium Green’s function combined with
density function theory (NEGF-DFT) calculation is recovered
when �xc is taken as the Kohn-Sham xc potential, Vxc.
The self-consistent cycle is performed by a linear mixing
of the Green functions. The energy-dependent quantities are
represented on an energy grid ranging from −160 to 160 eV
with an energy-grid spacing of 0.01 eV.

In the DFT+� method [21,29,30], the DFT energy levels of
the molecule in the junction are corrected by two terms. First,
a correction is added to the occupied and unoccupied orbitals,
respectively, to account for the self-interaction error in the
DFT energy levels of the isolated molecule. These corrections
are obtained for the isolated molecule as the difference
between Kohn-Sham HOMO and LUMO eigenvalues and
the ionization potential and electron affinity (obtained as total
energy differences), respectively. Secondly, a classical image
charge model is used to correct the energy levels for screening
by the electrodes. Note that the classical image charge model
is based on electrostatics and thus neglects any dynamical
aspects of the screening process [20].

In the DFT+�SO calculations, the DFT energy levels of the
molecule in the junction are corrected so as to match the QP
energy levels obtained from the GW calculations by a scissor
operator (SO):

�SO =
∑

ν→mol

�εν |ψν〉〈ψν |, (3)
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where the molecular orbitals |ψν〉 are obtained by diagonal-
izing the DFT Hamiltonian within the subspace spanned by
the basis functions of the B4APA. This approach is presented
in order to illustrate the effects of the GW self-energy that
are beyond the level alignment correction. In this paper, we
focus on the dynamical aspects of the screening, which are
represented mathematically by the frequency dependence of
the GW self-energy.

The transport calculations employ a double ζ with polar-
ization (DZP) basis for all Au atoms, and a double-ζ (DZ)
basis for the molecule. We use rather diffuse basis functions
for Au corresponding to an energy shift of 0.01 eV. This is
necessary to obtain a good description of the surface dipole,
which is essential for a correct alignment of molecular energy
levels. With the present basis set, we obtain a work function
of 5.4 eV for the flat Au(111) surface, in good agreement with
the experimental value of 5.3 eV [31].

The conductance and thermopower were calculated
from

G = e2L0(EF ) (4)

and

S = L1(EF )

eT L0(EF )
= −π2k2

BT

3e

∂ ln[T (E)]

∂E

∣∣∣∣
E=EF

. (5)

Here Lm(μ) is defined as

Lm(μ) = 2

h

∫ ∞

−∞
dE T (E)(E − μ)m

(
−∂f (E,μ,T )

∂E

)
, (6)

where f (E,μ,T ) is the Fermi-Dirac distribution function. The
last expression in S assumes that the transmission is slowly
varying around EF [11]. T is the average temperature of the
left and right electrodes. We note that the thermopower in
Eq. (5) is defined within linear response, and is thus applicable
when �T/T is small. The nonlinear effects are expected to
be of minor importance, since the experiments were done
with T ≈ 300 K and |�T | < 30 K. Moreover, the measured
thermoelectric current is linearly dependent with small �T in
the experiments, indicating that the linear response formula is
adequate.

III. RESULTS AND DISCUSSION

A. Break junction simulation

To mimic the experimental break junction setup, we stretch
the molecular junction by displacing the two Au electrodes in
steps of 0.25 Å. The junction is optimized at each displacement
step. Figure 2(a) shows the change of the total energy as
the junction is stretched. The minimum energy is reached
around the configuration S0, which represents the zero-stress
configuration in the experiments. As shown in Figs. 2(b)
and 2(c), the Au-N bond length varies from 2.4 to 2.8 Å,
while the angle αAu-N-C between the Au-N-C atoms changes
from 120◦ to 135◦.

The evolution of the conductance and thermopower cal-
culated from DFT and GW is shown in Figs. 2(d) and 2(e),
respectively. The DFT conductance remains almost constant,
except for the highly stretched configurations. Comparing
the DFT conductances with the statistically most probable

α
μ

FIG. 2. The effect of stretching the Au/B4APA junction on (a)
the total energy, (b) the Au-N bond length dAu-N, (c) the angle
αAu-N-C between the Au-N-C atoms, (d) the conductance, and (e) the
thermopower. The statistically most likely conductance 0.57 ± 0.2
(10−3G0) and thermopower 9.7 ± 3 (μV/K) from the break junction
experiment are indicated by the gray bars [15]. Each configuration is
labeled by S − 1 to S + 3 as shown in (a). The relative displacement
is scaled to the configuration S − 1.

experimental conductance indicated by the gray bar, it is
clear that the factor of 6 discrepancy cannot be explained
by the junction geometry (stretching). For the zero-stress
configuration S0, the DFT thermopower of 2.8 μV/K is
a factor of 3 smaller than the experimental thermopower
indicated by the gray bar. The DFT thermopower increases
up to 20 μV/K from the configuration S0 to the configuration
S + 3. We note that although the DFT thermopower of the
configuration S + 2 is very close to the experimental value,
this configuration is considered unlikely in the statistical break
junction experiment. Moreover, the DFT conductance of the
configuration S + 2 is a factor of 6 larger than the experimental
value. We thus conclude that the large deviation of both the
DFT conductance and thermopower from the experimental
values cannot be explained to arise from variations in the
junction structure.

In contrast to the DFT calculations, the conductance
obtained from GW is close to the experimental conductance
over a large range of electrode separations. Moreover, the GW

thermopower is in overall good agreement with the experi-
mental values, in particular for the low stress configurations.

The variation of the DFT conductance and thermopower
during the stretching simulation can be explained by the
variation in the HOMO and LUMO positions with respect
to the Fermi level. The transmission functions calculated from
DFT for the configuration S0 to the configuration S + 3 are
shown in Fig. 3. Because the HOMO couples directly to the
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FIG. 3. (Color online) Transmission functions calculated from
DFT for the configuration S0 to the configurations S + 3. The gray
box indicates the experimental conductance 0.57 ± 0.2 (10−3G0),
and the Fermi level indicated by the dashed line is set to 0 eV [15].

electrodes shown in Fig. 1(b), the coupling strength is reduced
when stretching the junction. On the one hand, the reduction
of the coupling narrows the HOMO spectral peak from 0.09 to
0.05 eV, fitted from Fig. 3. On the other hand, the charge trans-
fer from the N lone pair to the undercoordinated Au tip atom
decreases upon stretching. This effect lowers the magnitude of
the local dipole field and shifts the potential on the molecule
and thus the molecular energy levels upward in energy.

As the DFT energies of the HOMO and LUMO resonances
do not overlap with the characteristic features in the local
density of states of the Au 5d states around −2 and 2.5 eV, we
quantify the change in conductance and thermopower using a
simple Lorentzian model [32]. In the case in which the HOMO
clearly mediates the transport around EF , we have

T (E) = �2

(E − εH )2 + �2
(7)

and the thermopower is

SH = −π2k2
BT

3e

2εH

ε2
H + �2

≈ −π2k2
BT

3e

2

εH

. (8)

Here � is the energy-independent tunneling width and εH is
the HOMO energy. The last expression assumes that εH � �,
which is indeed the case as εH ≈ −1 eV and � ≈ 0.1 eV.
The thermopower is thus seen to be independent of �.
This is contrary to the conductance, which approximately is
G ≈ �2/ε2

HG0, and thus is sensitive to variations in �. When
stretching the junction, � is reduced while the HOMO level
moves toward EF leading to the almost constant conductance
seen in Fig. 2(d).

In the case in which both the HOMO and LUMO contribute
to the transport, the thermopower is approximately

SH+L ≈ −π2k2
BT

3e

(
2

εH

+ 2

εL

)
. (9)

In the DFT calculations, the low thermopower values are
simply due to the fact that the Fermi energy is approximately
midway between the HOMO and LUMO energies, i.e., εH ≈
−εL. For the stretched configuration S + 3, all the molecular
levels are shifted up in energy, and the HOMO is clearly
dominating the transport resulting in a higher thermopower.

TABLE I. The HOMO and LUMO energies of the B4APA
molecule in the gas phase and in the junction, respectively, calculated
from DFT-PBE Kohn-Sham eigenvalues (PBE-eig), GW , HF, and
DFT-PBE total energy differences (PBE-tot). Units are eV.

Molecule Orbital PBE-eig GW HF PBE-tot

HOMO −4.4 −5.9 −6.9 −6.3
Gas phase LUMO −1.6 1.2 2.5 0.4

H-L gap 2.8 7.1 9.4 6.7

HOMO −1.4 −2.1 −3.3 N/A
Junction LUMO 1.5 4.5 6.2 N/A

H-L gap 2.9 6.6 9.5 N/A

B. Energy levels of molecule in the gas phase

Before investigating the level alignment in the junction,
we consider the energy levels in the gas phase. In Table I,
the HOMO and LUMO levels in the gas phase are calculated
from the PBE Kohn-Sham eigenvalues (PBE-eig), GW , HF,
and PBE total energy differences between the neutral and
charged molecule (PBE-tot). We have not been able to find
experimental data for the ionization potentials or electron
affinities of the B4APA. Instead we use PBE total energy
differences as a reference, as this approach was found to have
an accuracy of around 0.2 eV for the ionization potential
of small molecules [33]. Several benchmark studies have
established that the accuracy of self-consistent GW for the
frontier orbitals of small to intermediate size molecules is
0.3–0.4 eV [33,34].

For the B4APA, the DFT HOMO level is overestimated by
1.9 eV while the DFT LUMO is underestimated by 2.0 eV
compared to the PBE-tot. The DFT HOMO-LUMO gap is
therefore underestimated by 3.9 eV. These errors are mainly
due to the self-interaction errors in the DFT-PBE functional.
By using the self-interaction free HF, the gap is opened up to
9.4 eV, which is about 2.7 eV larger than the PBE-tot value. The
inclusion of correlation effects at the GW level reduces the HF
gap to 7.1 eV, in reasonable agreement with the PBE-tot value
of 6.7 eV. In line with the general tendency of self-consistent
GW to underestimate molecular ionization potentials [33,34],
we find that the HOMO level from the GW calculation lies
0.4 eV above the PBE-tot value.

C. GW transport calculations

In Fig. 4, we compare the transmission functions obtained
from DFT, GW , and HF for the zero-stress configuration
S0. In all calculations, the Fermi level is crossing the tail
of the HOMO level signaling a HOMO mediated tunneling
process. The transmission features around −2 and 2.5 eV are
characteristic features of the local density of states of the Au
tip atom. Since the Au atoms are described at the DFT level in
all the methods (the self-energy corrections are added only on
the molecular subspace), these features are present in all three
transmission curves.

The conductances obtained from DFT, GW , and HF are
listed in Table II. While DFT (HF) overestimates (underes-
timates) the conductance by a factor of 6 (26), GW brings
the conductance in agreement with the experimental value.
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FIG. 4. (Color online) Transmission functions for the zero-stress
Au/B4APA junction configuration (S0) calculated from DFT-PBE,
GW , and HF. The gray box indicates the experimental conductance
0.57 ± 0.2 (10−3G0), and the Fermi level indicated by the dashed line
is set to zero eV [15].

This is a direct result of the more accurate level alignment
with respect to the Au Fermi energy. The HOMO and LUMO
levels in the junction are listed in the Table I. Due to
hybridization, the HOMO-LUMO (H-L) gap in both the DFT
and HF calculations is increased by 0.1 eV compared to the
gas-phase results. However the H-L gap from GW is reduced
by 0.5 eV. This reduction of the H-L gap is a consequence of
the image charge effect, which is absent in both DFT and HF
[17,18].

The thermopowers obtained from DFT, GW , and HF are
also shown in Table II. While both DFT and HF underestimate
the experimental value by a factor of 3 and 2, respectively,
the GW thermopower is in excellent agreement with the
experimental value. As noted earlier, the low thermopower
obtained from DFT is a consequence of the fact that the Fermi
level is positioned in the middle of the HOMO-LUMO gap;
see Eq. (9).

D. Dynamical screening

To isolate the role of dynamical effects, we have used
a scissors operator to adjust the energies of the molecular
orbitals in the DFT calculation to those obtained from GW , see
Sec. II. In practice, the energy shifts (�εν) of the lowest three
unoccupied and highest three occupied molecular orbitals
are fitted to match the main peaks in the GW transmission
spectrum.

In Fig. 5(a), we compare the transmission functions
calculated with GW and DFT+�SO. It is seen that the full
GW transmission is suppressed inside the HOMO-LUMO gap
compared to the level matched DFT+�SO transmission. At the

TABLE II. Conductance and thermopower for the zero-stress
Au/B4APA junction configuration (S0) calculated from DFT-PBE,
GW , and HF. The experimental values are listed in the last
column [15].

DFT-PBE GW HF Expt.

G (10−3G0) 3.31 0.29 0.022 0.57 ± 0.2
S (μV/K) 2.8 11.6 5.4 9.7 ± 0.3

Σ

Σ

Σ

ε

FIG. 5. (Color online) (a) Transmission functions calculated
from GW and DFT+�SO for the zero-stress Au/B4APA junction
configuration (S0). In the DFT+�SO method, the DFT molecular
levels are rigidly shifted to match the GW levels. The gray box
indicates the experimental conductance 0.57 ± 0.2 (10−3G0), and
the Fermi level indicated by the dashed line is set to 0 eV [15].
(b) The spectral function of the HOMO of the contacted molecule
calculated from HF and GW . The real and imaginary parts of the
GW self-energy are also shown as black curves.

Fermi level, the GW transmission is a factor of 0.73 lower than
the DFT+�SO transmission, while the thermopower from the
two methods is essentially identical. The reduction of the GW

transmission is related to the quasiparticle renormalization
factor of the HOMO level, Z = [1 − d Re�H(εH)/dE]−1.
The real part of 〈ψH |�(E)|ψH 〉 is shown in Fig. 5(b). The
renormalization factor Z describes how well the many-body
state representing the molecule with one electron removed
from the HOMO can be described as a single particle removed
from the neutral ground state. Since the removal of an electron
from the molecule will couple to electronic excitations in
the electrode via the Coulomb interaction, the stationary
states representing the ionized molecule in the junction will
contain components where the electrode is in an excited
state. For a metal, it is usually valid to describe the response
to external fields by a single effective excitation (plasmon
pole approximation). The coupling to the plasmon excitation
reduces the spectral weight of the HOMO peak, leading
to a renormalization factor Z less than unity. For a more
detailed discussion of these issues, we refer the reader to
Ref. [20].

In the presence of a self-energy, �, describing electron-
electron interactions, the transmission through a single
electronic level coupled to wide band leads can be
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FIG. 6. (Color online) Transmission functions for the zero-stress
Au/B4APA junction configuration (S0) calculated from G0W0 (PBE),
self-consistent GW , and G0W0 (HF). The gray box indicates the
experimental conductance 0.57 ± 0.2 (10−3G0), and the Fermi level
indicated by the dashed line is set to 0 eV [15].

written

T QP(E) = (Z�)2

(
E − ε

QP
a

)2 + (Z�)2
, (10)

where � is the (energy-independent) tunneling width and
Z is the renormalization factor, and εQP

a is the QP energy
level representing the pole of the interacting Green’s function.
In the off-resonance tunneling regime (|E − εQP

a | � �), the
conductance becomes

GQP ≈ (Z�)2

ε
QP2
a

G0, (11)

which is suppressed by a factor of Z2 from the level matched
noninteracting result. For the HOMO level of 4BAPA in the
junction, we find Z2 = 0.74, which agrees almost exactly with
the ration between the conductance obtained from GW and
DFT+�SO.

For the one-level model in the off-resonance regime, the
thermopower becomes

SQP ≈ −π2k2
BT

3e

2

ε
QP
a

, (12)

i.e., independent of Z. This is again consistent with the fact
that we find essentially the same thermopower with GW and
DFT+�SO.

E. One-shot G0W0 calculations

To examine the role of self-consistency in the GW calcu-
lations, we have performed one-shot G0W0 calculations using

TABLE III. The conductance and thermopower for the zero-
stress Au/B4APA junction configuration (S0) calculated using G0W0

(PBE), GW , and G0W0 (HF). The experimental values are listed in
the last column [15].

G0W0 (PBE) GW G0W0 (HF) Expt.

G (10−3G0) 0.48 0.29 0.13 0.57 ± 0.2
S (μV/K) 12.9 11.6 9.3 9.7 ± 0.3

µ

FIG. 7. The effect of stretching the Au/B4APA junction on (a) the
conductance and (b) the thermopower, calculated from the DFT+�

method using three different image plane positions, namely z =
+1,0,−1 Å relative to the Au tip atom. The statistically most likely
conductance 0.57 ± 0.2 (10−3G0) and thermopower 9.7 ± 3 (μV/K)
from the break junction experiment are indicated by the gray bars [15].
The relative displacement is scaled to the configuration S − 1.

either DFT-PBE or HF as starting point. The transmission
functions obtained from the one-shot G0W0 (PBE) and G0W0

(HF) calculations are shown in Fig. 6 and the conductances and
thermopowers are listed in Table III. Compared to GW , G0W0

(PBE) overestimates both the conductance and thermopower
while G0W0 (HF) underestimates both quantities. These trends
can be explained by noting that using DFT-PBE and HF
as initial G0, respectively, overestimates and underestimates
the effect of screening (compared to self-consistent GW ,
which yield energy gaps in between DFT-PBE and HF).
As a consequence, the HOMO level is higher with G0W0

(PBE) and lower with G0W0 (HF). The change in both the
conductance and thermopower then follows directly from
Eqs. (11) and (12).

F. DFT+� calculations

Finally, the effect of stretching the Au/B4APA junction
on the conductance and thermopower is addressed by using
the DFT+� method, as shown in Fig. 7. We have employed
three different image plane positions, namely z = +1,0,−1 Å
relative to the Au tip atom. While the conductances are greatly
improved over the uncorrected DFT results, the thermopowers

TABLE IV. Conductance and thermopower for the zero-stress
Au/B4APA junction configuration (S0) calculated using the DFT+�

method with three different image plane positions, namely z =
+1,0,−1 relative to the Au tip atom. The experimental values are
listed in the last column [15].

+1 Å 0 Å −1 Å Expt.

G (10−3G0) 1.04 0.71 0.60 0.57 ± 0.2
S (μV/K) 1.1 −0.4 −0.9 9.7 ± 0.3
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FIG. 8. (Color online) The transmission function for the zero-
stress Au/B4APA junction configuration (S0) calculated from the
DFT+� method using three different image plane positions, namely
z = +1,0,−1 Å relative to the Au tip atom. The gray box indicates
the experimental conductance 0.57 ± 0.2 (10−3G0), and the Fermi
level indicated by the dashed line is set to 0 eV [15].

are not improved; in fact they are worsened (see Table IV for
the zero-stress configuration).

Contrary to the DFT calculations, where the conductances
remains almost constant during the stretching, the conduc-
tances are decreased in the DFT+� calculations. This is
because the image charge effect is reduced when the molecule
is moving away from the electrode. As noted earlier, the low
thermopowers close to zero are a consequence of the highly
symmetric position of the HOMO and LUMO peaks with
respect to EF (see the transmission functions of the zero-stress
configuration in Fig. 8).

We note that the DFT + � calculations presented in
Ref. [15] show an improvement of DFT and a good agreement

with the experimental values for both conductance and
thermopower. However our configuration S + 3 reproduces
the DFT and DFT + � results reported in Ref. [15], indicating
that those calculations were performed for a stretched junction
configuration.

IV. CONCLUSIONS

In conclusion, we have demonstrated that the (self-
consistent) GW approximation to the electron self-energy pro-
vides a quantitatively accurate description of both conductance
and thermopower in a gold/bis-(4-aminophenyl) acetylene
single-molecule junction. By performing calculations as the
junction is pulled apart, it was shown that while the GW

approximation yields good agreement with experimental break
junction experiments for a large range of electrode separations,
the standard DFT description overestimates conductance
significantly for all electrode separations and underestimates
thermopower for all but the most stretched junction geome-
tries. The main reason for the improved GW description is
a better level alignment. However, it was also found that the
frequency dependence of the GW self-energy, which accounts
for the dynamics of the image charge screening, can have a
significant impact on the conductance by reducing the effective
metal-molecule coupling strength.
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