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Screening effects in a density functional theory based description of molecular junctions
in the Coulomb blockade regime
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We recently introduced a method based on density functional theory and a nonequilibrium Green’s function
technique for calculating the addition energies of single-molecule nanojunctions in the Coulomb blockade
regime. Here we apply this approach to benzene molecules lying parallel and at various distances from two
aluminum fcc (111) surfaces, and we discuss the distance dependence in our calculations in terms of electro-
static screening effects. The addition energies near the surface are reduced by about a factor of 2, which is
comparable to previously reported calculations employing a computationally far more demanding quasiparticle

description.
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A key issue in the emerging field of molecular electronics
is the description of electron transport between nanoscale
contacts, for which considerable progress has been recently
achieved at the experimental level.! Theoretically, two limit-
ing regimes can be distinguished, namely, coherent transport
(CT) for strong coupling between the molecule and the elec-
trodes and Coulomb blockade (CB) for weak coupling. The
CB regime is best described by stability diagrams, where
frontiers between low- and high-conductivity domains in
bias and gate voltage coordinates are reflected by diamond-
like shapes.”* For a proper description of these diagrams,
the energy difference between the ionization and affinity lev-
els of the inserted quantum dot or single molecule (com-
monly referred to as addition energies E,qq) has to be evalu-
ated.

The first-principles nonequilibrium Green’s function
(NEGF) methods>-® combined with density functional theory
(DFT), which have been successfully used for the CT re-
gime, are not so straightforward to apply for electron transfer
under CB conditions, since an integer charge is transferred
and results in a relaxation of the electronic structure of the
central molecule. In principle only a many-body approach
provides a general solution to the latter problem,’!! and
even quasiparticle calculations based on the GW
approximation'?> were found to not fully capture the impact
of local spin and charge fluctuations in the CB regime.! The
suitability of a standard DFT framework for electron trans-
port in both the CB and CT regimes was also debated!*!>
due to the self-interaction of electrons'® in a Kohn-Sham
(KS) framework and the lack of a derivative discontinuity
(Ref. 17) in the evolution of KS eigenenergies.

As outlined above a main source of discrepancy with a
DFT description of weakly coupled nanostructures relies on
the fact that the gap between the highest occupied molecular-
orbital (HOMO) and lowest unoccupied molecular-orbital
(LUMO) eigenenergies in a single-particle KS scheme does
not match in general the total-energy difference between the
ground state and lowest charged states when the size of the
HOMO-LUMO gap is finite.!® This mismatch has been re-
cently addressed in realistic calculations of E,4y with stan-
dard DFT techniques in three different ways. (i) For metal
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particles of finite size, a modified KS gap has been intro-
duced, where the energetic difference between the HOMO
(or LUMO) for charged and uncharged clusters has been
directly taken into account.'® (i) For the description of the
HOMO-LUMO gap in C¢y-metal interfaces, the charging en-
ergy has been obtained by using a constrained DFT
formalism,?° where the occupation of hand-picked orbitals
can be defined as a constraint in the input.?! (iii) Within a
NEGF-DFT framework, E, 43 has been defined via threshold
values of an external gate voltage Vg, determined via a
midpoint integration rule from induced charge transfer be-
tween small molecules (H, and benzene) and lithium wires.?

In this work, we adopt the approach introduced in Ref. 22
and apply it to calculate E,4y for a benzene molecule lying
parallel and at various distances from two aluminum fcc
(111) surfaces (see Fig. 1). We focus in particular on the
dependence of E,4q on the distance between the central mol-
ecule and the two electrodes, and we argue that our method
correctly describes screening effects that lead to a reduction
in the molecular gap due to the rearrangement of the elec-
tronic structure at the Al surfaces. This is supported by two
key findings. (i) the distance dependence of E,uq (with a
correction term accounting for the geometric capacitance??)
is consistent with a purely electrostatic model for screening
based on image charges.?* (ii) The magnitude of screening is
comparable to values obtained for a variety of systems with
GW.,” constrained DFT,>° and a recently developed
quantum-chemical approach,2® where electrodes have been

FIG. 1. (Color online) Geometry and shape of the applied gate
potential for a benzene molecule lying parallel and weakly coupled
to two Al fec (111) surfaces for a distance of 8 A. The profile of
Vaate (taken from the differences in spatial resolution for calcula-
tions at 10 and 0 V) is shown with gray shading with its maximum
located in the black regions.
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FIG. 2. (Color online) Evolu-
tion of the added/removed elec-
trons on the benzene molecule
N,qq (obtained by spatial integra-
tion of the electron density) as a
function of Vg for three dis-
tances between the molecule and
Al surfaces (dyp=4, 6, and 8 A).
The values of E,4q reported else-
where in this Brief Report are
taken from such plots.
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treated as a classical shape-dependent continuum, allowing
to reproduce accurately the experimental data reported in
Ref. 3.

Figure 1 displays the system on which we performed the
NEGF-DFT calculations with the commercially available
ATK software.?’ The scattering region contains three layers of
a 3 X 3 unit cell of Al on each side of the benzene molecule
and three additional layers on each side of the left and right
electrode regions, respectively, where a 3 X3 k-point grid
has been used for the sampling in the transverse Brillouin
plane. All atoms in the Al layers have been left in their trun-
cated bulk positions for the experimental lattice constant of
4.05 A. A double-zeta polarized and single-zeta basis set
have been used for the molecule and Al surfaces, respec-
tively, and the local-density approximation (LDA) has been
chosen for the exchange-correlation functional. The Keldysh
formalism® allows for a self-consistent solution for the elec-
tron density of the open system as a whole for every value of
the external gate potential Vy,.** The shape of the effective
potential generated by Vg, is illustrated as gray shades in
Fig. 1.

In Fig. 2 we illustrate how we determine the addition
energy from NEGF-DFT calculations, ES, for varying
aluminum-benzene distances d g,

1 0
E ;31(;’ = J dN. addVgate(N add) - f dN. addVgate(N add)
0 -1

= gate(Nadd =+ 058) - Vgate(Nadd =- 056) . (1)

We provided a formal justification for Eq. 1 in Ref. 22,
where we also discussed its validity and demonstrated nu-
merical agreement with other reliable data for H, and ben-
zene molecules, respectively, attached to Li wires. The rel-
evance of N,qg= *=0.5 comes from the integration only; we
calculate ESY as the energy corresponding to the integral of
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the input required for the transfer of one electron from the
molecule to the two electrodes or vice versa in terms of the
external potential V. inducing this transfer. We stress that
this method includes screening effects implicitly, as evi-
denced by the fact that the results do depend on da;z (see
Fig. 2).

One should keep in mind that ES consists of a sum of
two terms: the first related to the modified molecular
HOMO-LUMO gap in the junction and the second to the
electrostatic capacitance of the metallic electrodes.?® The lat-
ter is usually referred to as the geometric capacitance contri-
bution to the charging energy in the literature?’ and will be
denoted as Eyon in the following; it can be safely neglected
in the analysis of CB experiments on single-molecule junc-
tions since it scales with dg/A and the area of the elec-
trodes A is usually well above tens of ,umz, whereas the
distance d,;z between the molecule and the electrode sur-
faces is in the A range. This is not the case, however, in our
calculations. Because we apply periodic boundary conditions
to the electronic structure in the plane perpendicular to the
transport direction, the finite charges are transferred from the
molecule to the metal surface in each unit cell. This means
that A is defined by only nine atoms in the plane and only
dp 1s of similar size as in the experiments, and as a conse-
quence Eg,, reaches the same order of magnitude than the
energetic contribution from the molecular gap. In order to
make our results meaningful with respect to experimental
values, we define a corrected addition energy as

2
COIT __ Ecalc - E _ Ecalc _ le (dAlB - xO)
add — ~add geom — ~add 2 e OA

where e denotes the elementary charge and €, denotes the
dielectric constant of vacuum. Since the system is equivalent
to two capacitors in parallel, the charging energy Egqqp, con-
tains an additional factor of % Our expression for Ege,p, is
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TABLE L. Corrected addition energies Eqy for three distances
dap between the Al fcc (111) surfaces and the central benzene
molecule; Eg., has been subtracted for a meamngful comparison
with experiments. The uncorrected values Eggg are also given in
parentheses. We provide in two additional columns the correspond-
ing data for systems with Al and Li atomic chains as electrodes in
order to connect our discussion to Ref. 22. The wire lattice con-
stants have been chosen as a;=2.39 and a;;=2.9 A and the areas
of the unit cell perpendicular to the wires as Aj=4ax; X 4a,; and
Api=3ay; X 3ay;. The position of the capacitor planes used for de-
termining Egeop, is taken as xp=2.0 A for both Al fcc and Al wire
electrodes and x(=2.3 A for the Li wires in accordance with the

COorT

differences in interlayer spacings (Ref. 29). All values for Eiqq and
EL are given in eV.

délB

(A) Al fec (111) Al wire Li wire
4 7.27 (8.69) 8.26 (9.25) 8.78 (9.80)
6 8.68 (11.51) 10.18 (12.16) 9.82 (12.03)
8 10.02 (14.27) 11.19 (14.16) 10.99 (14.40)

rather approximate in the sense that it amounts to replacing
the molecule by a third metallic electrode with the same area
A as the source and drain electrodes. In Eq. (2) dap—x
accounts for the difference in position between the planes of
the nuclei and the electrons focal points due to spilling ef-
fects, which defines the position of the surface in any purely
electrostatic (and therefore not atomistic) model and corre-
sponds to the image plane in the model for screening we
introduce below.?

We collect in Table I the values for Eqq for three different
distances djp and contrast them with calculations for the
one-dimensional systems studied in Ref. 22. For the largest
distance of 8 A, the results for Li and Al wires as electrodes
come rather close to the limiting case (anp=11.54 eV, as
calculated from total-energy differences for charged and neu-
tral benzene molecules®?), whereas the presence of the sur-
face induces a gap reduction for Al fcc. A decrease in dajg
reduces Eq; for all three types of electrodes due to screening
effects which are distance dependent; the HOMO-LUMO
gap at 4 A represents 63%, 72%, and 76% of Egap with the
Al surfaces, Al wires, and Li wires, respectively. These num-
bers are comparable to those found for other systems.?02>26
Although screening is usually associated with the interaction
of charges with surfaces, a similar albeit quantitatively
smaller effect can also be observed in Table I for the wire
electrodes.

In order to validate the Eqy (dj) values provided by our
approach, we have also estimated the corresponding numbers
from an image charge model. For that purpose we define the
molecular contribution to E,qq (the capacitative term Eeopn
does not enter the picture here, since it is a correction for the
finiteness of the unit cell, whereas the image charge model
assumes an infinite surface by definition) as

Egi*=[E(N +1) - EN)] - [E(N) - E(N - 1)]

_Egap+2(N+ 1) +2(N— l) Egap screen» (3)

PHYSICAL REVIEW B 79, 113408 (2009)

32

E image
add

T N FEEED VRN EEe

IS |

ol b e

4 6
dAlB(A)

®

FIG. 3. (Color online) Evolution of E.qq as a function of dap, as
image

extracted from NEGF-DFT calculations and compared to Epyi%° [for
its definition see Eq. (3)]. Egap— 11.54 eV as calculated in Ref. 22.

with EN+1)=E'(N+ 1)+3(N* 1). E(g)ap denotes the differ-
ence between the electron affinity and ionization potential of
the free molecule and 3 denotes the correction due to screen-
ing (i.e., the image energies associated to the charges that are
calculated following the detailed recipe given in the supple-
mentary information of Ref. 24). %(N)=0, since there are no
screening effects when the benzene molecule is neutral, be-
cause it does not exhibit any polar bonds.

We compare in Fig. 3 the distance dependence of E, 44 as
obtained from NEGF-DFT calculations via Egs. (1) and (2)
to the results provided by the image charge model, i.e., we
test the assumption

EME(dyp) =~ E555(drp) - (4)

The deviations between EN3¢¢ and ESS are less than 20%
of the total value of Eiqq for the range of dup values under
consideration. This is quite remarkable given the approxima-
tive nature of (i) Egee, [defining the dnp dependence of
Ei8 via Eq. (3)] since only the charge distribution inside
the molecule has been described realistically by using Mul-
liken charges®* for the larger distances or the self-consistent
density on a real-space grid*? for the smallest distance and
(ii) Egeom [contributing to Eggy via Eq. (2)] for which the
molecule and metal surfaces have been replaced by capacitor
planes without taking into account any details of their atomic
structures. When d 5 gets smaller (close to 4 A), it also has
to be considered that wave-function overlap, which is not
included in electrostatic models, starts to play a role so that
the agreement between E'5€ and ESS7 is expected to be
better at large distances.

Finally, we want to position our work in the context of the
other recently proposed methods for the theoretical descrip-
tion of CB experiments with single-molecule junctions. The
modified KS scheme of Ref. 19 is based on finite systems
and therefore not directly suitable to study screening effects.
Our method differs from those in Refs. 25 and 26 by its level
of accuracy; although inferior to a full quasiparticle
description,® which can treat only rather small systems, our
approach is preferable to a semiempirical method,?® where
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the predictive power is limited by the need to find suitable
parameters. The technique in Ref. 20 based on constrained
DFT?! is rather close to our approach in the sense that it also
enforces the occupation of molecular orbitals and calculates
E,4q from the energy required to uphold this charging. How-
ever, while we apply an external gate voltage V. let the
electron density relax as a function of it and determine E,4q
from the threshold values for Vg, the occupation of the
HOMO/LUMO is fixed manually in Ref. 20, thus introduc-
ing a certain amount of arbitrariness (at least for not so
weakly coupled systems), and the key quantity is the gradi-
ent of orbital eigenenergy with its occupation. We stress that
all these methods find a gap reduction due to screening ef-
fects by about a factor of 2, in good agreement with our
results.

In summary, we have extended a recently introduced
method for the calculation of addition energies E,y for
single-molecule junctions in the CB regime®? by describing
in a more realistic way the electrode surfaces. This paves the

PHYSICAL REVIEW B 79, 113408 (2009)

way toward NEGF-DFT-based predictions of E,44 for junc-
tions characterized in recent experimental studies,> where
screening effects are likely to play a major role. We analyzed
the distance dependence of E,4y in comparison to an image
charge model and to other techniques developed for deter-
mining E,4q and found an overall good agreement among all
approaches, suggesting a reduction in the electronic gap by
up to 50% in molecular junctions.
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