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Abstract. In view of the development and the importance that the studies of
conductance through molecular junctions is acquiring, robust, reliable and easy-to-use
theoretical tools are the most required. Here, we present an efficient implementation of
the self-energy correction to density functional theory (DFT) non-equilibrium Green
functions (NEGF) method for TRANSIESTA package. We have assessed the validity
of our implementation using as benchmark systems a family of acene complexes with
increasing number of aromatic rings and several anchoring groups. Our theoretical
results show an excellent agreement with experimentally available measurements
assuring the robustness and accuracy of our implementation.

Submitted to: J. Phys.: Condens. Matter

1. Introduction

The possibility of using single molecules as active components of electronic devices
go back to the 70’s, when Aviran and Ratner [I] reported that a single molecule can
show rectifier properties. Since then, the number of studies devoted to this topic has
continuously increased [2} 3, [4]. From the experimental point of view, several methods
have been proposed to construct and analyze molecular junctions. Break junctions
techniques (see [5] and Refs. therein) and noise spectroscopy (see [6] and Refs. therein)
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are the most popular techniques but other methods have been also proposed [7, 8 [9].
However, due to the intrinsic complexity of these experiments, theoretical modeling is
often required to rationalize the experimental results. Due to the large number of atoms
needed to model the geometry and the electronic properties of these electrode-molecule-
electrode systems, density functional theory (DFT) seems the most efficient simulation
method. However, it is well known that mean-field level DFT cannot properly describe
the properly electronic interactions beyond linear conductance [10, 11} 12 13]. But,
in combination with non-equilibrium Green functions (NEGF), DFT has been shown
to yield transport properties in reasonable agreement with experimental measurements
(see [L10L 1T}, 12 13] and Refs. therein).

In applying the DFT-NEGF method, a self-consistent field calculation is first
performed within the Kohn-Sham formalism in the so-called scattering region, which
comprises the molecule and some electrode layers. Subsequently, within the Landauer
formalism [14], transmissions and conductances are calculated by means of Green’s
functions. In this procedure, there is a shortcoming to overcome to get results in
quantitative agreement with experiment (e.g., at the same level as the accurate, but
expensive, GW method based on many-body perturbation theory [15] 16, 17, [I8] [19]):
the underestimation of the HOMO-LUMO gap, which is the result of the self-energy
interaction error in the exchange-correlation (XC) functional and the lack of description
of image charge effects [20, 21, 22]. To overcome these shortcomings associated to
the standard DFT-NEGF method, several options have been proposed, and developed.
A scheme that has received attention during the last few years is based on the
use of range-separated hybrid (RSH) functionals[23] 24]. Optimally tuned RSH
functionals have been shown to provide, for example, good frontier orbital energies
for physisorbed and chemisorbed molecule-surface interface systems[25] and to yield
conductance values comparable to the experimental ones [26]. However, RSH functionals
are not yet implemented in the most popular periodic boundary conditions (PBC)
based codes used to study molecular junctions, which has spurred the development
of an alternative scheme in which the HOMO-LUMO energy gap obtained from a local
or semi-local functional based-calculation is corrected, the so-called DFT+Y method
[277, 28], 29, 30}, [3T]. This method has revealed as an excellent approach for those systems
where the electrode-molecule coupling is weak[17].

In a very simple model, Quek et al. [27] computed the transmission functions using a
DFT-based scattering-state approach within the Landauer formalism as implemented in
SCARLET [32] and, subsequently, the transmissions was first improved using a net self-
energy correction, computed by shifting the theoretical value of the gas phase HOMO
to match the experimental ionization potential (IP), which increases the HOMO-LUMO
gap, and shifting the HOMO according to the image-charge correction, which reduces
the gap. This latter correction was computed by using a simple image-charge model
in which a single electron charge is placed in the middle of the molecule. The net
self-energy correction of the LUMO level was calculated to be equal and opposite to
that of the HOMO. A similar approach was used by Mowbray et al. [28] to study the
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influence of the functional groups on charge transport in molecular junctions, although
these authors shifted the vacuum HOMO to the -IP computed at DFT level, and the
image charge effect was included by removing an electron and approximating the charge
distribution associated with the HOMO and LUMO orbitals by Mulliken charges.

Few years later, Quek et al. published an improved version of their formalism
[29, B0] in which the self-energy correction is added explicitly to the scattering-state
Hamiltonian. In this revised implementation, the self-energy correction of the HOMO
(LUMO) level is performed by shifting the theoretical value of the gas phase HOMO
to match the experimental ionization potential (electron affinity, EA) and the image
potential energies were obtained by placing an image plane at 1 A from the metal
surface; the charge distributions associated with the HOMO and LUMO orbitals were
approximated by Mulliken charges. A similar procedure was implemented in the GPAW
code [33] by Markussen et al. [I7], although, in this case, the image-charge effect was
calculated classically as an infinite mirror interaction using a point-charge distribution
function. All these procedures mentioned above rely on periodic boundary conditions
(PBC) calculations. A different approach has been adopted by Zotti et al. [31], who have
used a cluster model to implement, in the TURBOMOLE DFT package [34], a procedure
similar to Ref. [29], but employing Mulliken populations for a given orbital (HOMO
or LUMO) in the image-charge correction. Going back to PBC-based calculations,
very recently, Montes et al. [35 B6] have implemented the self-energy correction in
SIESTA /TranSIESTA[I3] adding explicitly the correction into the system Hamiltonian
using an orbital dependent operator. In their methodology, the image charge effect is
corrected by including an electrostatic interaction between a molecular wavefunction
charge centered in an atom with its two image charges, one above the top image plane
and one below the bottom image plane.

In the present work, we have implemented the DFT+X correction in TRANSIESTA
including a shift of the frontier orbitals and the image charge effect. As in the above
mentioned methods, the first effect is taken into account by shifting the HOMO (LUMO)
level of the free molecule in gas phase to its IP (EA) computed at DFT level. The
second effect is included following the approach presented by Markussen et al. [17], but
correcting a term used by these authors. The approach we have adopted to account
for the image charge in our DFT+Y implementation for TRANSIESTA is the main
difference with the method proposed by Montes et al. [35]. Unlike in Ref. [35],
in our implementation we account for the classical Coulomb interaction between the
charge distribution of the HOMO/LUMO orbital of the molecule and all the image
charges (not just its own reflections) generated by the electrode screening, considering
an infinite number of reflections (not just one) of the molecular charge by the two
metallic electrodes.

In summary, our model is similar to that of Ref. [I7] but applied to TRANSIESTA
instead of GPAW. It differs from the model presented in Ref. [31] in the scheme of the
image charges and the use of PBC instead of the cluster model; and it differs from the
model presented in Ref. [35] in the use of infinite reflections to describe the interaction



Author guidelines for IOP Publishing journals in BTEX 2¢ 4

b o boxs

B1-(X), Az-(X), P1-(X),

N;-(X)2 T,-(X); P3-(X)2

A-(X)2 T>-(X); P3-(X),
X=NH,, SMe

Figure 1: Nomenclature of the molecules studied. Where X represents the anchoring
group.

of a charge with the corresponding images charges. Using this new implementation,
we report conductance values for several acenes molecules (from 1 to 5 coupled rings)
anchored to gold electrodes by means of methyl sulfide (SMe) and amine (NH,) linkers
in cis position (see Fig. . We have assessed the robustness and accuracy of our
implementation by changing several characteristics of the system such as aromaticity,
type of anchoring group, and anchoring position. We show that our methodology yields
excellent quantitative agreement with experimental measurements, even better than
that obtained with previous theoretical implementations.

2. Theoretical methods

2.1. Theoretical background

Generally speaking, to compute the conductance (G) of a molecule anchored to two
electrodes, we rely on the Landauer formulation [14] and the DFT-NEGF method,
so that the transmission function in the momentum space (k-space), Ty, is obtained
from the retarded (Gy) and advanced (GJ) Green’s functions. Thus, if we consider a
molecule anchored to a left (LE) and right (RE) semi-infinite electrodes (see Fig. [2)), the
corresponding T}, due to the applied potential V', is computed using a self-consistent
field Kohn-Sham formalism carried out in the scattering region, SR, (see Fig. Within
this formalism, T}, is computed as:

Tk = Tr[GkI‘L,szI‘R,k], (1)
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Figure 2: Scheme of the system. Left (LE) and right (RE) semi-infinite electrodes are
represented by the blue dashed boxes, and the scattering region (SR) by the red dashed
box. (a) Perpendicular molecule with gold surface in adatom configuration. (b) Tilted
molecule with gold surface in tip configuration.

where
Gi(e) = [(e +in)Sk — Hisk — Zrk(e) — Zri(e)] ™ (2)
and

Tr/ri(e) = (S0 ru(e) = B p ()] (3)

In these equations, Xy g represents the self-energy of the left/right electrode and
I'z R,k 1s the associated broadening matrix at k in the scattering region. Hggy and
S are the one-particle Kohn-Sham hamiltonian and overlap matrices in the orbital
basis at k, respectively. Finally, G} is evaluated at the energy ¢ with a small positive
constant 7 = 07 (see Ref. [13]). The results obtained within this formalism can be
improved using the many-body GW method, replacing the xc potential, Vg, by the
GW self-energy, Xewk(c), as following:

Gewp(e) = [(e +in)Sk — (Hisk — Vacr) — Zrx(e) — Zrul(e) — Saww(e)] ! (4)

In this equation, Vg has been subtracted from the DFT hamiltonian, Hgg, and
the GW self-energy X ew,k(c) has been added. However, the GW self-energy depends
on Gi(e), and therefore, both, Zew,k(e) and eq. [i] have to be solved self-consistently.
This method is computationally very expensive and is only affordable for small systems
[17, 37, 138]. A reasonable low-cost alternative to obtain conductance values in good
agreement with experiment is the so-called DFT+3 approach [29]. In this work, we
present an implementation of this approach in TRANSIESTA package [13].
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2.2. DFT+% approach

Aiming to improve the DFT-NEGF method in terms of the conductance, we have
evaluated and implemented the non-self-consistent self-energy corrected DFT-+X
approach [29] to the TRANSIESTA package [I3]. This method is divided in two steps:
(i) the correction of the frontier orbitals energy levels as for a free molecule in gas phase;
(ii) the inclusion of image charge effects by Coulomb interactions.

2.2.1. Frontier-orbital corrections As shown by Janak et al [39], one can estimate the
HOMO (LUMO) energy,based on the Koopmans’ theorem[40], as the negative of IP
(EA). Therefore, the energy shift to correct the HOMO (and all occupied states) and
LUMO (and all unoccupied states) energies, is equal to (—eg — [ P) and (—e — FA),
respectively. To perform this correction in our case, we have used the same molecular
geometries as in the junction. The IP and EA are calculated as:

[P = E(+¢) — E(0) (5)

EA = E(0) — E(—e) (6)

E(0) being the total energy of the neutral molecule, E(+e) the total energy of the
positively charged molecule, and E(—e) the total energy of the molecule with an
extra electron. These energies, as well as ep/r,, were computed with the licensed code
Gaussian16[41], using the DFT-PBE[42] method in combination with the 6-31G(d) basis
set. Notice that the used of Gaussianl6 is not a requirement of our approach. Same
energies can be obtained from any other quantum chemistry code provided that the
same functional and basis set are used.

2.2.2. Image-charge correction We have also taken into account image charge effects
due to the electrode screening. When a molecule approaches a metallic surface the
point charge distribution of its orbitals generates image charges of opposite sign. To
put this effect into play, we have to considered the image planes outside the last layer
of the metal, which according to Windawsky et al. [43], are located 1.47 A below a
perfect flat gold surface. A point charge of an orbital «, ¢f, centered in an atom i
located between two image planes generates infinite image charges due to the electrodes
screening (left and right). In Fig. we display a schematic representation of the
position of those image charges with respect to the image planes. As discussed in Ref.
[44], the Coulomb interaction of these charges levels up in energy the occupied orbitals
and down shift that of the unoccupied ones.

To perform this correction, we have followed the strategy proposed in Refs.
[28, [I7]. First, we extract the molecular Hamiltonian sub-matrix, H,,e, from the SR
Hamiltonian, H kg, and from it, we obtain the point charge distribution as:
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Figure 3: Scheme of the image charges formation by the HOMO/LUMO charge
distribution screened by right and left electrodes. Red and black rhombus define the
opposite charge sign. x = 0 and x = L represent the position of the image planes at
1.47A outside the surface layer average, in watermark.

pa(r) = —e Z Dol a0 — Ry) (7)

R; representing the coordinates of the atom, and ¢!, the coefficient associated with
the orthonormal orbital ¢;, of atom ¢ in the Linear Combination of Atomic Orbitals
(LCAO) expansion, ¢* =>".>"

i,V

@i, Then, the point charge of a molecular orbital
a centered in an atom ¢, ¢f*, is computed as:

@ =—ed |,% (8)

From Fig. the image charge correction, A,, due to Coulomb interactions of the «
charge distribution is given by:

(e 9]

1 o o 1
Ba= 8Teg Z ; i 9; Z< T (9)

= \/(xj + i+ 2(n — 1)L)2 + 1%,

72‘7-]‘
1 1
\/(xj +2; —2nL)2 + T?/m \/(x] —x; +2nL)? 4+ T?/,i,j
1

\/(J:j —x; — 2nL)% + T?/,i,j

where € is the permittivity of vacuum and 7, , . = (y; — v:)? + (2; — 2;)*. Here, we use
a = HOMO for all the occupied states and o« = LUMO for all the unoccupied states.

At this point, it is worth mentioning that the presented A, expression is the more
remarkable difference with the implementation proposed in Refs.[35] [36]. These authors
compute the image-charge correction term using the expression:
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(10)

where z; and x;, represent the location of the top and bottom image planes, respectively.
In Appendix B, we discuss the effect of the image charge correction in the computed
values.

Taking into account the two contributions, frontier orbitals and image-charge, we
can obtain the total correction to the occupied, X,.., and unoccupied states, X ,occ, as:

2occ = —€H — IP + AHOMO (11)

Eunocc = —€L — EFA - ALUMO (12)

Finally, we obtain a new modified molecular Hamiltonian, H s, which replaces
the sub-matrix H,, in the SR Hamiltonian,

Hmol,E = Hmol + X (13)

2.3. Implementation for TRaANSIESTA

To correct and replace the molecular Hamiltonian, first, we have to extract the SR
Hamiltonian, Hgg k, from the *. TSHS’ file obtained from the TRANSIESTA calculation.
Then, from Hggp, we extract the molecular Hamiltonian, H,,., and the overlap
matrix, Sye. To this end, we have employed the Python libraries sisl [45] and
NumPy[46] in combination with the Atomic Simulation Environment (ASE)[47, [4§].
In order to obtain the eigenvalues ¢, and eigenvectors 1., we diagonalize H 1,

Hmol"/)a = gaSmol’lpa- (14)

Here 1, is expanded in a non-orthonormal basis set {6; .}, for the atom ¢ and atomic
orbital v,

P = Z > i (15)

To obtain the point charge distribution (see eq, we have to define the eigenvectors
in an orthonormal basis set. To this end, we first diagonalize S,o1, Smad® = k.d,
obtaining the diagonalized overlap matrix S,,, such as:

DilS’molD = Smola (16)
where D is an eigenvector matrix with d* column vectors. Then, we define a new
real, symmetric, and hermitian matrix A with column vectors a® = \/}Tdo‘, so that,

ATS, 1A = I. We define a new vector ¢p® = A~14)*, which can replace 3/;5* in eq. ,
such as:



Author guidelines for IOP Publishing journals in BTEX 2¢ 9

ATH, 00 Ap® = ATS 01 Ap® = c,0%. (17)

From this equation, we can see that ¢ is an eigenvector of the operator ATH,,,;A
with the same eigenvalues as H,,o,. However, its eigenvectors are expanded in an
orthonormal basis set {¢; . }.

Going back to egs. , we obtain a diagonal matrix il, where iij = 0if i # 7,
with:

- Yoce ;if 7 € occ

Yiunoce ; if i € unocc

Now, to solve equation , we have to rotate the 3 matrix to the initial non-orthogonal
basis set. To do so, we have to go back to equation which allows us to write:

¢ 'ATH,,, ,Ap = E, (19)

where ¢ = A7) is the eigenvector matrix with column ¢® and E is the diagonalized
Hamiltonian. Thus,

Hopo = AV pE(Ap) ™! = (AAY) "yEy L. (20)

Analogously,

S = (AAN) ypSy !, (21)

where 1) is a matrix with ¥ columns. Once H,,q, 5 is constructed we write a new
" TSHS’ file to compute the transmission with the TBTRANS extension [13].

2.4. Specific calculation parameters

In this section, we discuss the specific parameters that have been used in the benchmark
calculations shown in section Bl

2.4.1. Construction of junction geometries. The geometry optimizations have
been performed within the density functional theory (DFT) generalized gradient
approximation GGA (by means of the PBE functional [42]) as implemented in the
plane-wave based VASP code[49]. In all cases, projector augmented waves (PAW)[50]
were used to describe the interaction of the core electrons with the nuclei, and a cut-off
energy of 450 eV has been set for the plane-wave basis. For molecules from 1 to 4 rings
(see Fig. [1), we used a 6x6 Au(111) periodic unit cell, and 5 gold layers below and
above the molecule, as shown in Fig. 2/ red dashed box. To avoid spurious interactions
between the slabs, a vacuum layer of 20 A have been placed between them in the
transport direction. A 3x3x1 k-points has been used to sample the first Brillouin zone.
For molecules with 5 rings, we have used a 7x7 Au(111) periodic unit cell and only
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Figure 4: Transmission functions obtained for the B-(NH,), molecule considering several
different configurations. i) Perpendicular molecule on a 6x6 unit cell surface with
adatom; i) tilted molecule on a 6x6 unit cell with adatom; 4ii) same than  but on a
77 uni cell surface with adatom; i) tilted molecule on a 6x6 unit cell surface with

tip.

the I'-point to sample the Brillouin zone. In all the junctions studied, the molecule
and the two outermost Au layers were relaxed until all the forces were lower than 0.01
eVA~!. From these optimizations, we have obtained a Au-Au lattice parameter of 2.94
A and junctions distances, Au-N and Au-S ~ 2.4 A. Two orientations for the B-(NHy),
molecule, perpendicular and tilted, and two surface junctions (adatom and tip) have
been built and tested (see Fig [2)).

2.4.2.  Transport properties at DFT-NEGF level. Transport properties have been
obtained by means of the TRANSIESTA package, using identical left and right electrodes
with three additional Au layers each. To carry out these simulations, we have used
the PBE [42] exchange-correlation functional, a double-¢ basis set for all the atoms,
and a mesh cutoff energy of 250 Ry (=~ 3401 eV). The first Brillouin zone has been
described using a 4x4x 1 k-mesh (3x3x1 k-mesh for the 7x7 Au(111) slab). Relativistic
effects associated with the Au atoms have been taken into account using norm-
conserving pseudopotentials [51]. Using these parameters, and following the method
described in Ref [52], we have computed a work function value equal to 4.8 eV, close
to the experimental value of 5.2 eV. Once a converged Hamiltonian is obtained, the
transmissions are calculated with the TBTRANS code using a 8x8 k-mesh.

To evaluate the dependence of the transmission function on the model used to
represent the junction, we have computed and compared both the transmission function
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Table 1: DFT Conductances (G) of i-iv models (see text).

Configuration i " 110 1w

G (10% Gy) 31.88 34.06 3352 29.62

(see Fig. and the conductance (see Tab. for four junction models, taking the
B-(NHs;)s molecule as benchmark system. The models considered are: (i) the molecule
is placed perpendicular to the electrodes, which are represented by a 6x6 unit cell
surface with an adatom as molecule-metal contact; (ii) the molecule is tilted and the
electrodes are also represented by a 6x6 unit cell surface with an adatom as molecule-
metal contact; (iii) same model as in (ii) but with a 7x7 unit cell surface; (iv) the
molecule is titled and the electrodes are represented by 6 x6 unit cell surface with trigonal
pyramidal tip formed by four gold atoms. From the comparison between transmissions
and conductances obtained with models (i) and (ii), we can see that the orientation
of the molecules does not play a crucial role on the obtained values. Transmissions
for model (ii) and (iii) overlap and the conductances are very close to each other. In
view of these results we have used a 6x6 unit cell for all systems investigated in this
work, B-(X)a, N-(X)2, A-(X)2, and T-(X) (see Fig. [1)). From the comparison between
models (i) and (iv), we can see a slight decrease of the HOMO-LUMO gap and the
conductance. In view of these comparisons, we have chosen the model (iv) as the more
realistic one to carry out our simulations.

2.4.83.  Transport properties at DFT+3 level. Our methodology is based in the
modification of the scattering Hamiltonian as we have described in Sec. 2.3 After
obtaining the new Hamiltonian, we employ the TBTRANS code using the same
parameters as in the DFT-NEGF calculations. In Tab. [2, we report the correction
energies to be used in equation [18] for the occupied and unoccupied orbitals.

3. Results and discussion

In the following subsections, we analyze the results of conductances obtained as a
function of the molecule size, the type of anchoring group, and its position. As shown in
Fig. [1, we have considered acenes up to five fused benzene rings, and, for each molecule,
we have considered all possible positions of the anchoring groups with the restriction
that they are always attached to the same phenyl ring. Finally, we have studied two
possible anchoring groups, amine (-NHy) and methylthio (-SMe).

3.1. Diamino-acenes

The transmission functions for the nine acene molecules considered in this work with
NH; anchoring groups, with (DFT+X) and without (DFT) self-energy correction, are
displayed in Fig. | From this Fig., we can see that transmission functions computed at
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Table 2: —ey — I P and —ep, — F A are the energy shift from the HOMO and LUMO gas
phase level. Agono and —Apyao are the image charge correction of the HOMO and
LUMO charge distribution in the junction obtained from eq. 9 (values obtained using
eq. are displayed in Tab. {| of Appendix A). ¥, and X0 are the total energy
shift to the occupied and unoccupied orbitals of the molecule in the scattering region
(see Eq. |11] and . All the energies are in eV.

X=NH> (SMG) —eg —IP —E€L — EA AHOMO _ALUMO Yoce Yunoce
B-(X)s 273 (2.33)  2.78 (2.38) 0.67 (0.65) -0.67 (-0.65) -2.07 (-1.68) 2.11 (1.74)
N-(X)s 243 (-2.15) 2.36 (2.18) 0.68 (0.65) -0.67 (-0.64) -1.75 (-1.50) 1.69 (1.53)
A-(X)y  -2.18 (-1.93) 2.11 (1.98) 0.68 (0.64) -0.67 (-0.65) -1.50 (-1.28) 1.44 (1.33)
Ag-(X)2 -2.18 (-1.96) 2.06 (1.98) 0.68 (0.64) -0.68 (-0.64) -1.50 (-1.32) 1.39 (1.34)
T1-(X)g -1.95 (-1.76) 1.91 (1.81) 0.68 (0.63) -0.67 (-0.64) -1.28 (-1.13) 1.24 (1.17)
To-(X)s -1.98 (-1.80) 1.88 (1.82) 0.67 (0.61) -0.67 (-0.64) -1.31 (-1.19) 1.21 (1.18)
Pi-(X)s 176 (-1.65) 175 (1.68) 0.68 (0.65) -0.67 (-0.65) -1.09 (-1.00) 1.09 (1.03)
Py-(X), -1.81 (-1.67) 1.74 (1.68) 0.67 (0.65) -0.68 (-0.65) -1.14 (-1.02) 1.06 (1.04)
Py-(X)s 1.82 (-1.67) 1.72 (1.68) 0.68 (0.64) -0.67 (-0.64) -1.14 (-1.03) 1.05 (1.04)

DFT level without correction is quite size-sensitive. Indeed, the transmission function
shapes change substantially as a function of both the number of fused rings conforming
the acene and the position of the anchoring groups. Transmission functions obtained
at DFT+3 level show smaller values and change more smoothly with the number of
fused rings and the anchoring group position. From these calculations, we can see that
the position of the HOMO remains more or less constant whereas that of the LUMO
approaches the Fermi level as the number of fused ring increases, reducing the band
gap. On the other hand, Fig. [5| shows that the HOMO-LUMO gap does not depend on
the position of the anchoring groups. Finally, a comparison between the transmissions
displayed in Fig. 5| and the results presented in Tab. [2] allows us to conclude that,
since the image charge effect is almost constant for the molecules studied here, the
image charge correction just shifts down the absolute transmission values, whereas the
xc-correction in gas phase, that decreases as the number of fused ring increases, is the
dominant effect responsible for the behavior of the self-energy correction term as a
function of the number of fused rings.

The conductances, which at low temperature can be computed as the value
of transmission function at the Fermi level multiplied by the quantum conductance
(Go=2¢%/h) [31], are displayed in Fig. |§] From this Fig., we observe, on the one hand,
that conductances decrease by more than an order of magnitude when the DFT+X
approach is applied. On the other hand, we observe that the behavior of the conductance
as a function of the number of fused rings and the anchoring-group positions does follow
the same trend disregarding the type of calculation DFT or DFT+3. The conductance
increases monotonously from bencene-(NHs), to pentacene-(NHs)s for the same position
of the anchoring groups (the edge or center ring). Focusing on the conductance of
the anthracene-(NH,),, tetrachene-(NHs)s and pentacene-(NHs)s, we observe a sharp
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Figure 5: Transmission function calculated with DFT (solid red line) and DFT+X
(dashed red line). The vertical dashed black line points the Fermi level. The structures
of molecules are shown in Fig. .

enhancement when the anchoring groups move from the edge to the center ring, so
that the conductance of Ay-(NHy)y (see Fig. is higher than that of T;-(NHy), and
P1-(NH3)2, and the conductance of Ty-(NHsy)s is higher than that of Pi-(NHsy)s. At
this point, it also worth mentioning that, as shown in Fig. 4 of Ref. [53], Ac-(NHa),
conductances follow the same trend as the HOMO g levels, where Ac stands for
acene molecules, which allows us to conclude that the transmissions, and therefore the
conductances, are non-resonantly HOMO dominated.

3.2. Bismethylthio-acenes

Transmission functions for Ac-(SMe), are shown in Fig. [7] From the comparison
between this Fig. and Fig. [, we can conclude that, whereas the transmission function
computed with DFT at the Fermi level barely depends on the nature of the anchoring
group, it does show a measurable dependence when the ¥ correction is applied. This
effect reflects in the calculated conductances. Conductances for Ac-(SMe), complexes
are displayed in Fig. [f] together with those of Ac-(NHs)s. From this Fig., we can see
that G values computed at DFT theory level for both groups of complexes, Ac-(SMe)sy
and Ac-(NHj)z, show the same trend as a function of the number of benzene rings
and anchoring-group position. Furthermore, absolute values of G are very similar, only
lightly higher, in general, for Ac-(SMe)s complexes, except for Py and P3 molecules
for which P,-(NHy)s and P3-(NHs)s complexes show slightly higher G values than Ps-
(SMe), and P3-(SMe), complexes. The scenario is completely different upon application
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Figure 6: Conductances for the nine molecules studied here (see Fig. |1)) before (a) and
after (b) self-energy correction.

of the ¥ correction. From Fig. [6] (b), we observe that the conductance for Ac-(SMe),
is almost constant across the complexes studied, contrary to the behavior observed for
Ac-(NHy), complexes as discuss above. As widely discussed in Ref. [53], the difference
in conductance behavior observed between Ac-(NHs), and Ac-(SMe)s complexes, at the
DFT+X theory level, is mainly due to the nature of the coupling between the lone
pairs located in the anchoring groups and the 7 and d orbitals of the molecules and
the electrodes, respectively. In the Ac-(NHy), complexes, the anchoring groups does
not modify appreciably the electron distribution in the acene rings with respect to the
corresponding pristine acene, and the lone pair located in the nitrogen atoms couples
more strongly with the 7 orbitals of the acene molecules than with the d orbitals of
the gold electrodes -because the lone pair is nearly perpendicular to the plane of the
molecule. This strong coupling between the N lone pair and the acenes 7 orbitals
favors the electron transport through the disubstituted ring. Thus, the higher the
conjugation of the lone pair of the anchoring group with the acene m-orbital the higher
the conductance. On the other hand, for Ac-(SMe)s complexes, the electron transport
through the disubstituted ring is hindered due to: (i) the high electron affinity of
sulfur atoms that favor the locatization of electrons on their vicinity; (ii) the weak
coupling between the two lone pairs located on the sulfur atoms and the 7 orbitals of
the molecules. As a consequence, the conductance does not depend significantly on the
number of fused rings present in the acene.
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Figure 7: Transmission function calculated with DFT (solid blue line) and DFT+X
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Figure 8: Conductance for several Ac-(X)s molecules. Black triangles represent our
results. Experimental measurements are represented as green asterisk (Exp.1) [54], pink
square (Exp.2) [55], red pentagon (Exp.3) [56] and blue circles (Exp.4) [57]. Previous
theoretical results are represented as yellow triangles (Th.1) [I7] and dark green rhombus
(Th.2) [31].
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3.3. Comparison with previous theoretical and experimental results

Finally, we have tested the accuracy of our implementation of self-energy corrected
DFT-NEGF in TranSIESTA package by comparing the conductance obtained for the
complexes B-(SMe),, B-(NHj)a, N-(NHy)s, and Ay-(NHy)y with previous theoretical
and/or experimental data available in the literature. From Fig. |8 where we compare
our results with previous ones, we can see that our simulations reproduce quantitatively
experimental measurements, within experimental error bars.  Furthermore, our
simulation for the B-(NHj)s complex reproduces the experimental measurement more
accurately than previous theoretical simulations[31, [I7], also based on DFT+X. In
addition, the use of equation 9 and to compute the image charge effect, leads to
conductance values closer to the experimental ones in the former case (see Table S1
in the SI). all of it, shows the importance of achieving a correct description of the
image-charge effect.

In this respect Markussen et al. [I7] already showed that calculated conductances
are only close to the experimental values when the image plane is located 1 A outside
the tip, for the image plane located 1 A inside the tip the simulated conductance
moved away from the experimental. In our simulation the image plane is located 1.47
A outside the surface layer average (neglecting the adatom/tip). A detailed analysis of
the dependence of the conductance values with the location of the image plane can be
found in Appendix B (Tab. |5| and Fig. |§[) At this point, it is worth noticing that the
optimal image plane location will depend on the specific metal electrodes employed

Finally, it is worth mentioning that the DFT+> implementation presented here
has also been shown to yield conductance values in very good agreement with
experimental measurements for similar molecules, such as PhSMe-benzene-PhSMe
58], PhSMe-anthracene-PhSMe [58] (PhSMe=(4-methylthio)phenyl)
agreement for more complex molecules, such as diamino-1,4-azaborine-anthracene
[59], diamino-1,4-azaborine-pentacene [59], and 6,12-Bis-(2,6,-dimethyl-4-methylthio-
phenulthynyl)indieno[1,2-b]Z [60]. Conductance values computed for all these molecular

and in good

)

junctions, and the corresponding experimental measurements, are given in Tab.

4. Conclusions

In summary, we have presented a robust implementation of the DF'T+3 approach, which
allows one to correct the alignment of the molecular levels yielded by standard DFT, in
the framework to the TRANSIESTA package. Using as benchmark systems a family of
acene molecules, from benzene to pentacene, and amino (-NHy) and methyl sulfide (SMe)
as anchoring groups, we have assessed our implementation by a direct comparison of
our simulated conductances with previous experimental and/or theoretical results. The
good agreement obtained proves the accuracy of our implementation.

From the comparison between transmission functions and conductances obtained
for Ac-(NHy)s and Ac-(SMe)s complexes at DFT and DFT+X energy level, we have
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Molecule log(G/Go)prrss | 10g(G/Go) gap.
1,4 bis(methylthio)benzene -2.11¢ -2.06°
-2.15 £ 0.06¢

1,4 diamine-benzene -2.20¢ -2.19 £ 0.08¢

-2.54 - -2.24/ -2.19 + 0.03¢

-2.68 - -2.629
1,4 diamino-naphthalene -2.01¢ -2.05 £ 0.079
9,10 diamine-Anthracene -1.76¢ -1.77 + 0.169
1,4 bis(4-methylthio)phenyl)-benzenes, -3.4h -3.7 4+ 0.7
1,4 bis(4-methylthio)phenyl)-anthracene, | -5.0" -5.2 + 0.3V
diamino-1,4-azaborine-anthracene -6.30° -5.60 & 0.33°
diamino-1,4-azaborine-pentacene -6.45° -5.90 % 0.40°
6,12-Bis-(2,6-dimethyl-4-methylthio- -3.27% -3.60"
phenylthynyl)indieno[1,2-b]

Table 3: Calculated DF'T+ zero bias and experimentally measured conductance values
(log(G/Gyg)) in the single molecule-junctions. @ This work; ® data from Ref. [54]; ¢ data
taken from [55]; ¢ data from Ref. [56]; ¢ data from Ref. [57]; / data from Ref. [I7]; ¢
data from Ref. [3I]; * data from Ref. [58]; ¢ data from Ref. [59]; / data from Ref. [61];
* data from Ref. [60].

assessed: (i) the importance of correcting the DFT HOMO-LUMO energy gap and of
correctly including the effect of the image charges; (ii) the influence of the anchoring
group on the conductance, so that the stronger (weaker) the binding energy between
the anchoring group and the molecule (the metal electrode) the higher the conductance.
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Appendix A

In Tab. {4] we compare the image charge corrections (Agonmo/Lumo) computed using Eq.
9 and those obtained from Eq. [L0[used in Refs. [35,36]. To perform this comparison, we
have select three representative molecules, anthracene-diamine (As-(NHj)s), tetracene-
diamine (T;-(NHy)s3)), and pentacene-diamine (P;-(NHy),)). From the values displayed
in this Tab., one can see that Eq. 9 yields correction values between 15% and 20%
smaller than those obtained from Eq. [I0} Thus, by applying Eq. 9 to include image
charge effects, one obtains conductance values between 12% and 16% smaller than by

applying Eq.

Table 4: Comparison of the correction energies (2. /unocc) in the DFT+X method and
their corresponding zero-bias conductances (G) using equation 9 and 10 to compute the
image charge effects (Anonvo/rumo)-

Molecule  Equation Apgoymo -Arvmo o Sunoce G(1073 Go)

As-(NHy), 9 0.68 -0.68  -1.50 1.39 17.33
10 0.84 -0.80 -1.34 1.26 19.82
T1-(NHy), 9 0.68 -0.67  -1.28 1.4 14.64
10 0.85 -0.82  -1.10 1.09 17.10
P1-(NHy), 9 0.68 -0.67  -1.09 1.09 15.61
10 0.86 -0.82  -0.90 0.93 18.65
Appendix B

In Tab. |5 we show, for the benchmark molecule Bencene-diamine (B-(NHy),), data for
image charge effects (Agonmo,/rumo), corrections energies (Xoce/unoce);, and conductance
values (G) obtained as a function of the image plane distance (d) -measured with respect
to the outermost gold flat layer. From this Tab., one can observe an increase of the
conductive values when d increases. From Fig. [9] one can see that the dependence of
the G with d is linear, given by the equation:

G = (5.80 £ 0.03) + (0.35 % 0.02)d, (22)

with a coefficient of determination, R?, equal of 0.9899 and a Pearson correlation
coefficient equal la to 0.9950. From this Fig., we can also see that any d values between
1.14 and 2.28 A leads to a conductance value within the experimental range, 6.2 1073G-
6.6 1073Gy. (see Refs. [54] 55]). As explained in the main text, we have used d=1.47
A [62,143,31]. Strictly speaking, this value is only valid for a perfectly flat gold surface,
because the screening introduced by the tip may modified slightly the image plane
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Figure 9: Conduntance values for the B(NH,), molecules (see Fig. [1)) as a function of
the image plane distances (d). d=0 is taken as the outermost gold flat layer (see Fig.
3). The shadow region represent the experimental range values [54, 55].

distance. However, as shown in Fig. [J a slight variation of d will barely affect the good
agreement between theory and experiment.

Table 5: Conductance values for the B-(NHs), molecule (see Fig. |1)) as a function of
the image plane distances (d).

d(A) AHOMO _ALUMO Zocc Eunocc G(103 GO)

0.50 0.59 -0.59  -2.14 219 6.01
1.00 0.63 -0.63  -2.11 2.15 6.14
1.47 0.67 -0.67  -2.07 2.11 6.29
2.00 0.72 -0.72  -2.01  2.06 6.49
2.50 0.78 -0.78  -1,96 199 6.71
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