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We extend our previous development of electron transport through one-dimensional �1D� molecular junc-
tions to two-dimensional �2D� monolayers. Our methodology calculates the tunneling current through a single
molecule that is embedded in an infinite 2D monolayer of such molecules self-assembled on gold and covered
on top also with gold. In this way, the intermolecular interactions that take place between neighboring mol-
ecules are fully accounted for within the accuracy of the density-functional theory. As application examples, we
study monolayers of nitro substituted oligo phenylene-ethynylene �nitroOPE� dithiol molecules. Monolayers
with the packing density observed experimentally are compared against others with lower density, in which the
intermolecular interactions are negligible. Additionally, two different adsorption sites �hollow and atop� are
considered for the nitroOPE. The results show that the effect of the intermolecular interactions on the tunneling
current depends heavily on the adsorption site of the molecule. Hollow-site-adsorbed monolayers undergo a
dramatic reduction in current due to the intermolecular interactions, whereas the change in atop-site-adsorbed
monolayers is minimal.
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I. INTRODUCTION

Ideally a one-dimensional �1D� molecular junction is
composed of a single molecule �or a few of them that can
still be treated as a single molecule� attached to two perfect
semi-infinite 1D wires. Ideal 1D junctions are exactly solv-
able models within the single-particle, mean-field-type ap-
proximation, such as the one implied in density-functional
theory �DFT�. Within this approximation, the problem of
electron transport through these ideal 1D junctions presents a
formally “exact” solution when the exact surface Green’s
function �SGF� of the leads is used.1–3 However, experimen-
tal realization of ideal 1D junctions, and thus direct compari-
son to the calculations, has difficulties such as manipulation
of individual wires �i.e., carbon nanotubes�, or positioning of
a single molecule between them. Although catalytically
grown nanowires may be easier to build into 1D junctions,
they usually have cross sections too large to be simulated by
current computational techniques. Additionally, 1D junctions
cannot capture the two-dimensional �2D� periodicity of most
experimental settings. Because of the irremediable mismatch
to experimental settings, generally, 1D models are not en-
dued to quantitatively reproduce the experiments.

The stability and robustness of thiol-OPE-based self-
assembled monolayers �SAMs� have propelled important ex-
perimental observations of their electronic properties such as
switching between on/off states of conductance,4,5 reproduc-
ible memory effects, and negative differential resistance
�NDR�.6–8 Common experimental settings �crossed-wire,9

in-wire,10,11 or nanopore12� consider junctions where the
leads have large contact areas. These experiments address
monolayers of self-assembled molecules, where intermolecu-
lar interactions are present, rather than isolated
molecules.13,14 This is especially true for OPE thiols and de-
rivatives such as the nitroOPE considered here, which as-
sembles in highly ordered patterns with typical domains of
about 100 Å.15

Therefore, a two–dimensional �2D� model is more suit-
able for comparison to experimental settings rather than a 1D
one, in the sense that they include the effect of a single
molecule surrounded by neighboring ones. 2D models facili-
tate the study of phenomena originated by intermolecular
interactions.16,17 For instance, packing densities of thiol-
mediated SAMs have been shown to strongly influence the
energetic alignment between substrate and adsorbate with a
drastic change in the electron transport properties being
expected.18 Also, it has been recently reported that NDR fea-
tures may be due to intermolecular interactions.19

Analogous to 1D junctions, ideal 2D junctions also allow
for an “exact” solution; however, unlike their 1D counter-
parts, ideal 2D junctions can better capture the geometrical
periodicities and the chemistry of the experimental settings.
Nonetheless, there are unknowns in the experimental junc-
tions such as percentage of coverage, surface reconstruction,
impurities and pinhole effects, bond formation, etc. that may
still prevent a direct comparison with the theoretical predic-
tions.

Although vastly most electronic transport calculations are
performed as 1D models, the use of periodicity in the direc-
tion transverse to transport �2D� has also been considered,
especially in the study of bulk magnetic materials20,21 or ex-
tended basis sets,22 but considerably less in the context of
molecular crystals using localized basis sets.16,17,23,24

We extend our previous development1 to the case of elec-
tron transport through 2D molecular junctions. As applica-
tion examples, the current through nitroOPE molecules in the
absence and presence of intermolecular interactions is calcu-
lated. We also test the dependence of those interactions with
respect to the molecular adsorption sites �atop and hollow�.

II. MODELING UNIT CELLS AND PARAMETERS

The self-assembly of thiol-terminated organic molecules
on Au �111� surfaces occurs with the sulfur adsorbing on top

PHYSICAL REVIEW B 78, 155421 �2008�

1098-0121/2008/78�15�/155421�10� ©2008 The American Physical Society155421-1

http://dx.doi.org/10.1103/PhysRevB.78.155421


of either a Au atom �atop, S1 in Fig. 1�, the Au-Au bond
�bridge�, or the hollow site of a Au-Au-Au triangle �hollow,
S2 in Fig. 1�; hollow-site adsorption is the most stable con-
formation and atop the least.25 In the present study we con-
sider only FCC-hollow-site adsorption with a S2-Au2 bond of
2.44 Å, and atop-site adsorption with a S1-Au1 distance of
3.36 Å, according to previous findings.26

In order to assess the effect of intermolecular interaction,
two different molecular packing densities are studied. In the
case of high packing density, we position one molecule per
��3��3�R30° Au �111� cell; this cell is consistent with es-
timations from atomic force microscopy �AFM� �Ref. 27�
and scanning tunneling microscopy �STM� �Ref. 15� images
and is shown demarked in blue in Fig. 1. The other case
corresponds to junctions with low packing densities, in
which the molecules are positioned further separated from
each other as to avoid molecular interactions; in this case, we
have one molecule per �2�3�2�3�R30° Au �111� cell, de-
marked in red in Fig. 1.

In total, we consider four molecular junctions that span
two different adsorption sites and two packing densities.
Each junction is composed of an infinite 2D molecular
monolayer in between two semi-infinite Au crystals. Junction
2 is composed of a densely packed monolayer of nitroOPE
molecules adsorbed on an atop site; the modeling cell for
junction 2 is shown in Fig. 3�a�. In junction 3, whose mod-
eling cell is shown in Fig. 3�b�, the nitroOPE is adsorbed on
a hollow site and the monolayer is only lightly packed. The
remaining junctions 1 and 4, which are not shown, corre-
spond to the cases of lightly packed atop and densely packed
hollow conformations, respectively.

The top gold lead is built to be symmetric to the bottom
lead, within a small in-plane displacement to reflect the
backbone bending of the nitroOPE. In the present compara-
tive study, we only consider adsorption of the nitroOPE per-
pendicular to the substrate. For all cases the geometry of the
molecule and gold layers are fixed.

All the electronic structure calculations are performed un-
der the DFT implemented in the SIESTA package.28 We use
the DFT Perdew-Burke-Ernzerhof �PBE� functional29 and lo-
calized basis sets of single-� quality for the valence elec-
trons; the core electrons are represented by pseudopotentials
generated using the Troullier-Martins scheme. The basis set
is constructed based on pseudoatomic orbitals with confining
radii determined by an energy shift of 0.02 Ry.30,31

III. METHODOLOGY

The electronic structure information is obtained from two
separate DFT calculations. The first calculation simulates Au
bulk using three-dimensional �3D� periodic boundary condi-
tions �PBCs�, and the other simulates the device region using
2D PBCs on the modeling cells shown in Fig. 1. The elec-
tronic structure of the molecular junction is found by inte-
grating the information from both DFT calculations through
the Green’s function formalism.

A. Gold bulk

We choose the hexagonal cell shown in Fig. 1 �blue� as
the unit cell for the DFT 3D calculation of the Au bulk.
Repeating such a unit cell in the x-y plane, spanned by the

unit vectors a� and b� , generates a 2D infinite Au �111� slab
and stacking them in the z direction reproduces the bulk. The
electronic structure information of the Au bulk, in the form
of Hamiltonian matrices H0Rn

, is obtained from the DFT 3D
calculation using special Monkhorst-Pack32 6�6�6 k
points and other settings described above. The site-space
Hamiltonian matrix H0Rn

represents the interaction between
cell 0 �in layer 0� and a cell located at a generic position R
within layer n, as depicted in Fig. 2�a�. Since R pinpoints the
discrete positions of the cells rather than continuous coordi-
nates, we refer to it as site-space coordinates instead of real-
space ones.

H0R1
is a function of R, describing the interaction be-

tween cell 0 in layer 0 and any cell R that belongs to layer 1.
The standard forward discrete Fourier transform �FDFT� of
such a function over the x-y plane is
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FIG. 1. �Color online� Top and front view of modeling unit cells
for Au bulk. The z axis aligns to the Au �111� crystallographic
direction. The shortest Au-Au bond in the first layer is 2.88 Å and
the interlayer separation 2.35 Å. The sulfur atoms �yellow� pin-
point the positions through which the nitroOPE �not shown� adsorbs
on the first Au layer �bigger green atoms�. The red and blue unit
cells correspond to the cases of lightly and densely packed adsorp-
tion, with surface cells �2�3�2�3�R30° and ��3��3�R30° Au
�111�, respectively. Atop- and hollow-site adsorption are consid-
ered. In the atop-site adsorption, the nitroOPE connects perpendicu-
larly to the Au surface through a thiol bond S1-Au1 of length
3.36 Å. In the hollow adsorption, the mediating sulfur �S2� is
equally distant to the three nearest Au atoms, with S2-Au2 bond
equal to 2.44 Å. The parameters of the red cell are a=b=9.99 Å,
c=7.06 Å, �=90°, �=90°, and �=60°.
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H01
k� = �

R�layer 1
eik�·RH0R1

, �1�

where k� is a vector, with kz=0, in the reciprocal space of

�a� ,b� ,c�	. The negative sign in the exponential drops because
of the symmetry of the lattice. Analogously, the FDFT of
H0R0

, the coupling between cell 0 in layer 0 and any cell R
that belongs to layer 0, is

H00
k� = �

R�layer 0
eik�·RH0R0

. �2�

The hopping matrix H01
k� is the interaction between two con-

secutive infinite layers for a given wave vector k�; H00
k� is the

on-site interaction within a layer. The size of both matrices is
equal to the number of basis functions in the Au unit cell;
thus, mathematically, we can consider that each layer folds
into a site of an infinite 1D wire, which extends from �	 in
the z direction, as depicted in Fig. 2�a�. Also, it can be inter-
preted that, in Fourier space, the problem of a 3D Au bulk is
converted into several problems of a “1D wire.”

In the ab initio tight-binding �TB� approximation, the pro-
cess of finding the electronic and transport properties of 1D

wires only requires the information of the hopping H01
k� and

the on-site H00
k� matrices �and their corresponding overlap

matrices S01
k� ,S00

k� �.33,34 The TB approximation is satisfactory
as long as the next-to-nearest-neighbor interactions �H02

k� ,
H03

k� , etc.� are negligible; in principle, they can be tuned to be
small by increasing the thickness of the Au unit cell. For our
chosen unit cell and SIESTA’s default Au confining radius, the
next-to-nearest-neighbor interactions are exactly zero in the
DFT calculation; therefore, we do not incur any loss of ac-
curacy, with respect to the DFT calculation, when invoking
the TB approximation.

The Green’s function G0
k� of the perfectly infinite “1D

wire” and the surface Green’s functions for the left �GL
0k��

and right �GR
0k�� semi-infinite wires, obtained by splitting the

infinite wire, are calculated as described elsewhere:1,33

G0
k��E� = ��H01

k� − ES01
k� ����


k��−1 − ��
k��	−1, �3�

GL
0k��E� = �


k��H01
k� − ES01

k� �−1, �4�

GR
0k��E� = ��

k���H01
k� �† − E�S01

k� �†�−1, �5�

where the matrices �

k� and ��

k� are obtained in the same way
and notation described in Eqs. �29�, �32�, and �13� of Ref. 1.
The density of states �DOS� DOS0

k� and transmission func-
tion �TF� TF0

k� of the perfect wire are given by

DOS0
k� = Tr
−

1

�
Im�G0

k�S00
k� �� , �6�

TF0
k� = Tr�
L

k�G0
k�
R

k�G0
k�†� , �7�

where


L/R
k� = i��L/R

k� − ��L/R
k� �†� , �8�

�L
k��E� = �H01

k� − ES01
k� �†GL

0k��H01
k� − ES01

k� � ,

�R
k��E� = �H01

k� − ES01
k� �GR

0k��H01
k� − ES01

k� �†. �9�

In order to obtain any of the above properties in site space
rather than in k� reciprocal space, the corresponding inverse
discrete Fourier transform �IDFT� is performed. Since we are
interested in the density of states of the central cell or the
transmission function through the central cell �R=0�, the
IDFT is reduced to

DOS0�E� =
1

N
�
k�

eik�·RDOS0
k� =

1

N
�
k�

DOS0
k� , �10�

where N is the number of k� points used. DOS0
k� can be

considered as the density of states of a Au unit cell that is
immersed in an infinite wire. The summation through all k�

points adds the interaction with all other neighboring infinite
wires; therefore, the initial unit cell is truly embedded in an
infinite 3D bulk and DOS0 is nothing but the density of states
of Au bulk.

For calibration purposes, the DOS of the gold bulk is
calculated using two different k� meshes in the FDFT. As
seen in Figs. 2�b� and 2�c�, the use of an insufficient number
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FIG. 2. �Color online� �a� Middle: Representation of Au bulk
seen as a stack of infinite layers. Left: The schematic cross section
shows the interactions between the central cell 0 in layer 0 and a
generic cell R1 that belongs to layer 1. Right: In Fourier space, each
layer of the Au bulk is folded into a site of an infinite wire. �b� and
�c� are the DOS and TF for the Au bulk calculated using 6�6 k�

points. �d� and �e� correspond to the DOS and TF of Au bulk cal-
culated using 20�20 k� points. The Fermi level is set to 0 eV.
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of k� �6�6� introduces unphysical sharp peaks in the density
of states, which reflect in unrealistic step-wise features in the
transmission function around the Fermi level. The use of
6�6 k points for the x-y plane is satisfactory in the DFT
3D calculation since the Born–von Karman boundary
condition35–38 is suitable for the wave function, i.e., it is
likely to be periodic after crossing a macrocell of 6�6.
However, error is introduced when using the same mesh for
FDFT-ing H0R1

and H0R0
in Eqs. �1� and �2�, since those

functions clearly decay with R; thus, they are aperiodic. In
the FDFT of an aperiodic function it is necessary to enlarge
the size of the macrocell under Born–von Karman conditions
to avoid including fictitious periodicities; that is, performed
by increasing the number of k� points to 20�20, which
eliminates the nonphysical features in the density of states
and transmission function, as seen in Figs. 2�d� and 2�e�.

B. Molecular junctions

Strictly, the device region is also 2D infinite; but, hereaf-
ter only a unit cell �denoted by M� will be referred to as the
device region, demarked by dotted rectangles in Fig. 3. In
order to simulate molecular junctions, we need to add the
effect of the top and bottom semi-infinite Au bulk to the
device region. Because of the x-y periodicity of the junc-
tions, this is done in a per k� point, per unit-cell basis, cor-
recting the Hamiltonian matrix �HM

k�� of the device region

with the self-energy for the bottom and top gold contacts; see
Eq. �9�. The Green’s function for the device region is

GM
k��E� = �ESM

k� − HM
k� − �L

k��E� − �R
k��E��−1. �11�

HM
k� and SM

k� are the FDFTs of site-space coupling and overlap
matrices �H0R,S0R�,

HM
k� = �

R
eik�·RH0R,

SM
k� = �

R
eik�·RS0R. �12�

In this case, H0R �and S0R� is obtained from the DFT 2D
calculation �using 6�6�1 k points� of the modeling cells
and represents the interaction between the device regions
�only� of both cell 0 and cell R; contrary to the DFT 3D
calculation for the Au bulk, here R lies only in the plane

spanned by a� and b� . As seen in Fig. 3, the modeling cell is
composed of the device region M and extra layers of gold,
which are used to mitigate the effect of the long-range Cou-
lomb interactions from the bulk. H0R is built by disregarding
the matrix elements corresponding to those extra layers.

The TF through the device region is calculated according
to Caroli’s formula,39

TFk� = Tr�
L
k�GM

k�
R
k�GM

k�†� . �13�

For further analysis it is useful to determine the contribution
of any given subset of atoms �fragment� to the total density
of states. The projected density of states �PDOS� on such a
fragment is calculated by summing up some components of
the main diagonal of the Green’s function matrix, according
to the following definition �see the Appendix�:

PDOSfragment
k� � �

∀ b�fragment

−

1

�
Im�GM

k�SM
k���

bb


 �
∀ b�fragment


−
1

�
Im�SM

k�GM
k�SM

k���
bb

,

�14�

where the index b represents any basis function used in the
representation of the atoms that belong to the chosen frag-
ment. The total DOS of the device region is

DOSM
k� = Tr
−

1

�
Im�GM

k�SM
k��� . �15�

Within the linear-response approximation, we calculate the
current of electrons as

Ik� =
2e

h
�

−	

+	

dETFk��E,V = 0��f�E − �R� − f�E − �L�� .

�16�

The bias-voltage drop is considered to be applied from the
bottom �L+� to the top �R−�; thus, a positive value of current
signifies electrons traveling from the top to bottom contact.

Again, the properties in site space �GM, DOSM, PDOS,
TF, I� are obtained from the IDFT with R=0. The Au bulk

S1
S2

Au1
Au2

(a) (b)

M

M

FIG. 3. �Color online� Unit cells used in the DFT 2D calcula-
tions corresponding to the �a� densely and �b� lightly packed junc-
tions. �a� illustrates atop-site adsorption �solid black S1-Au1 lines�
whereas �b� a hollow-site one. For the hollow-site adsorption, sul-
furs are equally bonded to three nearest Au atoms �dashed black
S2-Au2 lines; the third bond and neighboring Au atom are not
shown�. Dotted rectangles demark the device regions �M� and solid
ones the unit cells used to reproduce the Au bulk and obtain the
different surface Green’s functions needed. Bond lengths are given
in Fig. 1.
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calculation imposes the limiting constraint in the fineness of
the k� mesh; we use the same mesh �20�20 k� points� for
the calculation of the molecular junctions.

We point out that DOSM is in fact the density of states of
a single molecule �more accurately the device region M� that
is both �1� embedded within an infinite 2D self-assembly,
thus feeling the influence of their neighbors. The information
of intermolecular interactions is contained in the H00

k� and H01
k�

matrices, which are generated from the DFT 2D calculation,
and �2� sandwiched between a bottom and a top gold slab
which are effectively of infinite thickness. The finite-
thickness slabs that are considered as part of the device re-
gion are made effectively infinite by correcting the Hamil-
tonian with the exact self-energies in Eq. �9�. Unless
otherwise indicated, all PDOS and DOS presented in this
study are calculated as the IDFT of Eq. �14� or Eq. �15�.

IV. RESULTS AND DISCUSSION

A. Bare monolayers

Preliminarily, we calculate two monolayers of bare mol-
ecules built to match the low and high packing densities of
junction 1 and junction 2, respectively. The bare monolayers
do not include gold or sulfur atoms and are shown in Figs.
4�b� and 4�c�. The DOSs for both �bare monolayers 1 and 2�
are given in Fig. 4�a� �blue and green, respectively�; addi-
tionally, the DOS �red� and eigenvalues �gray� of an isolated
nitroOPE molecule are included for comparison. All DOS
curves in Fig. 4�a� are obtained directly from SIESTA, by
broadening the eigenvalues 0.03 eV.

The agreement between the DOS peaks of bare junction 1
�blue� and those of the isolated molecule �red� corroborates
that the intermolecular interactions in junction 1 are negli-
gible. On the other hand, the DOS of bare junction 2 �green�
exhibits broadening of the lowest unoccupied molecular or-
bital �LUMO� and shifting of the highest occupied molecular
orbital �HOMO� by −0.3 eV; the deviation from the red
peaks corroborates the presence of intermolecular interac-
tions, which lead to the formation of energy bands between

molecular energy levels. Then, we affirm that our choice of
test systems covers the cases of the absence and presence of
intermolecular interaction. For consistency in comparing
junctions of different packing densities, we do not consider
the herringbone pattern for the high-density SAMs;15,27,40 in-
stead, all molecules are positioned parallel, as seen in Figs.
4�b� and 4�c�.

B. Atop-site adsorption

In the case of atop adsorption, at a S-to-Au-surface dis-
tance of 3.36 Å, the S-nitroOPE-S is only weakly coupled to
the top and bottom contacts. Furthermore, in junction 1 the
molecules are also far separated from each other, effectively
being isolated. This is evidenced by the sharp peaks in the
S-nitroOPE-S PDOS �Fig. 5�a�, black�; moreover, these
peaks readily match to the eigenenergies �at the 
 point� of
the DFT 2D calculation of the modeling cell, as shown in
Fig. 6.

We turn on the intermolecular interactions by doubling
the packing density of the SAM �junction 2�; the presence of
interactions is verified by the formation of new bands �peaks�
and broadening and shifting of the original peaks �Fig. 5�b�,
black�. A similar tendency is found for the junctions with
hollow-site adsorption when the intermolecular interactions
are turned on �Fig. 7�a� against Fig. 7�b��.
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FIG. 4. �Color online� Junctions of bare nitroOPE molecules;
they do not include gold or sulfur atoms. The packing densities of
the bare junctions 1 �b� and 2 �c� match those of junctions 1 and 2;
their DOSs are shown in blue �dotted line� and green �dashed line�,
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The S-nitroOPE-S PDOS reveals a peak aligned right at
the Fermi level of the junction �Fig. 5�a�, black�. At first
sight, this resonant peak appears to be facilitated almost en-
tirely by the electronic states of the sulfur atoms �Fig. 5�a�,
red� and has been observed for monolayers of thiol-
terminated molecules with weak S-metal hybridization.26

Figure 6 zooms in around the Fermi level region of Fig.
5�a�. For clarity, the nitroOPE PDOS �blue� is shown instead
of the S-nitroOPE-S PDOS; the 
-point eigenenergies are
marked by vertical gray lines. The use of a higher number of
energy points in Fig. 6, compared to Fig. 5�a�, reveals the
presence of additional peaks, which clearly match the
eigenenergies.

As shown in Fig. 6, the �HOMO-3, HOMO-4� peak is
mainly due to the sulfurs, not the nitroOPE. This translates,
in real space, in electrons delocalizing along the sulfurs but
not the nitroOPE and corresponds to a broken channel for
conduction, which is confirmed by the corresponding zero
transmission function. On the other hand, the �HOMO,
HOMO-1, HOMO-2� peak is contributed almost equally by
both the nitroOPE and sulfurs, increasing the probability to
form, in real space, a continuous channel throughout the
junction, similar to the delocalization seen in the correspond-
ing molecular orbitals.

The �HOMO-5� peak is very sharp with a corresponding
sharp contribution to the transmission function. The compo-
sition of the �HOMO-6� peak resembles that of the �HOMO,
HOMO-1, HOMO-2� peak; consequently, both peaks show a
similar contribution to the transmission function.

The presence of S PDOS peaks indicates the preservation
of the atomic character of sulfurs due to weak hybridization
with Au; accordingly, orbitals of px and py character can be
seen localized on the sulfurs. For the case of HOMO-6,
HOMO-1, and HOMO, those orbitals integrate to the popu-
lation on the nitroOPE to form a seamless � network
throughout S-nitroOPE-S.

C. FCC hollow-site adsorption

Even though junction 1 and junction 3 have the same low
packing density, the S-nitroOPE-S PDOS peaks of junction 3
are less sharp than of junction 1. This is due to the stronger
interaction between the S-nitroOPE-S and the surface; for
hollow-site adsorption �junction 3� the S-to-Au-surface dis-
tance is 1.78 Å, against 3.36 Å for the case of atop adsorp-
tion �junction 1�. Similarly, the S PDOS peaks observed in
the atop-adsorbed junctions are smudged over a broad energy
window because of the stronger hybridization with gold
�S-Au=2.44 Å�, as shown by the red curves in Fig. 7.

As seen in Fig. 7�b� �black curves�, the S-nitroOPE-S
PDOS of junction 4 shows a pseudogap region, which is a
band gap with a minimal density of intragap states, around
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the Fermi level. Band gaps are characteristic features of
semiconductor materials. The frontier peaks of this
pseudogap �−0.93 and 0.72 eV in Fig. 7�b�, black� and those
of the bare junction 2 �−1.03 and 0.65 eV in Fig. 4�a�, green�
can clearly be traced back to the HOMO and LUMO of the
isolated molecule �Fig. 4�a�, black�. It is not always straight-
forward to associate those peaks to particular MOs of the
isolated molecule; then, more generally such peaks will be
referred to as frontier � and �� states hereafter.41 Generally,
� and �� states are delocalized and characteristic frontier
states of a phenyl-based system.

For phenyl-based bare monolayers, intragap states have
been shown to appear due to intermolecular � overlap,42–44

i.e., overlapping benzene rings of two neighboring mol-
ecules. For separations less than �3 Å the gap could even
be filled and the bare monolayer becomes metallic, allowing
ballistic transport parallel to the surface. However, for sepa-
rations of �5 Å �as for our case, see Fig. 4�c��, this source
of intragap states is negligible.42 Accordingly, our calcula-
tions find that intragap states in junction 4 are contributions
entirely from the sulfurs �Fig. 7�b�, red� and also the gold
leads �not shown� but not from the nitroOPE.

The absence of nitroOPE-induced intragap states indicates
that, even for this highly packed case, the intermolecular �
overlap is too weak to induce metallic behavior and thus, no
transport in the plane of the nitroOPE film. Electronically,
junction 4 resembles a metal-semiconductor-metal interface,
with the nitroOPE film being the semiconducting region and
the Au/S atoms the metallic region.

The U shape in the PDOS �Fig. 7�b�, black� is character-
istic of metal-semiconductor interfaces, being caused by in-
tragap states induced by the metal.45 In real space, the in-
tragap states are due to the tails of evanescent metallic wave
functions. Electrons travel ballistically from deep inside the
bulk to the interface, tunnel across the surface Au/S inter-
face, and then decay exponentially into the nitroOPE region.
From the zero transmission function �Fig. 7�c�, green�
around the pseudogap, it follows that the top-to-bottom and
bottom-to-top evanescent wave functions decay totally be-
fore they meet, frustrating the formation of a wave function
delocalized across the junction that could favor electron tun-
neling.

As seen by the correspondence between the PDOS and TF
peaks in Fig. 7, resonant tunneling is the main transport
mechanism. The conduction is mainly through the frontier
�� state; the frontier � states start contributing to conduction
at voltages higher than �2 V.

D. Current-voltage

For the atop adsorption, doubling the packing density pro-
duces only small changes in current �Fig. 8�a��; nonetheless,
the junction with hollow-site adsorption undergoes a major
reduction in current ��13 times; see Fig. 8�b�� when dou-
bling the packing density of the monolayer. This abrupt
change in current can be clearly attributed to the shift of the
frontier �� state peak to a higher energy away from the
Fermi level, as seen in Fig. 7, which is caused by the inter-
molecular interactions.

Of a counterintuitive nature is the fact that, under the
same packing density, the current through the physically
bound junction 2 is higher than that through the chemically
bound junction 4. This counterintuitive higher current has
been observed upon stretching similar thiol-mediated
junctions46–48 and is justified by the resonant PDOS peak
that appears right at the Fermi level of the junction. Interest-
ingly, the resonant peak shows up only in the limit of very
weak coupling to the gold leads �junctions 1 and 2�.

According to the plane-averaged charge profile of the
junctions, seen in Fig. 9, the Au-molecule interface in junc-
tion 1 �atop adsorption� exhibits a more capacitive nature
�less sharing of electrons, ionic bond� than junction 3 �hol-
low adsorption�, which presents a more covalent interface
�more sharing of electrons�. The charge polarization of the
thiol bonds in the capacitive case yields an electric dipole
�D� layer. Dipole layers induce a sudden jump �assuming no
thickness for the dipole layer� in electrostatic-potential pro-
files. In other words, in an ideal capacitive coupling, the only
interaction between the Au surface and the organic SAM
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would be a block shift of their energy levels �only one degree
of freedom�; all the eigenenergies of the organic molecule
are shifted by a constant number. Then, in junctions with
ideal capacitive couplings, the Fermi level alignment can be
simply modeled by

Efjunction = HOMOS-nitroOPE − eD . �17�

The highly capacitive nature of the interfaces with atop ad-
sorption is responsible for the direct alignment, Eq. �17�, of
the work function of the S-nitroOPE-S molecule �HOMO,
PDOS peak� to the Fermi level of the gold leads.

This is clearly visible in Fig. 6, where the frontier � state
of the S-nitroOPE-S �HOMO� aligns with the Fermi level of
the junction. The resonant alignment is responsible for the
almost perfect transmission probability observed �TF�1� at
the Fermi level and explains the counterintuitive high current
predicted for physically adsorbed thiol-based junctions.

V. SUMMARY AND CONCLUSIONS

We have extended our previous development on electron
transport through 1D junctions to handle transport through
2D molecular junctions, which take into account the intermo-
lecular interactions of the type experienced by a molecule
embedded in a 2D monolayer. Allowed by the x-y periodicity
of the system, the calculation is performed in Fourier space
per each k� point. Since the SGF of the gold contacts is
determined exactly, the solution of the transport problem is
also formally exact.

It is important to select an adequate number of k� points
and not directly assume it to be equal to the number used for
the DFT 3D calculation. The use of 6�6 k� points intro-
duces spectral leakage that is reflected on the unphysical
peaks in the Au-bulk DOS and the corresponding steplike
features in the transmission function. We find a good conver-
gence to the correct Au-bulk DOS when using 20�20 k�

points.
For the molecule under consideration, the effect of the

intermolecular interactions on the electronic transport de-
pends on the type of adsorption. For hollow-site adsorption,
the presence of neighboring molecules drastically reduces
the current by a factor of �13 with respect to the isolated
molecule, whereas for atop-site adsorption, the change in
current is only small.

The main mechanism for electron transport in all the junc-
tions in consideration is resonant tunneling perpendicular to
the monolayer; the intermolecular distance between phenyl
rings is not close enough to induce electron transport parallel
to the surface. For the atop-site adsorbed junctions, the trans-
port is mainly facilitated by the frontier � state, which aligns
to the Fermi level of the junction. Instead, the transport in the
hollow-site adsorbed junctions is mainly through the frontier
�� state. The alignment of the frontier � state to the Fermi
level of the junctions explains the counterintuitive high cur-
rent calculated for the stretched junctions �1 and 2�.
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APPENDIX

Having a closed system, let us define Ĝ as the Green’s

function operator, Ḡ as a Green’s function matrix in the

space spanned by the nonorthogonal basis set �, G̃ as a
Green’s function matrix in the space spanned by the orthogo-
nal basis set �̃, and G as the Green’s function matrix as
defined in this paper and commonly in the literature, G
= �ES−H�−1, with H as the Hamiltonian matrix in the space
spanned by the nonorthogonal basis �. S is the overlap ma-
trix such that Sij = ��i��� j�.

The relationships between those Green’s function matri-
ces are known to be49–51

G̃ = GS ,

Ḡ = SGS . �A1�

The relation between the orthogonalized ��̃� and the nonor-
thogonal ��� basis set is given by the nonunitary transforma-
tion S−1/2 as follows:

�̃b = �
�

�S−1/2��b��. �A2�

Although the total DOS is proportional to the trace of the

Green’s function matrix Ḡ, there is not a unique relation for
the projection on each basis �each diagonal element or sub-
sets of them�. The problem is analogous to splitting the total
charge of a molecule into each basis function; there is no
correct procedure but only conventionally accepted schemes.
At the end, when summed over atoms, all the different
schemes should yield similar atomic charges.

Thus, we can define per-basis function DOS projections
using either an orthogonal ��̃b� or nonorthogonal ��� basis
as follows:

PDOS�̃b
� −

1

�
Im�G̃�bb,

PDOS�b
� −

1

�
Im�Ḡ�bb. �A3�

Using Eq. �A1�, we obtain

PDOS�̃b
� −

1

�
Im�G̃�bb = −

1

�
Im�GS�bb, �A4�

PDOS�b
� −

1

�
Im�Ḡ�bb = −

1

�
Im�SGS�bb. �A5�

For a more chemical analysis, it may be desirable to use Eq.
�A5�, which is the projection on the original nonorthogonal
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basis �b.52 However, it does not conserve the total density of
states, i.e., Tr�GS��Tr�SGS�. Equation �A5� is equivalent to
the more symmetrical expression given by Gyemant and
Kelly52 only when considering the trace �total DOS�, since
Tr�SGS�=Tr�S1/2GSS1/2�.

From Eq. �A5�, it can be seen that some of the nondiago-

nal elements of G̃=GS enter in the calculation of PDOS�b

through S in the multiplication S�GS�=SG̃. This is to com-
pensate for the contributions to �̃b of nonorthogonal func-
tions other than �b in Eq. �A2�.

Nonorthogonal basis are usually constructed to resemble
true orthogonal atomic orbitals, i.e., the overlap matrix is
very close to the identity, S
1, which closes the difference
between the definitions in Eqs. �A4� and �A5�. This is espe-
cially true for the single-zeta basis set as used in this study.
Additionally, the linear transformation S1/2 produces the or-
thogonal set that has the greatest least-squares similarity to
the original nonorthogonal set.

The small difference between the two definitions for
PDOS becomes negligible when summing over atoms or
fragments. Figure 10 compares the PDOS on the sulfur at-
oms of junction 1, previously shown in Fig. 6; in other
words, it shows the PDOS summed over all the basis func-
tions that belong to the sulfur atoms. As it can be seen in the
figure, even when projecting on only two atoms in a
zoomed-in energy range, the differences between the defini-
tions in Eqs. �A4� and �A5� are negligible. Therefore, we
have that

PDOSfragment � �
∀ b�fragment


−
1

�
Im�GS��

bb


 �
∀ b�fragment


−
1

�
Im�SGS��

bb
. �A6�
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