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I
n its first stages of development, mo-
lecular electronics aimed at manufac-
turing molecular analogs to wires

and switches, and conjugated molecules
emerged as the main candidates to re-
place their inorganic counterparts.1�11

Today, molecular properties such as
charge, spin, and conformation that are
at the heart of experimental strategies to
design advanced molecular devices12�16

and compounds including transition
metal atoms receive weighty theoretical
attention.

Ferrocene is the prototypical metal-
locene. It consists of two cyclopentadienyl
rings bound at the opposite sides of a cen-
tral iron atom. It can present either the
eclipsed (D5h symmetry) or the staggered
(D5d symmetry) conformation, as illustrated
in Figure 1a. At equilibrium, ferrocene is
eclipsed while the staggered conformation
constitutes the saddle-point to the internal
rotation of the ligand rings. The energy dif-
ference between the two conformations is
only a few tenths of meV so that, at room
temperature, the two cyclopentane rings
are almost free to rotate.17 Ferrocene deriva-
tives represent a unique opportunity for
conductance switching mainly due to their
redox properties.18�22 Moreover the large
spin polarization of ferrocene nanowires23

and of metallocenes of the same family24

can be exploited for realizing spin-polarizers
at the molecular level.

Recently, a negative differential resis-
tance has been observed for ferrocenyl-
undecanethiolate self-assembled monolay-
ers19 on Au(111) surfaces. By using
ferrocene derivatives monolayers, planar
tunnel junctions were demonstrated to

show reversible and stable hysteretic differ-
ential conductance switching.20 In a semi-
nal study, a near-perfect conduction was
obtained through a ferrocene-based molec-
ular wire.21 This study also revealed that
the relative orientation of the five-member
aromatic rings may dramatically change the
conduction properties of the molecular de-
vices. While coplanar rings lead to a large
transmission probability, the relative rota-
tion of the rings can result in a decrease of
the transmission probability due to the re-
duced overlap between the � rings.

In this paper, we investigate the ef-
fect of another key molecular property
onto the electronic transport, namely, the
bonding of the end-groups to the metal-
lic electrodes. Using spin-polarized den-
sity functional theory (DFT) combined
with quantum transport, we study two-
and three-terminal devices consisting of
1,1=-ferrocene dicarboxylic acid (FDCA),
whose structure is illustrated in Figure 1b,
sandwiched between Al(111) surfaces for
different metal�molecule�metal archi-
tectures. For the two-terminal devices,
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ABSTRACT The electronic transport properties of the 1,1=-ferrocene dicarboxylic acid sandwiched between

Al(111) electrodes are studied using first-principles methods. The transmission spectra and the current�voltage

characteristics are computed for various two-terminal device models and their relation with the electronic

structure of the molecule is thoroughly discussed. The current�voltage characteristics are asymmetric, spin-

independent, and vary with the anchoring structure of the molecule to the electrodes. A fine-tuning of the

molecular conductance can be easily achieved by applying a gate potential, which is included in our simulations.

Interestingly, a spin-polarized current can emerge as a consequence of the gate potential with the relative

contribution of the two spin channels varying with the bias.

KEYWORDS: molecular electronics · ferrocene · quantum transport · electronic
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we report the transmission spectra, a detailed analy-
sis of the projected density of states (PDOS) and
the current�voltage characteristics. For the three-
terminal devices, we investigate the effect of the
gate voltage on the transmission spectra and the
current�voltage characteristics. Our calculations re-
veal spin-dependent transport properties at moder-
ate negative gate voltages.

DEVICE GEOMETRY
The investigated geometries for the Al�FDCA�Al

device (see Figure 1c) are built as follows. The struc-
tures of the isolated FDCA molecule and of bulk Al are
first optimized. For the latter, the equilibrium lattice
constant is found to be 4.19 Å, in good agreement with
the experimental value. The dimension of our hexago-
nal supercell for the Al(111) surface is fixed based on
this calculated value. To keep a minimum of about 5 Å
between repeated images of the FDCA molecule, we
adopt a 3 � 3 surface cell resulting in a lattice constant
of 8.90 Å.

The orientation and the distance of the molecule
with respect to the surface are then investigated. Vari-
ous relative orientations of the O�O axis and the Al�Al
bond are considered for different molecule�surface
distances. In the most stable configuration, each O
atom sits approximately on top of an Al atom, with the
O�O axis and the Al�Al bond parallel to each other as

illustrated in Figure 1c.2.t, and
the molecule�surface distance is
2.3 Å.

This is the starting point to
build the full Al�FDCA�Al cell.
However, this optimal molecule�

surface geometry cannot always
be realized. Indeed, the equilib-
rium structure of the FDCA is such
that the two O�O axes (on oppo-
site sides of the molecule) are par-
allel. Thus, the two Al(111) surfaces
need to mirror each other to allow
for the ideal configuration of the
molecule over both the two sur-
faces to be realized. In general,
however, this is not necessarily
the case in experiments. There-
fore, the ideal contact geometry
should carefully be examined
against other possible
configurations.

It turns out that when build-
ing a periodic model for the
Al�FDCA�Al structure, such
nonideal situations occur quite
naturally. Indeed, it is not al-
ways possible to reconcile the
periodic boundary conditions,

the ABC stacking of Al, and the requirement that
the two Al(111) surfaces must be mirror image of
each other. This actually depends on the number of Al
layers included in each electrode. The ideal configuration
is obtained with five atomic layers per side (e.g., ABCAB�

molecule�BCABC), while the two surfaces are necessar-
ily different with four (e.g., BCAB�molecule�ABCA) or six
(e.g., CABCAB�molecule�CABCAB) atomic layers in each
metallic contact. In what follows, the models with four,
five, and six Al layers will be referred to as Model 1, Model
2, and Model 3, respectively. These three models, which
are illustrated in Figure 1c.1, c.2, and c.3, are well suited as
extended molecules for the transport calculations: there
is no need to include more layers due to the rather short
screening length in Al. The dimensions of our supercell in
the direction perpendicular to the surface thus are 27.9
Å for Model 1, 32.8 Å for Model 2 and 37.4 Å for Model 3.

Realistic geometric models for molecular devices
should take into account the existence of surface de-
fects. Their influence upon the transport properties was
recently emphasized for ferrocene-1,1=-dithiol inserted
between Ag electrodes.25 Precisely, it was pointed out
that the presence of defects leads to the decrease of the
molecular conductance. To investigate how the elec-
tronic transport is affected by inhomogeneities that
could be present at the Al surface, two additional ge-
ometries are also generated. These are obtained by us-
ing six atomic layers in each electrode and by attaching

Figure 1. Ball and stick representation of (a) ferrocene, (b) FDCA, and (c) our five models of
the Al�FDCA�Al system. Al, Fe, C, O, and H atoms are colored in blue, red, yellow, black, and
turquoise, respectively. The two molecules (a and b) are shown in both (1) the eclipsed and
(2) the staggered conformations. In models 1�3, the FDCA molecule is attached to atomically
flat electrodes of Al(111); while, in models 4 and 5, the surface includes some defects (the cor-
responding Al atoms are colored in gray). For all five models, a side view (s) is presented. For
sake of clarity, it is limited to the region where the atomic positions are relaxed, for models 4
and 5. Perpendicular views of the top (t) and bottom (b) electrodes are also reported focus-
ing on how the COO� groups are attached.
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either a one-dimensional chain of Al atoms (Model 4)

or a cluster of three additional Al atoms (Model 5) at the

surface of the bottom electrode (see Figure 1c.4 and

c.5). For Model 4 and Model 5, the dimension of the su-

percell in the direction perpendicular to the surface is

identical to that of Model 3.

The final step of the cell building procedure con-

sists in relaxing the atomic positions of the molecule

and the first two atomic layers of the Al electrodes un-

til the forces are lower than 0.04 eV/Å, while keeping

the cell dimension constant and pinning the remain-

ing atomic positions of the Al electrodes to their bulk

positions. The relaxed structures can be characterized

by the bonding of the molecule to the surface, the

atomic displacements at the surface, and the molecu-

lar geometry deformation.

RESULTS AND DISCUSSION
In Model 1, the bonding of the molecule to the sur-

face is considerably modified with respect to the ideal

attachment. One of the O atoms still sits approximately

on top of an Al atom but the second one is now lo-

cated approximately in the middle of an Al�Al bond

(Figure 1(c.1.t and c.1.b). This allows for the O�O axes

of FDCA to remain parallel to each other. In Model 2, the

ideal configuration is obtained for both electrodes, as

shown in Figure 1c.2.t and c.2.b. In Model 3, the bond-

ing to the top electrode see Figure 1c.3.t is similar to

that of Model 2, while the bonding to the bottom elec-

trode (see Figure 1c.3.b) shows a slight rotation of the

O�O axis with respect to the Al�Al bond. Finally, Mod-

els 4 and 5 present the same bonding as in Model 2

for the top electrode (see Figure 1c.4.t and c.5.t). For

the bottom electrode, the bonding is illustrated in Fig-

ure 1c.4.b and c.5.b.

To quantify the distortion of the electrode surface,

we compute the average displacement of the Al atoms

from their bulk (initial) positions:

d ) 1
N ∑

i)1

N

| rbi,0 - rbi,f| (1)

where N is the number of the atoms whose positions

are relaxed, and r�i, 0 and r�i, f are the atomic positions be-

fore and after the relaxation, respectively. For the first

three models, the surface distortion is found to be quite

small with d � 0.09, 0.09, and 0.13 Å, respectively. In

Model 4, d � 0.13 Å for the top electrode and d � 0.29 Å

for the bottom electrode with the one-dimensional line

of Al atoms. The largest atomic displacements (|r�i, 0 � r�i, f|

� 0.84 Å) are observed for the Al atoms which are not

bonded to the O atoms. Finally, Model 5 displays the larg-

est distortion: d � 0.25 Å for the top electrode and 0.33

Å for the bottom electrode containing the Al cluster. The

largest atomic displacements |r�i, 0 � r�i, f| are about 1 Å and

occur for the two Al atoms bonded to the O atoms.

The molecular geometry deformation can be quan-
tified by the angle between the two cyclopentane rings.
After geometrical relaxation, the angle between the
two cyclopentane rings is 26.6° for Model 1, 16.8° for
Model 2, 10.8° for Model 3, 17.9° for Model 4, and 23.8°
for Model 5. For comparison, this angle is 0° and 36° in
the eclipsed and staggered forms of FDCA, respectively.

For all the models, the electronic structure is very
similar for both spin components. The converged mag-
netic moments are negligible, ranging from 0.001 �B

(Model 2) to 0.02 �B (Model 3). As a result, the com-
puted transmission spectra, PDOS, and LDOS are al-
most identical for both spin components. For this rea-
son, we only represent their sum in the sequel.

The computed transmission spectra T(E) are pre-
sented in Figure 2a. The differences between the vari-
ous models are not striking. The most interesting fea-
ture of T(E) is that whereas several peaks are located just
above the Fermi level (EF � 0), very sharp peaks ap-
pear around �1.9 eV below EF. Precisely, three peaks
are present in this region. Their widths range between
0.03 eV (Model 3) and 0.07 eV (Model 1). Hereafter, we
will refer to the corresponding energy windows, which
are highlighted in green and yellow in Figure 2, as the
LUMO and HOMO regions of the system, respectively.
The reason for this abuse of language will be clear in
what follows.

By comparing these transmission spectra with those
obtained by Uehara et al.26 for 1,3-ferrocenedithiolate
and 1,3=-ferrocenedithiolate inserted between Au elec-
trodes, we note two striking differences. First, the spec-
trum is rigidly shifted by about 2 eV to higher energies
for Al�FDCA�Al. This is a direct consequence of the
different chemical nature of the electrodes. Second, the
transmission peaks are sharper for Al�FDCA�Al de-
vices. This is a clear indication of a weaker metal�
molecule interaction in the case of Al.

To investigate the origin of the different peaks and
to explain the differences between the five models,
the PDOS is computed, as reported in Figure 2b, to-
gether with the LDOS integrated over the HOMO and
LUMO regions (Figure 2, panels c and d, respectively).
As it can be seen from both the PDOS and the LDOS, the
peaks in the HOMO region originate essentially from
the atomic orbitals localized over the Fe atoms, while
those in the LUMO region receive quite similar contribu-
tions from the Fe, C, and O atoms. It is interesting to dis-
tinguish the C atoms of the COO� groups from those
of the cyclopentane rings (C1 and C2, respectively, in
the Figure 2b). While they amount to roughly the same
total contribution to the PDOS in the LUMO region,
the contribution per atom is clearly higher for the C1 at-
oms (since there is one C1 atom for five C2 atoms in
the system), as can be seen more clearly in the LDOS.
As a consequence, we expect that the COO� group
should play an important role in the resonant transfer
at energies just above EF.
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The comparison of the LDOS for Al�FDCA�Al

with that of the isolated FDCA molecule suggests

us the use of the terms HOMO and LUMO to label

the regions of the T(E) spectrum. On the one hand,

the LDOS integrated around the HOMO, HOMO-1,

and HOMO-2 orbitals of the FDCA, which have very

similar energies and originate mainly from the states

dx2�y2, dxy, and d3z2�r2 of the Fe atom as illustrated in

Figure 2c.0, is very similar to the LDOS integrated in

the HOMO region of the Al�FDCA�Al device (see

Figure 2c.1�5). On the other hand, the LDOS inte-

grated around the LUMO of FDCA, which is delocal-

ized over the Fe atom and the COOH groups (Figure

2d.0) looks very much like the
LDOS integrated over the LUMO
region of Al�FDCA�Al (see Fig-
ure 2d.1�5).

Next, the current�voltage
(I�V) characteristics are com-
puted for the five models. The
spin-up and spin-down currents
are essentially equal for biases up
to 1.5 V. The maximum absolute
value for the difference between
the two spin-resolved currents is
below 2 nA, for an average cur-
rent in the �A region. This is
quite expected since the states
associated to Fe are quite low in
energy (around �1.9 eV) and a
larger bias would be required to
change their occupation. The to-
tal currents obtained by using
spin polarized calculations do not
differ significantly from the cur-
rents inferred in the absence of
spin polarization (less than 5%
difference). In what follows, we
will focus only on the total
current.

The I�V characteristics for
the five models are illustrated in
Figure 3 for biases up to 1.5 V.
These differ from one model to
another, proving the possibility
of tuning the molecular conduc-
tance by changing the anchoring
structure of the molecule to the
electrodes. The lowest contact re-
sistance is found for Model 1
while the highest is for Model 2.
Interestingly, these two models
are those for which the attach-
ments of the FDCA to the Al elec-
trodes differ the most (see Fig-
ure 1c.1.t-b and c.2.t-b), the latter
being the ideal configuration of

the FDCA. In fact, it appears that the models departing
the most from this ideal configuration have the lowest
contact resistance, namely, Models 1, 4, and 5 (the last
two being those with a defective Al surface). The poten-
tial drop in the device is found to be almost linear as
illustrated for Model 3 in Figure S1 of the Supporting
Information.

The I�V curves are generally quite asymmetric.
The rectification coefficient R(V) � |I(�V)/I(V)| is used
to quantify the asymmetry. R � 1 means that there
is no rectification of the electric current. As shown in
the inset of Figure 3, we find R � 1 for Models 1
and 5. Interestingly, these are the ones for which

Figure 2. (a) Transmission spectra, (b) PDOS, and (c,d) LDOS for our five models (panels 1�5)
of the Al�FDCA�Al system. The PDOS is presented for the different types of atoms: Fe, O,
C1 (from the COO� groups), and C2 (from the cyclopentane rings). The LDOS is integrated
over the energy windows below [(c) HOMO region highlighted in green] and above [(d) LUMO
region highlighted in yellow] the Fermi level, which is set to zero. For comparison, the LDOS
of the isolated FDCA molecule is also given in the panel (0) integrated (c) around HOMO,
HOMO-1, and HOMO-2, and (d) around the LUMO (�0.3 eV). The two spin contributions have
been added up.

A
RT

IC
LE

VOL. 3 ▪ NO. 12 ▪ MORARI ET AL. www.acsnano.org4140



FDCA approaches the eclipsed configuration (with
an angle between the two cyclopentane rings of
26.6° and 23.8°, respectively).

Our results are comparable to those obtained by
Uehara et al.26 for 1,3=-ferrocenedithiolate inserted
between Au electrodes. For a bias of 1.5 V, the cur-
rent ranges from 2 to 6 �A in our Al�FDCA�Al de-
vices which is close to the �5.0 �A calculated for
1,3=-ferrocenedithiolate in
contact to Au electrodes.26

This proves the potential of
ferrocene derivatives for the
realization of robust molec-
ular devices.

The presence of narrow
peaks in the transmission spec-
tra suggests that a precise con-
trol over the molecular con-
ductance could be achieved in
a three-terminal device thanks
to a gate electrode. Therefore,
we examine the I�V character-
istics in the presence of a third
electrode for Model 3 (see Fig-
ure 4a). This can be considered
as a quite representative case,
since the connection of FDCA
to the Al surface is intermedi-
ate between Model 1 and
Model 2. Moreover, the FDCA
is closer to the staggered con-
figuration and displays the nar-

rowest HOMO region. The

gate electrode is simulated by
applying an external potential

that only depends on the coor-
dinate z perpendicular to the

Al surface with the following

analytical form:

U(z) ) U[ 1

1 + e(z-z1)/∆z
- 1

1 + e(z-z2)/∆z] (2)

where U � �2, �4, and �6 V is the amplitude of the
gate potential and 	z � 0.5 Å. Here, the parameters z1

and z2 control the broadening of U(z) (see Figure 4a).
We set z1/2 � zFe � 2.0 Å, where zFe is the z coordinate
of iron atom. The resulting T(E) are reported in Figure 4b
for various U values.

In most of the cases, the spin-up and spin-down
wave functions, transmission spectra, and currents are
essentially equal. But, for U � �6 V, there is a clear dif-
ference between the wave functions of the two spin
channels, resulting in a large magnetization of 0.46 �B.
So, apart for this special case, we will only discuss the
total transmission spectra and the total currents.

The transmission spectra are represented in Figure
4b. At low gate voltage (up to about U � 4 V), the trans-
mission peaks are essentially linearly shifted in energy
as a function of U. It should be noted that the energy
shift is significantly lower than the change in the gate
potential: for U going from 4 to �4 V, the transmission
peaks are only shifted by �2 eV. This can be easily un-
derstood by considering the gate potential as a pertur-
bation to the nongated molecule. To the first order, the
shift of a peak located at a given energy Ei

(0) is simply

Figure 3. Current�voltage characteristics for the five
models. Inset: Associated rectification coefficients as
function of the voltage. The curves are obtained using
spline interpolation through the points indicated on the
figure for which the calculations are explicitly performed.
The following symbols and colors are used: green dia-
monds for Model 1, red circles for Model 2, orange tri-
angles up for Model 3, blue squares for Model 4, and vio-
let triangles down for Model 5.

Figure 4. (a) Representation of the three-terminal device architecture based on Model 3 and the corre-
sponding gate potential �(z) for an amplitude of U � 2 V. (b) Transmission spectra as a function of U go-
ing from �6 to 6 V by steps of 2 V (U � 6, 0, and �6 V are highlighted in violet, orange, and green, re-
spectively). For U � �6 V, the spin-up and spin-down transmission are also represented in red and blue,
respectively. The Fermi level is set to zero. The dashed line indicates increments of 0.25 in the transmis-
sion. (c) Corresponding I�V curves for U � 6 V (violet triangles down), 0 V (orange triangles up), and
�6 V (green diamonds) in violet, orange, and green, respectively. Inset: Associated rectification coeffi-
cients as function of the voltage. (d) Total (green diamonds), spin-up (red circles), and spin-down (blue
squares) I�V curves for U � �6 V. Inset: Associated rectification coefficients as function of the voltage.
The curves in panels c and d are obtained using spline interpolation through the points indicated on the
figure for which the calculations are explicitly performed.
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given by Ei
(1) � 
�i

(0)|U|�i
(0)� where �i

(0) is the eigenwave
function of the unperturbed system. The latter is delo-
calized over the entire extended molecule, and it has
actually more weight on the electrodes than on the
molecule itself. Its overlap with U, which acts only on
the molecule (see Figure 4a), is thus quite limited, and
so is the energy shift induced by U. For higher gate volt-
ages, the shift of the HOMO and LUMO regions starts
to saturate. This can be related to the fact that when U
¡6 V (�6 V), the LUMO (HOMO) region gets close to
the Fermi level. For U � �6 V, the spin polarization dra-
matically changes the transmission spectra compared
to U � 0 V. In particular, the transmission is consider-
ably reduced. When the spin polarization is not taken
into account for clarity, this result is not reported in Fig-
ure 4b, the HOMO region is located in the vicinity of
the Fermi level. This peculiar positioning is probably the
reason for the magnetization of the system. Indeed,
the HOMO region corresponds essentially to atomic or-
bitals localized over the Fe atoms. The latter are split
due to both the Stark effect and the geometry of the
molecule which deviates from the D5d symmetry due to
the presence of COO groups and of the electrodes. As
a result, the Fe atom (and hence the whole molecule)
presents a spin polarization.

The I�V characteristics for U � 0 and � 6 V are re-
ported in Figure 4c for biases up to 1.5 V. For U � 6 V,
the current is significantly enhanced due to the presence
of the LUMO peaks close to the Fermi level. These orbitals
are spread over the whole FDCA molecule and, there-
fore, they are very effective in mediating the electronic
transport. For U � �6 V, the current is very small com-
pared to that computed for U � 6 V (it is comparable to
the one obtained for U � 0 V). This reduction is related to
the drastic decrease in the transmission spectra resulting
from the spin polarization. Interestingly, the current is
found to be small even when the spin polarization is not
taken into account (for clarity, this result is not reported in
Figure 4c), despite the presence of the HOMO peaks in
the vicinity of the Fermi level. It is actually smaller than
that computed for U � 0 V. In fact, the HOMO orbitals are
essentially located on the Fe atom (leading to very nar-
row peaks in the transmission), and hence, they are not
very effective for electron transport.

As shown in the inset of Figure 4c, the rectification

coefficient is larger than 1 for both U � 0 V and U � 6

V. For U � �6 V, R 
 1 at low bias voltages (V � 1 V) but

then turns to be R � 1 for the higher voltages. This

means that, at low voltage bias, the electron flow is

easier from the FDCA end illustrated in Figure 1c.3.t to-

ward that illustrated in Figure 1c.3.b; whereas the pref-

erential direction is the opposite when the voltage be-

comes larger than 1 V.

Finally, we analyze the spin dependent transport

for U � �6 V. The current�voltage characteristics are

presented in Figure 4d. Two regions can be identified

on the basis of the relative contribution of the two spin

channels to the total current. At low bias (|V| � 1.3 V),

the spin-down current (minority spins, blue line) domi-

nates the transport, while for higher biases, the spin-up

current (majority spins, red line) becomes the largest.

Interestingly, the rectification coefficient R is smaller

than 1 at all biases for the spin-up component; whereas,

for the spin-down component, R 
 1 for V � 1.3 V,

and R � 1 at higher voltages. Note however that the de-

viations from R � 1 are much smaller than those ob-

served previously in Figure 3 and Figure 4c.

CONCLUSIONS
In summary, we have presented ab initio results for

FDCA molecules sandwiched between two Al(111) elec-

trodes. Our analysis was performed using five geometri-

cal models for the metal�molecule�metal structure.

The transmission spectra and the current�voltage char-

acteristics were calculated for these two-terminal de-

vices. Interestingly, very sharp peaks are present in the

transmission function at zero bias. In the HOMO region,

these are due to resonant electron transfer through

the Fe d orbitals. In contrast, in the LUMO region,

atomic orbitals located on all atoms in the FDCA are in-

volved in the resonant transfer. While the computed

current�voltage characteristics are asymmetric and

spin-independent in two-terminal devices, spin effects

can be obtained in three-terminal devices for moderate

negative gate potentials. Remarkably, the contribution

of the two spin channels to the total current depends

on the applied bias.

METHODS
All the calculations are performed with spin-polarized DFT

as implemented in the SIESTA27,28 and SMEAGOL29�31 codes.
The exchange-correlation energy is evaluated using the general-
ized gradient approximation (GGA).32 Only valence electrons
are explicitly considered and norm-conserving pseudopoten-
tials33 account for the core�valence interactions. The wave func-
tions are expanded on a localized basis set:27 we take a single-�
basis set for the H, C, and O s orbitals, a double-� polarized ba-
sis set for Fe and the p orbitals of C and O, and a double-� basis
set for Al. These basis sets have already been tested in previous
calculations showing their accuracy.34 Their overall quality is fur-
ther tested in the present work by comparing the calculated

structure of eclipsed ferrocene (D5h) to the experimental mea-
surements.35 First-principles simulations using a plane-wave ex-
pansion are also performed with ABINIT36 allowing us to monitor
the convergence of the results with respect to the basis set size.
The typical bond lengths computed with the localized basis
sets and with the plane-wave expansion differ by less than 1%,
and deviate by at most 2% from the experimental values. The en-
ergy barrier between the eclipsed and staggered conformations
is found to be 0.034 eV with the localized basis sets and 0.040 eV
using the plane-wave expansion.

We use periodic boundary conditions in the direction orthogo-
nal to the transport direction, sampling over a uniform 3 � 3 grid
of k-points in the two-dimensional Brillouin zone. In the transport
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calculations, the Green’s function leading to the density matrix is in-
tegrated typically over 32 energy points on the complex semi-
circle, 32 points along the line parallel to the real axis, and 16 poles.
The integral over real energies necessary at finite bias is evaluated
over at least 800 points. The real-space grid cutoff was chosen to
give an equivalent plane-wave energy cutoff of 300 Ry.
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