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We investigate, by means of ab initio calculations, electronic transport in molecular junctions composed of
a biphenyl molecule attached to metallic carbon nanotubes. We find that the conductance is proportional to
cos2 �, with � the angle between phenyl rings, when the Fermi level of the contacts lies within the frontier
molecular orbitals energy gap. This result, which agrees with experiments in biphenyl junctions with nonor-
ganic contacts, suggests that the cos2 � law has a more general applicability, irrespective of the nature of the
electrodes. We calculate the geometrical degree of chirality of the junction, which only depends on the atomic
positions, and demonstrate that it is not only proportional to cos2 � but also is strongly correlated with the
current through the system. These results indicate that molecular conformation plays the preponderant role in
determining transport properties of biphenyl-carbon nanotubes molecular junctions.
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I. INTRODUCTION

Since the pioneer work by Aviram and Ratner, under-
standing electronic transport properties of single molecules
attached to electrodes has been a major challenge to the
implementation of molecular scale electronics.1,2 A wealth of
theoretical and experimental work over the past decade has
revealed that this constitutes a complex task, as the transport
characteristics in single-molecule junctions depend on many
factors: the intrinsic molecular properties, such as their geo-
metrical conformation and length, the nature and details of
the contacts, environment �e.g., temperature, stress, and
UHV�, the energy gap between the highest occupied molecu-
lar orbital �HOMO� and the lowest unoccupied molecular
orbital �LUMO�, and the relative position of this gap to the
contact’s Fermi level. The precise control of all these factors
is usually difficult so that the majority of experiments in
single-molecule transport recur to a statistical treatment.3–9

One important strategy to extract information about single-
molecule junctions from ensemble measurements is that of
“molecular families” in which a systematic variation in a
single element of the junction �e.g., molecular length and
conformation, electronic structure, anchoring group� is care-
fully performed and analyzed �see Ref. 10 and references
therein�.

Despite this sensitivity to several parameters, it seems re-
markable that a general behavior in the transport properties
of a family of molecules exists. Indeed, experiments reveal
that molecular conformation can affect electronic transport.11

Another important example is the observation that the con-
ductance of biphenyl-derived molecules scales linearly with
cos2 �, where � the tilt angle between the two phenyl rings.7

This law follows from an effective �-orbital coupling model
in which the overlap between the two � orbitals, which is
expected to be optimal when the biphenyl is planar ��=0�,

leading to the maximal conductance.12–14 In contrast, when
the rings are rotated relative to each other, which was
achieved by chemically modifying the side groups, the over-
lap between the � orbitals decreases, resulting in the cos2 �
law. This result, which is remarkable since it ultimately sug-
gests that molecular geometry actually governs electronic
transport, has been stimulating a lively debate to elucidate
the role of the substituents and geometry.9,10,14–17

The aim of the present paper is to theoretically investigate
the role of geometry and chirality in molecular junctions
composed of single-wall carbon nanotube-biphenyl
derivative-single-wall carbon nanotube �CNT-BD junction�.
In contrast to previous studies on similar systems �metal-
biphenyl derivative metal�,9,10,14–17 we consider metallic
CNT contacts, i.e., all-organic electrodes constituted by the
same chemical species �carbon� as the molecular bridge.
CNTs have been demonstrated to be an ideal material for
electrodes in single-molecule devices,18–20 as they exhibit
many advantages in comparison to ordinary metallic con-
tacts: they show higher conductivity,21 permit better contact
to organic molecules,20 and reduce the screening of the gate
electric fields due their smaller size.19 In addition, recent
advances in nanofabrication techniques permit a precise con-
trol of the gap size in between the CNT leads,22 which is
crucial in the development of single-molecule junctions.
These reasons have motivated us to investigate electronic
transport in CNT-BD junctions by means of ab initio density-
functional theory calculations coupled with nonequilibrium
Green’s-function �DFT+NEGF� formalism. Using this for-
malism, we show that the conductance in these systems fol-
lows the cos2 � law, as in other studies where nonorganic
metallic contacts were considered,9,10,14–17 provided that the
Fermi level of the contacts lies within the HOMO-LUMO
gap. This result suggests the general applicability of the
cos2 � law, which seems to be robust against the modifica-
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tions of the electrodes structure. We also calculate the geo-
metrical degree of chirality of the whole CNT-BD junction, a
purely geometrical quantity that only depend on the position
of the atoms, to show that it also follows the cos2 � law.
These results indicate that molecular geometry is the major
factor in determining the electronic transport in CNT-BD
junctions.

This paper is organized as follows. In Sec. II we describe
the electronic transport calculations and detail the methodol-
ogy used. Section III is devoted to the main results and dis-
cussions, whereas Sec. IV is reserved for the conclusions.

II. TRANSPORT CALCULATIONS AND
METHODOLOGY

Figure 1 schematically illustrates the system under study:
a single biphenyl molecule as central resistive region bridg-
ing two single-wall CNTs, used as semi-infinite electrodes
with different chemical potentials �reservoirs�. As in previous
works,23 we investigate the electronic transport properties of
the system by means of first-principles calculations based on
DFT coupled with the NEGF method. This methodology has
been demonstrated to be highly reliable in describing elec-
tronic transport properties of single-molecule devices.23–25

The calculations utilize the local-density approximation
�LDA� with norm-conserving pseudopotentials. Several basis
sets were tested but this has not qualitatively modified the
results. To accomplish the self-consistency, the charge den-
sity is obtained by integrating the contributions from scatter-
ing states between the lead’s chemical potentials given by the
Fermi-Dirac distribution. After that, a new charge density is
calculated until the self-consistency is achieved.

In order to characterize the transport properties of indi-
vidual CNTs used as leads, in Fig. 2 the current-voltage �I-V�
characteristics of two capped CNTs, characterized by the Ha-
mada indexes �6,0� and �9,0�, are calculated by means of
DFT+NEGF method as a function of the external bias volt-
age Ve. Figure 2 reveals a typical ohmic, nonresonant behav-
ior, demonstrating that both �6,0� and �9,0� CNTs are metal-
lic, given consistency to our methodology. We have
investigated electronic transport in larger CNTs and no quali-
tative differences from the results shown in Fig. 2 were
found. As a result, these CNTs can be considered as bulklike
and hence adequate to be utilized as leads in a Landauer
transport calculation.

The current calculation is composed of two procedures:
�i� a molecular relaxation of the organic structure is done by

quantum-mechanical methodologies with specific functional
and basis set. To simulate the molecular junction, each opti-
mized molecule, including the carbon atoms of the leads,
was translated into a semi-infinite junction with several car-
bons. The supercell consists of two metallic zigzag carbon
nanotubes as the left and right layers �with 184 atoms� and
the biphenyl bridging them. In the beginning of the calcula-
tion, the molecule is set in a twisted configuration �i.e., with
an initial angle between the phenyl rings ��0� and then is
allowed to freely relax with the application of external bias.
When the external bias is applied, a structural rearrangement
of the whole junction occurs as a result of the optimization
procedure of the ab initio calculation. Therefore there is a
�optimized� molecular configuration and a torsional angle �
for each value of the applied bias. In the calculation, a
double-� plus polarization basis set is used for all carbon
atoms within a LDA. All atoms are relaxed including a very
tight optimization process, resulting in a force field less than
0.11 eV /Å; �ii� using the NEGF formalism, the electronic
current is calculated after molecular relaxation by applying
an external voltage Ve ranging from 0.0 to 0.7 V between the
leads. The current is given by the Landauer-Büttiker
formula,26

I�Ve,�� =
2e

h
�

UL�Ve�

UR�Ve�

T�E,Ve,��dE , �1�

where T�E ,Ve ,�� is the transmission coefficient at energy E,
and UR�Ve� and UL�Ve� are the energies corresponding to the
right and left leads, respectively.

It is known that the issue of band alignment is very im-
portant in single-molecule transport, i.e., the computation of
the current via Eq. �1� depends on the relative position of the
Fermi level of the leads with respect to the frontier molecular
orbitals of the central molecule �in the present case biphe-
nyl�. This is particularly crucial for single molecules attached
to nonorganic electrodes, such as gold. In this case, the use
of DFT to describe the alignment of the Fermi level and the
frontier molecular orbitals is a common source of error in the

FIG. 1. �Color online� Model geometry for DFT+NEGF calcu-
lations consisting of a biphenyl derivative bridging the gap between
single-wall metallic carbon nanotubes.

FIG. 2. �Color online� Current-voltage characteristics of indi-
vidual capped carbon nanotubes used as electrodes, calculated by
means of the DFT coupled with NEGF method. CNTs with Hamada
indexes �6,0� �black diamonds� and �9,0� �open red circles� were
considered.
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calculation of transport properties �see for instance Ref. 27
and references therein�. However, in the present case the
issue of band alignment is less relevant since we consider
organic CNTs as electrodes so that the biphenyl-lead cou-
pling naturally occurs via the chemical bonding between the
regular covalent bond of the biphenyl and the CNTs. From
the chemical point of view, this is the main advantage to
consider an organic electrode, which by the way does not
require the use of a “clip-alligator” molecule to facilitate the
lead-central molecule coupling. In other words, the use of an
organic electrode facilitates the mismatch between the Fermi
level of the leads and the frontier molecular orbitals of the
central molecule.

III. RESULTS AND DISCUSSION

To characterize electronic transport through the junction,
in Fig. 3 the transmission coefficient T�E ,Ve ,�� is computed
by means of ab initio calculations as function of the energy E
for several values of the external bias voltage Ve. It is impor-
tant to emphasize that the application of the external voltage
induces structural changes in the molecular geometry so that
each value of Ve corresponds to a different molecular con-
formation. To understand the transport properties of the junc-
tion, let us consider the coherent transport model based on
molecular levels, energy broadened due the coupling to the
organic electrodes. Within this model, the voltage drops fully
at both CNT-biphenyl contacts. The situation where the
HOMO crosses the Fermi level EF occurs for Ve�0.25 V,
whereas the LUMO crosses the Fermi level for Ve�0.6 V.
These situations correspond to transmission peaks at E�EF
in Fig. 3. Figure 3 reveals that the widths of the resonances
in transmission do not vary significantly as Ve varies, which
means that the couplings between the biphenyl molecule and
the leads are approximately constant as Ve varies. From this
fact and recalling that each value of Ve corresponds to a
distinct molecular geometry, and hence to a different angle �
between the phenyl rings, we conclude that modifications in
the transport properties are mainly due to intramolecular pro-
cesses. Confirming that this conclusion holds is important

before investigating the applicability of the cos2 � law in
CNT-BD junctions.

In Fig. 4 the current I �a�, the conductance G=dI /dV and
the square of the cosine of the angle � between the two
phenyl rings �b�, as well as the level positions of the frontier
molecular orbitals calculated via the NEGF formalism, are
shown as a function of the external bias Ve �c�. Figure 4�c�
allows one to follow the behavior of the position of the
HOMO and LUMO as Ve increases, and hence to investigate
the effects of resonant tunneling within the coherent trans-
port model on the current and conductance, exhibited in Figs.
4�a� and 4�b�, respectively. Notice that at zero bias the Fermi
level of the contacts lies outside the frontier molecular orbit-
als energy gap. From Fig. 4, one can see that there is a strong
correlation between the current, the conductance, and cos2 �.
Indeed, Figs. 4�b� and 4�c� reveal that the conductance is
approximately a linear function of cos2 � when the Fermi
energy sits in between the HOMO-LUMO energy gap, which
occurs for 0.25 V�Ve�0.6 V. This result is in agreement
with experiments7 and ab initio calculations,17 where elec-
tronic transport in single biphenyl junctions was studied with
nonorganic, gold contacts. Therefore, our finding suggests
the cos2 � law has a more general applicability, irrespective
of the type of the contacts. This result is somehow surprising
since it is known that the electronic molecular structure in
single-molecule devices is significantly perturbed by the type
of coupling between the molecule and the electrodes.28,29

However, when the Fermi level approaches either the
HOMO or the LUMO, which occurs for Ve�0.25 and
�0.6 V, the linear relation between the conductance and
cos2 � is lost, a result that again agrees with transport calcu-
lations in biphenyl junctions with nonorganic electrodes.17 It
is interesting to point out that the relation between the con-
ductance �or the transmission coefficient� and cos2 � also
manifests itself in the behavior of the current. Indeed, one
can identify signatures of resonant processes that show up in
the I-V characteristics on molecular geometry: whenever the

FIG. 3. �Color online� Electrical transmission coefficient as a
function of energy for different values of the external applied volt-
age Ve.

FIG. 4. �Color online� �a� Current-voltage characteristics; �b�
conductance �full black triangles�, in units of the conductance quan-
tum G0=2e2 /h, and the square of the cosine between the phenyl
rings cos2 � �open red circles�, multiplied by a constant, as a func-
tion of the external bias Ve. The actual values of � range from 30°
up to 45°; �c� positions of the HOMO �red line�, LUMO �green
line�, and Fermi energy �horizontal black line� as function of Ve.
The vertical blue arrows indicate the positions of resonances.
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HOMO or the LUMO crosses the Fermi level, the behavior
of cos2 � is significantly modified. Since the linear depen-
dence between the transmission coefficient and cos2 � does
not hold for every position of the Fermi level relative to the
HOMO-LUMO gap, and recalling that the current is ob-
tained by integrating the transmission coefficient over the
energies in the Landauer-Büttiker formula �1�, the propor-
tionality between the current and cos2 � does not occur.
However, the correlation between the current and cos2 � re-
mains as a manifestation of the cos2 � law for the conduc-
tance. As an important example where this correlation be-
tween the current and cos2 � comes into play, we identify the
region around Ve�0.6 V, where a negative differential re-
sistance �NDR� �Ref. 30� occurs, i.e., the current decreases as
the bias voltage increases. In fact, one can identify in Fig.
4�b� a strong correlation between the current and molecular
conformation at Ve�0.6 V, where cos2 � exhibits an evident
change in behavior. Hence we conclude that the NDR has its
origin at modifications in molecular conformation. These re-
sults suggest that molecular conformation plays a crucial role
in determining the transport properties of the CNT-BD junc-
tions.

In order to further understand the influence of molecular
geometry on electronic transport, we investigate the geo-
metrical degree of chirality of the molecular junction by cal-
culating the chiral parameter �. �, defined in Refs. 31 to
quantify the degree of chirality of an arbitrary molecule, is a
pseudoscalar that only depends on the atomic positions. The
chiral index � has been shown to be related to physical ob-
servables, such as the pitch of a cholesteric liquid crystal31

and the optical rotatory power.32 More recently, the connec-
tion between � and electronic transport through single mol-
ecules has been established.24 Specifically, it has been dem-
onstrated that � is strongly correlated with the I-V
characteristics of PPV derivatives.24 For molecules com-
posed of a single atomic species, � is defined in Refs. 24 and
31. The definition of other chiral indexes for molecules com-
posed of different atomic species exists and takes into ac-
count different weight functions that reflect the atomic
weight.31 However, for the system under study, CNT-BD
junction, the difference between the values of these indexes
and � is negligible due to the small atomic weight of the
hydrogen relative to the carbon atoms.

In Fig. 5�a� the current I and the chiral index � are exhib-
ited as function of the external bias Ve. As a result of the
application of the external bias voltage Ve, the atomic posi-
tions vary leading to different values of �. It possible to
notice a clear correlation between � and I, which demon-
strates that the connection between � and electronic transport
is not restricted to a specific system, namely, PPV
derivatives24 but seems to be a more general feature in
single-molecule transport. Furthermore, in contrast to our
previous studies,24 here we explicitly include the contacts in
the calculations. This applies not only for transport calcula-
tions but also to the chiral index calculations so that here we
are probing the geometrical degree of chirality of the whole
molecular junction, i.e., � has contributions from both the
biphenyl molecule and the CNT leads. It is important to em-
phasize that the contacts give an important contribution to
the degree of chirality of the whole junction since CNTs have

a well-defined chirality.33 The fact that the purely geometri-
cal parameter � is strongly correlated with the I-V character-
istics of the CNT-BD junction corroborates the previous con-
clusion that molecular conformation is indeed the
preponderant factor in determining the transport properties of
this system.

The connection between the chiral index � and cos2 � is
investigated in Fig. 5�b�, where both � and cos2 � are exhib-
ited as a function of the external bias Ve. Figure 5�b� reveals
that � and cos2 � are proportional for small values of Ve. For
larger Ve, the relation of proportionality is lost but the corre-
lation between � and cos2 � remains evident. The fact that,
on average, � increases as � increases �cos2 � decreases� is
expected since large values of the torsional angle � means
that the molecule has a large out-of-plane component and
hence a larger degree of chirality. This result shows that the
behavior of � is governed by a single parameter: the tor-
sional angle �. The variation in � as Ve increases is mainly a
result of modifications in the geometry of the biphenyl mol-
ecule �i.e., variations in �� since the CNT contacts remain
approximately static as Ve varies, leading to a constant con-
tribution to �. As Ve increases up to Ve�0.45 V, the angle �
increases so that the biphenyl acquires a large out-of-plane
component, and hence to a larger value of �. For some spe-
cific values of Ve, both � and � decreases as Ve increases,
leading to a nonmonotonic behavior. The fact that the chiral
parameter � approximately follows the cos2 � law explains,
in physical grounds, the correlation between � and the cur-
rent. Indeed, �, being only dependent of the angle � between
the two phenyl rings, describes the extent of the overlap
between the � orbitals of the biphenyl molecule, predicted to
follow the cos2 � law.7

IV. CONCLUSIONS

In conclusion, we have investigated the influence of mo-
lecular conformation on the electronic transport properties of
an all-organic molecular junction composed of a biphenyl
molecule attached to metallic carbon nanotubes as contacts.
By means of first-principles calculations, we have found a

FIG. 5. �Color online� �a� Current �open black diamonds� and
chiral parameter � �full blue squares� as a function of the external
applied voltage Ve. �b� Cosine squared of the angle between the two
phenyl rings cos2 � �open red circles� and −� as a function of Ve.
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linear dependence of the conductance of the system on
cos2 �, with � the angle of twist between the two phenyl
rings, provided the Fermi level of the contacts is located
inside the frontier molecular orbitals energy gap. However,
in the vicinities of resonances, i.e., when the Fermi level
approaches either the HOMO or the LUMO states, the cos2 �
law is lost. This result, which agrees with previous theoreti-
cal calculations17 and experiments7 where electronic trans-
port in single biphenyl molecules attached to nonorganic me-
tallic electrodes is investigated, suggests that the cos2 � law
has a more general validity since it applies even if the nature
of the contacts is modified. Furthermore, we have calculated
a geometrical chiral parameter �, which only depends on the
atomic positions, and demonstrate that it is not only propor-
tional to cos2 � but also is strongly correlated with the cur-
rent through the junction. This finding indicates that the cor-

relation between the electronic current and �, recently
established for PPV derivatives,24 also constitutes a more
general result in single-molecule transport. In contrast to our
previous work,24 here we have explicitly considered the con-
tacts in the calculations. This result, together with the depen-
dence of the conductance on cos2 �, demonstrates that mo-
lecular conformation is the preponderant factor that governs
the electronic properties in single biphenyl molecular junc-
tions with carbon nanotubes electrodes.
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