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Abstract. In structured or self-organized materials spatial confinement effects lead
to structure- and interface-controlled modifications of the bulk transport proper-
ties. In part, such modifications can be accounted for by a classical master equation
approach for the transport of the different charge carrier species. The rather large
quantity of parameters, which enter such an approach, can more or less easily be
adjusted to the dimensional characteristics, local potential changes at interfaces,
and the electronic settings of the system as well as to temperature effects. On the
other hand, a microscopically more detailed and mostly parameter-free picture
is obtained from a quantum-mechanical treatment on the basis of the density-
functional theory. An extension by a Green’s function formalism allows the deter-
mination and analysis of electronic transport through contacted nanostructures.
Examples will be given to demonstrate the applicability of the different approaches
for dissipative and hopping transport through a regular array of nanostructures,
for a mechanically triggered metal-insulator transition in nanowires, and for the
enhanced conductivity at multiferroic domain walls.

1 Introduction

Recent achievements in experimental techniques for the targeted preparation, analysis and
manipulation of nanoscale elements for functional devices have inspired both experimental and
theoretical efforts to quantify the electronic transport through junctions of nanometer-sized
dimensions and to study the integration of such systems into larger units. Such a complex task
requires modeling at length scales which range from picometer resolution for the calculation
of basic electronic properties by first-principles and ab-initio methods up to the simulation
of complete and operating devices by classical rate equation approaches for transport on the
micrometer scale.
For simple and uniform systems a large variety of theoretical methods has been established

to study the transport microscopically. To name a few examples – an analysis of the band dis-
persion and the density of electronic states obtained by density-functional calculations (DFT)
yields insight in the propensity of nanowires or tubes towards ballistic conductance [1–6] and
the changes introduced by defects [7–10], dopants [11–14], and alloying [15–18] or in the extrin-
sic conductivity induced in semiconductors by electrically, even magnetically active dopants,
[10,13,19–22] and density-functional perturbation theory may be employed to calculate local
polarizations which give rise to electronically active space charge regions [23–34]. The single-
particle orbitals obtained by such an approach may further be introduced into a Landauer-type
expression for the conductivity in terms of a matrix Green’s function (GF) [21,35–41], and
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a more sophisticated treatment allows the calculation of current and conductivity by non-
equilibrium GF employing molecular states [42–73]. Also spin transport has been addressed
successfully within that framework. Recent examples for that include the modification of elec-
tronic transport in wires by magnetic impurities [4,35,37,38] or the spin filter effect of metallic
nanowires or interfaces [74–78]. Even correlation effects for conduction at interfaces have been
included either in a mean-field manner [79,80] or by employing correlated molecular states with
a multireference or a scattering approach to transport [81–83] or into quantum master equations
(MEs, for a thorough comparison with the density-functional-derived methods, see ref. [83]).
Common to all these approaches is their high level of detail, which impedes the routine study
of all but small or perfectly periodic systems.
For this reason, the study of transport in larger and more realistic, still nanostructured de-

vices relies on simulations with simplified models, which employ a set of device-specific material
parameters. Classical analytical approaches allow the simulation of device characteristics in the
ballistic conductance regime [84,85], or the derivation of ballistic correction terms for model-
ing conductors with disorder-driven weak electron localization [86,87]. For systems perturbed
by a more pronounced structural flexibility or in more strongly disordered, doped or defective
conductors, electronic transport may switch from an ideally loss-less ballistic regime conveyed
by delocalized states to a tunneling transport between strongly localized states [88–90]. Tran-
sitions of Kosterless-Thouless [91] Wigner [92,93] or Anderson-type [89,94–97], have recently
been reported, and evidence was given that the transition type can also vary with changing
structural features of investigated system [93,98]. If the degree of perturbation or its dimen-
sionality can be smoothly adjusted, also intermediate transport regimes may be achieved and
described by e.g. assuming diffusive transport [22,99] or by variable-range hopping simulations
[100,101] and numerical investigations on the transition between such regimes [102–104]. For
benchmarking a numerical formalism, however, a more uniform reference system is suited better,
thus the present review will focus only on the limiting cases, the ballistic conductance intro-
duced above and the tunneling transport between localized states. Especially approaches for the
strongly localized regime have been shown to contribute significantly to a better understanding
of electronic conductance through arrays of quantum dots [105–111] ordered molecule arrays
with spatially separated local electronic states [112–115] or along molecules with electronically
separated fragments [116–120] and even more extended junction geometries with bound and
quasi-bound states [40,121–125]. Transport through such a series of localized states may be
achieved by electron tunneling as basic process of the so-called ’hopping’ conductance, a con-
cept, which was first introduced to descibe the transport of charge carriers between electrically
active defect sites in an insulator [126]. Simplified tight-binding GF schemes have, for instance,
been invoked to separate the different hopping processes that contribute to electron transfer
along DNA strands [127–132] or to investigate electronic and thermal conductance through
self-assembled layers of organic molecules [114,115]. In the classical limit, balance equations
can be employed to simulate transport through localized states provided that the mobility law
is given by experiment [133,134].
For analytical as well as applicative purposes such nanostructured elements have to be in-

corporated into a larger setup via contacts, through which a bias can be applied. Especially in
molecular electronics, where the interfaces between molecule and leads comprise a large part of
the device, the contact issue is decisive, hence it has incited numerous investigations, recently
[135–144]. Figure 1 depicts the typical setup encountered in such investigations. If the cen-
tral, nano-sized part of the structure may be regarded as a more meso-scale ’black-box’ device
with given current-voltage characteristics and bias dependence of the transport, then a stan-
dard continuum approach is very well capable of simulating the electrical behavior of a more
complex circuitry. However, if the central structure becomes a nanoscale object, quantum-size
effects come into play and a quantum mechanical treatment is required to treat the influence of
such effects on the carrier transport properly. And finally, the presence of the interfaces created
upon contacting may again substantially alter the properties of the whole device. Only if the
contacts were electronically ’transparent’, the transport would ideally be determined by the
internal electronic structure of the central region. In realistic systems, however, the contact has
a specific atomistic and electronic structure, which deviates from both the bulk properties
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Fig. 1. Schematic representation of a nano-sized electronically active element embedded in a large-
scale circuitry. Gray shaded areas in the diagram indicate the crossover between regions which require
quantum mechanical or continuum theoretical treatment. Special focus is on the contact region, which
requires a microscopic and quantum-based treatment if the contact is not ideally electronically trans-
parent.

of the lead material and the local cluster or molecular properties of the gateable central
structure.
A single technique is hence not capable of describing all aspects appropriately, thus a strin-

gent multi-scale treatment is required, which accounts for transport across the contact interfaces
and along larger unperturbed patches with equal accuracy. Recent progress for e.g. simulating
thermal or electronic conductance across a sequence of different materials within a nanostruc-
tured transistor [145–148] underlines the viability of multi-scale, especially parameter-transfer-
based methods to phenomena determined by the presence of interfaces.
The present contribution aims at showing how such a simulation scheme can be realized for

the simulation of electronic conductivity by suitably interfacing established theoretical meth-
ods. First-principles calculations with high spatial resolution are the established first choice
to elucidate the changes of the local electronic and magnetic structure at metal-metal, metal-
semiconductor or metal-insulator interfaces. Parameters obtained from such calculations, e.g.
of the central part and the contact region indicated in Fig. 1 may then be inserted into a more
approximate microscopic ansatz or into a classical formulation for the leads. In this way, quite
sophisticated, realistic multilayer systems can be treated theoretically by balance equations and
subjected to different operating conditions, including external electric fields.
The present contribution is structured as follows: an overview of different charge transfer

mechanisms is given in Section 2, quantum-mechanics-based and classical methods for the
different conduction types are introduced in more detail in sections 3 and 4 along with the
combination to a quantum-mechanics-based classical description of transport in an organic
field-effect transistor with ferroelectric gating, and open questions and challenges are discussed
in the final section.

2 Mechanisms of electron transfer

Early theoretical studies focused on the electron redistribution which occurs within a confined
system upon excitation of an intrinsic electron from an occupied to an unoccupied level or upon
extrinsically triggered changes of the total electron number during redox processes. Such per-
turbations of the ground state electronic structure are followed by a relaxation of the electron
system, and it has been controversially discussed, which type of pathway is favored during the in-
volved charge redistributions (for a recent comparative study see e.g. ref. [149] and refs. within).
Both experimental and theoretical efforts focused on synthesizing and characterizing molecular
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Fig. 2. Schematic representation of the structural and electronic characteristics of the four trans-
port mechanisms discussed in the present manuscript: (a) ballistic, (b) dopant- and/or defect-induced,
(c) hopping, and (d) shuttling transport. The upper part of the panels sketches prototypical geometries
of nanoscale objects, which exhibit the specific conduction mechanism, the lower part visualizes the
electron level structure as a function of the reciprocal space vector k. States actively involved in the
specific conduction mechanism are denoted by black lines, other states are dark grey. For the abscissa k
is chosen here, because it reflects the degree of spatial localization of the electronic states. Metallic (a)
and semiconducting (b) materials have delocalized states with noticeable dispersion, whereas the sepa-
rate molecules or molecular fragments in (c) and (d) contain strongly localized ones (states which stem
from adjacent molecules are distinguished by solid and broken lines). In case (d) the vibration-induced
broadening of the electronic levels is indicated by giving shaded areas instead of sharp levels.

test systems which allow for a competition of electron transfer “through bond” and “through
space”. This concept distinguishes intramolecular interactions into those determined by a di-
rect spatial overlap of the two involved local fragment orbitals (“through space”) and those
where the no direct overlap is possible. In the latter case the interaction is transferred ”though
bond” via delocalization over the orbitals of intermediate fragments and can overcome quite
considerable distances [150,151].
A prominent example is the enzymatic repair of DNA strands damaged by UV irradiation,

which attracted widespread attention over the last two decades. Early investigations invoked
qualitative linear energy transfer considerations with simplifying model parameters [152] or
structurally based similarity measures [153] to determine the probability to form non-Watson-
Crick base pairs. Later, extensive studies by semiempirical quantum mechanics [154,155], by
density-functional theory [156,157], or by combined ab-initio and molecular mechanics cal-
culations [158–161] yielded insight in the underlying orbital structure, which leads to light-
induced dimerization of bases and in the electron transfer required to break, i.e. ‘repair’ such
defects. Recent investigations, which focus on the transfer properties of DNA, employ multi-
scale approaches, e.g. to quantify key transfer steps by coupling quantum mechanics for the
electronically active region to molecular modeling with empirical potentials for the chemical
environment [162], or to include thermal effects on the transport in Monte-Carlo simulations to
apply Marcus’ theory on a set of structures obtained from molecular dynamics [163]. As such
intramolecular excitation-relaxation processes are out of the scope of the present discussion the
reader is referred to recent review articles [164,165] for more details on the theoretical descrip-
tion.
For systems subjected to an external electric bias the through-space-through-bond concept

of intramolecular electron transfer must be generalized to the presence and dynamics of exter-
nal charge carriers. Following standard classification schemes, four major transport mechanisms
may be distinguished and arranged in increasing order of spatial electron localization: Conduc-
tion may be of (a) ballistic, (b) dopant- or defect-induced, (c) hopping or (d) shuttling type.
The upper row of Fig. 2 depicts schematically the dominating mechanisms which determine the
transfer pathway, the lower panels sketch the corresponding electronic structure.



Advances in the Multi-Scale Computational Design of Condensed Matter Interfaces 87

In systems with ideal metallic conductivity, sketched here as wire structure in panel (a),
electrons may be transferred in a loss-less manner if the length of the structure is less than
the mean free path for electrons. As the material-dependent values of the mean free path may
range up to tens or hundreds of Ångstrom, nanostructured materials meet the geometric cri-
terion for ballistic conductance. The electronic structure of such systems is characterized by
energy bands with a more or less ideally parabolic dispersion in reciprocal (k) space (in an
ideal free electron gas the band dispersion is parabolic, because in the absence of a confining or
scattering potential only the kinetic energy term k2 remains). In a metal, one or more bands in-
tersect the Fermi level, EF, as indicated by the circle in panel (a). Such bands are only partially
occupied by electrons (below EF) and mediate the intrinsic metallic mobility within or along
the nanostructure. Here, structural defects, compositional imperfections or strains, which may
occur close to the contacts to external wiring during the integration into a larger structure very
likely provide additional scattering centers. Hence, such deviations from the ideal geometry will
usually reduce the electron mean free path, and be detrimental for ballistic transport. Another
aspect is that the conductance properties of the macroscopic leads may dominate the transport
observed across the device, especially for metallic wires or tubes. This effect is less pronounced
in molecular electronics, where a single molecule or cluster with well-defined, dispersion-free
electronic states is bonded to metallic contacts (see Fig. 1), e.g. in a break junction geometry.
Typical molecular dimensions are below the mean free path in classical metals, but above dis-
tances which can be overcome significantly by Fowler-Nordheim tunneling. Therefore, modeling
strategies for case (a) are also applicable to several challenges in molecular electronics.
Semiconductors have a small energy gap between occupied and unoccupied electronic states,

hence they can also exhibit intrinsic electronic transport, if electrons are excited from the va-
lence band (dark grey lines below EF) to the conduction band (dark grey lines above EF). This
effect can greatly be enhanced by electronically active dopants which provide additional states
within the band gap (dark lines). In contrast to the states of the host crystal, such dopant
levels are more strongly localized in the vicinity of the dopant atom, thus they have no or little
dispersion. In doped semiconductors, both electrons and holes can contribute to the conduc-
tion. Electron-rich atoms with filled levels, that are energetically close to the conduction band
can donate such electrons into the conduction band. In this way the electrons formerly local-
ized on the dopant enters the delocalized states of the conduction band and provide a current
of negatively charged carriers (n-type doping). In an analogous form, positive charge carriers,
holes, are introduced into the valence band, if an electron-poor dopant can localize electrons,
that formerly occupied delocalized states of the semiconductor (p-type doping). In contrast to
case (a), local structural defects such as the dopants enhance the conductivity. Nevertheless,
integration into larger devices with metallic leads is also not trivial, because the work functions
and the positions of the Fermi levels in device and lead have to match. Furthermore, binary or
ternary phases may be formed if the interface is reactive, and the transport is then modified
by the electronic properties of the additional phase.
A hopping- or tunneling-type conductivity can be achieved for rather close-packed arrays

of systems with localized electronic states, separated by a moderate tunnel barrier. For the
present discussion, which focuses on the integration of flexible molecules into organic-inorganic
devices, panel (c) is limited to a regular, parallel arrangement of π-stacked aromatic molecules,
but similar arguments hold also for transport through series of clusters, particles or embedded
quantum well structures. In the off state of such an arrangement, all levels are energetically
degenerate, but spatially separated. Panel (c) visualizes a simplified case with levels from only
two molecules, denoted by solid and dashed lines. Without an external potential difference a
weak intrinsic carrier density may be achieved, e.g. by illumination of dye compounds. After
photoexcitation of an electron from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) the electron most probably recombines with the
hole in the HOMO. The carriers may, however, also tunnel to adjacent molecules and contribute
to a photocurrent. As in doped semiconductors, the mobile carriers can be of both electron- and
hole-type. If an external bias is applied, the molecular levels are shifted with respect to each
other and photoinduced electrons and holes tunnel in different directions. Typically different
mobilities are obtained for electrons and holes, because already the spatial overlap between
HOMO states is different from the one of the LUMO states, thus also the tunnel barriers differ.
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Commonly, however, carriers that are are transported along the level cascade have been injected
by applying a bias voltage at external electrodes, thus the interactions at the contact between
the organic film and the metal electrode must be appropriately included into the modeling
approach. As two different material types are interfaced at the contact, the tunneling scheme
outlined above for the transport within the organic layer must be augmented. In addition to the
spatial overlap discussed above, the height of the tunnel barrier is refined by two factors: First,
the relative position of the Fermi level at the electrode surface and of the molecular HOMO
and LUMO states determines the majority carrier species, because the injection barrier is lower
into the state with the smaller potential difference with respect to the Fermi level. Second,
if the molecule adjacent to the electrode is charged, an image charge of opposite sign can be
induced in the metal which stabilizes the injected charge and smoothes the injection barrier.
As both factors are decisive for the transport characteristics, as well as for the (desired) car-
rier recombination in more complex organic light emitting diodes, modeling schemes for such
devices typically include according terms.
Finally, case (d) combines electronic and thermal aspects in shuttling transport, which has

to be investigated especially for flexible organic film devices. As in case (c) the underlying trans-
port mechanism is tunneling between adjacent confined, dispersion-less electronic states and
depends on the tunneling probability. For regularly arranged arrays of molecules the thermally
induced molecular vibrations do not modify the mean intermolecular distance. Yet, the tunnel-
ing probability depends non-linearly on the intermolecular distance, thus on average over all
thermally activated configurations the mean tunneling probability increases [166]. In addition,
the geometry changes induced by the thermal vibrations lead to shifts of the molecular electron
levels. Averaging over all configurations, a broadening of the otherwise sharp electronic levels
is obtained and indicated by the shaded areas in the lower part of panel (d). In this simplified
picture, the effect of thermal vibrations on the overall electronic structure of the film resembles
the broadening of the electron density of states by the k dispersion in metals or semiconductors.
Note, however, that case (d) is based on a volume effect and is caused by a superposition of sys-
tems, which differ geometrically in real space, but still have strongly confined electronic levels.
With regard to contacts with external wiring the same aspects as in case (c) are important. As
(d) couples electronic and thermal transport, additional terms must be added, which account
for structural and vibrational asymmetries and match the phonon properties of both materials
in addition to the electronic ones. For instance, instead of applying a bias voltage, also a tem-
perature gradient can trigger a directed thermocurrent or a diode behavior. The classification
in cases (a) to (d) focuses strongly on the locality or non-locality of the electronic states and
reflects the degree of structural order within the electronically active part of the system only in
part. Therefore, a two-dimensional (2D) representation is introduced in Fig. 3, which allows for
a better correlation of transport mechanism and electronic and structural settings. Panel (a) of
Fig. 3 sketches the dependence between a the system uniformity as geometric parameter, the
degree of carrier localization as electronic parameter, and the different conductivity types. The
electron localization has been discussed already in the context of the four different mechanisms,
but the definition of a uniformity parameter requires some attention.
In continuous nanostructures, such as wires or tubes, a uniformity value of 1 corresponds to

systems with a well-defined, often bulk-like local coordination of the atoms, whereas systems
with low uniformity exhibit a variety of different bond lengths and angles. For quantification the
width of the signals in the radial distribution function can be chosen. For regular, self-assembled
arrays of molecules, uniformity regards the spacing between adjacent molecules, their relative
orientation and their orientation with respect to a substrate material. Deviations from ideal
uniformity occur for molecules with low internal symmetry, which have many geometric degrees
of freedom during nucleation and growth of the film. The extreme case are liquid crystalline
layers with long-range order, but short-range conformational disorder. Template effects by the
substrate enhance uniformity, but low uniformity results if the substrate provides binding sites
at a distance, which is incommensurate with the intermolecular spacing or if several suitable
binding sites are present on the substrate surface. Uniformity in such systems may be quanti-
fied either by direct imaging techniques, or, in larger regular patches by measuring broadening
effects in electron diffraction or vibrational spectra.
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Fig. 3. Alternative 2D classification scheme for the transport mechanisms, geometrical features and
simulation methods according to the degree of electron localization and structural (dis-)order. Panel
(a) shows, where the different conduction mechanisms are located in this 2D graph; panel (b) depicts
the implications for the system geometries and panel (c) describes, which of the simulation techniques
introduced above is suited for which combination of electron localization and structural disorder.

Following the discussion of the four mechanisms, the electron localization increases from case
(a) to case (d), hence ballistic, dopant-induced, hopping and shuttling transport are arranged
from bottom to top. In real systems, cases (c) and (d) will overlap more strongly than indicated
here, but in principle the shuttling-enhanced tunneling probability can enable transport also in
systems with less spatial overlap than in classical hopping, case (c). Deviations from a uniform
system structure are detrimental for (a) ballistic and (c) hopping conductance. In contrast,
defect-induced electronic transport (b) relies on static structural imperfections, and shuttling
(d) requires dynamic structure changes. Therefore, (a) and (c) occur towards the right part of
the diagram, whereas (b) and (d) more on the left side.
The central panel of Fig. 3 visualizes simplified prototype structures. The structural unifor-

mity is expressed by the relative size and alignment of the circular or ellipsoidal nano-objects,
the electronic uniformity is coded by the depth of the greyscale, and the electron localization
is depicted by color gradient and the width and overlap of the ellipsoids. Comparing panels
(a) and (b) there remain prototype structures, the conductance properties of which are not
covered by one of the mechanisms (a) to (d). In those cases the two nearest mechanisms both
contribute have to be considered, and one arrives at a mixed conductance regime. Other pos-
sibilities include transport pathways which are not discussed here; superconductivity or ionic
transport are two prominent examples.
The right panel gives a schematic overview of the methods introduced in the initial section

and how they are ideally applied to the different transport regimes. In systems with an intrin-
sic band-based ballistic (a) or doping-enhanced (b) conductance a detailed knowledge of the
particular electronic structure given by first-principles calculations provides the most precise
insight, hence methods such as the DFT are best applicable there. As such approaches are free
of material-specific parameters they are ideally suited to model the influence of dopants on the
local atomistic and electronic structure. Likewise, they allow to identify interface-specific elec-
tronic states, image charge contributions and structural and chemical stabilities at the contact
with the external leads. Supercells with appropriate interface model structures typically range
up some hundred atoms, therefore very complex geometries and non-uniform have to be treated
in separate calculations. Thus, the keyword DFT is located more in the lower right corner of
the diagram.
Extensions to the transport properties by non-equilibrium Green’s functions (NEGF) have

been successfully applied to wires, but also to molecular electronics systems, where a single
molecule with local electronic states is contacted by metallic leads. As the method is compu-
tationally more demanding than ground-state DFT, a higher system uniformity is required to
keep the structure model small. Therefore, the corresponding entry is placed at the right border
of the diagram.
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The localized nature of molecular orbitals is ideally reflected in a tight-binding scheme. As
DFT itself such approaches as the density-functional-based tight-binding are free of material-
specific information derived from experimental data. The interaction parameters which enter
such a scheme are stringently calculated from first principles. Nevertheless, the concomi-
tant focus on the physics and chemistry of the valence electrons reduces the numerical
effort considerably. In conjunction with specific algorithms for sparse matrix operations modern
tight-binding schemes allow the treatment of larger and less uniform systems of up to several
thousands of atoms with higher computational efficiency than full DFT. Even larger systems
may be addressed in simplified tight-binding schemes with material-independent parameters,
which provide the bridge to a classical treatment with effective Hamiltonians. Thus, tight-
binding and extensions by the NEGF technique provide a valuable tool to study the transport
in structurally more complex and electronically more localized systems than full DFT. The
corresponding entry in the right panel of Fig. 3 is therefore placed towards the center of the
diagram.
For larger and more disperse systems not each detail of the electronic structure will be of

significance for the transport through the whole structure. Effective Hamiltonians neglect the
particularities of the electronic structure and grasp only the relevant physical effects, hence
they are ideally suited to model such situations in a qualitative manner. For experimentally
well characterized setups, the model parameters can even be refined to reproduce the mea-
surement. Alternatively, interaction, injection and tunneling parameters can be calculated from
first principles in a similar way as the interaction parameters which enter the DF-based tight-
binding scheme. In this way, effective Hamiltonian approaches help to close the size gap between
nano-scale electronic structure methods and macro-scale electronics.

3 Quantum modelling – Ballistic, defect-induced and hopping conduction

Quantum-mechanical calculations are central to all investigations of electronic transport, in
which nano-scale processes are of interest. Nano-scale in that context addresses both the specific
length of the object under study and the time-scale on which the transport-relevant processes
take place. For instance, for light to induce a photo current through a stack of molecules, the
excited state must be long-lived enough to provide the possibility for the carriers to tunnel
away along the chain of molecules or of otherwise localized states.
Figure 4 visualizes the different boundary condition settings one meets in a quantum-

mechanical treatment of transport. Already a detailed knowledge of the ground state electronic
levels within the electrically active part helps to identify spatially and energetically matching
states. Panel (a) of Fig. 4 visualizes this simplest approach, which employs either the whole
active element or a periodically repeated unit cell. For determining transport, contacts are intro-
duced, and their influence on the stability and the electronic states at the interface of the initial
state prior to transport can be calculated straightforwardly within a confined model system,
which may be periodically repeated in a supercell approach, see panel (b). First investigations
on the conductance properties of wires or tubes with the Landauer formula were based on re-
sults from such mean-field calculations, mostly DFT. Under the assumption of non-interacting
electrons the conductance is obtained from [167,168]:

G =
2e2

h

∑
kεR′
Tk =

2e2

h

∑
kεR′

(
1

Ik

∑
k′εR′

Ik′ |tkk′ |2
)
. (1)

There, the conductance G is calculated as sum over the transfer coefficients Tk per channel k,
which can contribute to the transport. The values of Tk are calculated by summing the proba-
bility currents Ik′ of the involved states k

′, weighted by the square of the states’ contribution
to k, tkk′ , over all involved states k

′. It was shown that all these quantities can be reexpressed
in terms of ground states properties calculated with density-functional band-structure calcu-
lations in a pseudopotential formalism [168]. Modeling the system under transport conditions,
however, implies that the structure can be subjected to an external bias. In that case, the two
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Fig. 4. Common boundary conditions for the quantum-based investigation of transport properties of
nanostructures. Panel (a) depicts the molecular, cluster or repeated unit cell model structure usually
employed in a ground-state study of the properties in the absence of an external bias. The additional
interactions at the contact with the external wiring are covered in supercell or superstructure models
of type (b). Boundary conditions which support the application of an external bias along the structure
are of ring type (c) or, more commonly, base on a semi-infinite formulation for the contact material, as
shown in panel (d).

contacts experience a potential difference, hence a periodic structure model such as (a) or (b) is
not consistent with the electric boundary conditions. A ring-type geometry as shown in panel
(c) has recently been suggested in a master equations approach. There, the potential difference
applied to the central nanostructure has to be compensated by a reverse potential step within
the larger metallic part, and with increasing ring size, the potential gradient within the metal
becomes smaller and smaller. The standard solution, however, which is mostly applied in mole-
cular electronics is to divide the metallic part into the explicitly treated contact region and a
semi-infinite bulk part as indicated in panel (d). Such a setting allows to calculate the current
J through the structure under applied bias in a non-equilibrium Green’s function formulation
for interacting electrons in the central part of the structure [169]:

J =
ie

2h

∫
dε
(
tr([fL(ε)Γ

L − fR(ε)ΓR](Gr −Ga)) + tr([ΓL − ΓR]G<)
)
. (2)

There, fL(ε) and fR(ε) are the Fermi-Dirac distribution functions in the left (L) and right (R)
leads and ΓL/R are the transition rates between central structure and left/right leads. Ga, Gr,
and G< are the advanced, retarded and lesser GFs, which reflect the bias voltage dependence
of the electronic states of the central structure and the associated current. In equilibrium the
two leads are at equal (chemical) potential with fL(ε) = fR(ε) = feq.(ε). In that case the lesser
GF for transport in the central part reduces to G< = −feq.(ε)(Gr −Ga), i.e. there is no zero
current.
As Eq. (2) is quite complex, simplifications have been derived under the assumption of

symmetric leads and/or of non-interacting electrons within the central structure. One thus
arrives at Dyson equations to calculate G<, Ga, and Gr in the intermediate region. With the
resulting expressions, the current can be formulated in a more compact form as

J =
e

h

∫
dε[fL(ε)− fR(ε)]tr(GaΓRGrΓL), (3)

where the transition rates can be calculated from the hopping matrix between lead and central
structure and the surface GF of the lead. A more detailed description of this procedure is given,
e.g. in Ref. [170]. The present formalism and variants of it have been implemented in several
quantum mechanical codes [60,144,171] and applied to systems ranging from metallic wires to
arrays of π−stacked molecules. The number of investigated systems has increased tremendously
in recent years, hence the present review can not cover all relevant literature, but rather focuses
on a selection of investigations.
Since the observation of reproducible conductance jumps in mechanically controllable break

junction experiments [172] nanoscale noble metal wires and point contacts have attracted nu-
merous theoretical investigations to elucidate the correlation of structural, electronic and con-
ductance properties. A strong dependence of the atomistic structure of gold nanowires on the
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Fig. 5. Deformation modes exerted on nanowires as nano-scale leads for addressing devices on
nanoscopic length scales. (a) Tensile stress induces thinning, (b) bending beyond a critical radius
of curvature, R′, leads to local atomic relaxations. Torsional strain, (c) is more complex as it can lead
either to local or overall relaxations in addition to thinning or to switching between local minima of a
structure if the torsion is commensurate with the structure.

preparation conditions could be attributed to strain states within the wire [175]. Chiral struc-
tures are obtained for gold, if the preparation conditions set the wires under tensile stress;
otherwise, non-chiral, bulk-like structures are preferred [6]. Thus, also the vibrational proper-
ties deviate from the ones of bulk gold [176]. As the observed chiral structures are only local
minima on the energy hypersurface, further thinning to monoatomic chains occurs [177]. For
such monoatomic wires, observed deviations from the ideally quantized conductance could be
correlated with an inhomogeneous distribution of bond lengths [178].
A synopsis of early work on the thinnest, monoatomic wires is given in ref. [179]. In ex-

cellent agreement with experimental in-situ transmission electron microscope measurements
recent ground-state DFT calculations have shown that the crossover between quantized and
continuum conductance sets on beyond a conductance of 10 G0, where G0 is the conductance
quantum [1]. As the noble metals are non-magnetic, magnetic impurities have been introduced
and the influence on the conductance properties were investigated. Landauer-type calculations
find that the frozen spin conductance is slightly reduced if a nickel atom resides on a bridge
position between two gold atoms, while a substitutional nickel atom does not influence the ideal
conductance of gold [35]. Doping gold nanowires with other noble or near-noble metals such as
silver or palladium allows tailoring the conductance properties of the gold wires, because the
lower d electron density of the 4d metals reduces the tendency of gold towards surface crowding
and reduces the internal stresses within the wire [17]. Via the structure-conductance relation-
ship described above, the desired number of conductance channels can be settled. In this way,
gold and other noble or near-noble metals can be employed either as functional element by
itself or as nanoscale wiring for contacting other, e.g. molecular electronics setups.
In this context, the correlation between the number and symmetry of the conductance

channels in gold nanowires and the strain state of the wire has inspired further studies on
the influence of various deformations on the current transmitted through nanowires. A second
motivation was provided by theoretical findings that conformation changes lead to significant
conductance modifications in molecular electronics [184]. Figure 5 visualizes the geometries
which may be encountered when thin metallic wires are employed for contacting other struc-
tures such as carbon nanotubes, semiconductor nanowires or electronically or optically active
molecules. Tensile strain, depicted in panel (a), leads to wire thinning, as discussed above, and
finally to rupture. Wires from ductile materials may also be bent up to a critical curvature
quantified by the radius R′ as indicated in panel (b) before major atom displacements or recon-
structions occur [47]. Finally, such wires may also experience a torsional deformation (c), which
is usually quantified by a critical torsion angle per unit length, see e.g. [173,174]. All these
deformations have recently been studied for wires of another metallic conductor, the binary
compound molybdenum sulfide. As shown by scanning tunneling spectroscopy in conjunction
with DFT calculations, chains made of (Mo3S3)∞ exhibit electronic states at the Fermi level,
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which give rise to metallic bonding [180]. The wires consist of a core of alternatingly stacked
molybdenum triangles, which is surrounded by a shell of sulfur atoms. By DFT calculations the
metallic states could be assigned to the metal core, whereas the sulfide shell is insulating. Thus,
cross-talk between adjacent wires is hindered, because the inter-wire contacts are purely sulfur-
based. As the structures observed by the scanning probe technique indicated a high flexibility
of the wires, identified as (Mo3S3)∞, the deformations and their influence on the conductivity
were investigated by DFT-based transport calculations with the NEGF method. As long as
the elastic regime is maintained, bending does not change the metallic conductance of the wire.
Already weak torsional deformations α/L of a few degrees per nm, however, lead to a reversible,
structure-induced metal-insulator transition. An analysis of the band structure revealed that
the effect is based on the symmetry reduction, which occurs during the torsion. Due to the loss
of the mirror symmetry along the wire formerly crossing states of different symmetry fall into
the same symmetry class in the distorted wire. The resulting forbidden crossing opens up a
band gap of several tenths of an eV and switches the wire to a non-metallic state [47].
When such structures are contacted by gold nano-electrodes, the contact resistance can dom-

inate the conductance properties. For instance, for electron transport in single- and double-wall
CNTs contacted by metallic electrodes NEGF-Landauer calculations show that the symmetry
of the contact region may induce blocking of a transport channel. For double-wall CNTs with
both inner and outer shells being metallic, non-diagonal self energy contributions from the elec-
trodes were obtained, which induce channel mixing. Hence, a simple addition of the individual
shell conductances does not provide a realistic simulation of the experimentally observed cur-
rent [181]. When molybdenum sulfide wires or wire segments are contacted by gold electrodes,
however, no loss of conductance is obtained in NEGF-DFT calculations. The reason is a task
sharing between molybdenum and sulfur atoms at the contact to gold. The sulfur atoms anchor
the wire at some of the gold atoms on the surface of the electrode, whereas the central molybde-
num core continues the gold wire structure and accounts for the metallic conductance. Contrary
to systems from molecular electronics, where the contact has to accomplish both bonding and
conductance, the current-carrying molybdenum levels are not affected by bonding to the elec-
trode. As a consequence, the wire-electrode contact is almost ideally electron transparent [182].
The NEGF-DFT method has also been applied to systems with π-stacked aromatic mole-

cules interfaced by two metal electrodes as indicated in Fig. 6 [185]. In such a geometry, no
directed bonding between the molecules and the leads occurs, therefore there are no channels
for ballistic carrier transfer. Instead, carrier injection occurs over a barrier, which comprises the
potential step between the Fermi level of the lead and the involved molecular level, the image
charge interaction induced in the polarizable metal by carriers localized on the first molecule(s)
and the Coulomb repulsion, which blocks the transfer of like-charged carriers onto the same
molecule. As decribed in Section 2 further transport occurs by tunneling or hopping of the
carriers between the molecules, mediated by overlapping π states. Zero-bias calculations for the
simplest test case, a benzene stack between two gold electrodes, indicate that the conductance
decreases exponentially with increasing inter-electrode and inter-molecular spacings [166]. The
same trends have recently been calculated for stacked oligothiophene molecules [113].
High-level, correlated ab-initio calculations on benzene oligomers have, moreover given

evidence that the π-stacking interaction is short-ranged and limited to adjacent molecules
[183]. Therefore, also simplified tight-binding approaches with hopping and on-site parame-
ters from first-principles calculations have been successfully employed to describe electron and
hole transport through π stacks of more complex organic molecules such as N-trimethyltriindole,
a new p-type organic semiconductor, which grows with columnar order [186]. Internal reorga-
nization energies within the stack and transfer integrals were estimated by gradient-corrected
DFT calculations. As the HOMO energy coincides with the work function of gold (5.1 eV), the
hole injection barrier is low and a high hole mobility of 0.4 cm2 V−1 s−1 is obtained in very
good agreement with the measurement. Another example is pentathienoacene, the thiophene
equivalent of pentacene, for which the pronounced directionality of the transport along chains
of π-stacked molecules and the influence of vibronic interactions has been extensively tested
[187]. Among the wealth of investigations, a large amount of studies focuses on transport in
DNA, where the inter-base transport has also been extensively studied with the help of various
tight-binding-based Hamiltonians [127,156,163,188–191]. There, a gradual transition occurs to
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Fig. 6. Setup of a nano-device with a regular array of π-stacked aromatic molecules interfaced by metal
electrodes. The processes and interactions relevant for electronic transport are indicated: holes and
electrons as carriers have to overcome an injection barrier from the electrode to the first molecule(s),
which combines tunneling from the Fermi level to the molecular state, image charge effects in the
electrode and concomitant carrier accumulation on the first molecule(s); within the π stack carriers
have to overcome intermolecular tunneling barriers and may recombine radiatively or non-radiatively.

classical models based on rate-theory with effective interaction and hopping parameters from
experiment or electronic-structure calculation, which will be described in more detail in the
following section.

4 Classical modelling – Rate equation and shuttling conduction

On the macroscopic side, classical Hamiltonians with a similar structure as the still electronic
tight-binding treatment with effective transport parameters of the previous section are the
bridge to the macroscopic scale, where the atomistic details vanish and the overall behavior of
a real-scale circuitry are addressed by continuum simulations. The present discussion will focus
on the micrometer length scale, where still the single physical processes can be distinguished
qualitatively. As for the quantum-mechanics-based simulation, also here just a small part of the
spectrum of available simulation techniques can be presented.
One model approach designed specially for the calculation of the behavior of organic light-

emitting diodes is the MOLED code [133,134], which allows to describe the carrier distributions
and densities as well as the potential landscape and the recombination probabilities in multiple
organic layers, the so-called channel, between metallic electrodes. The approach is based on an
effective 1-dimensional model, which can be applied, if the electrodes are planar and parallel to
each other, if the π stack is homogeneously distributed and parallel to the electrodes, and if the
distance between the electrodes sets the smallest length scale in the device. The key mechanisms
in the underlying model Hamiltonian describe the carrier injection from the electrodes into the
channel, the carrier transport via a phonon-assisted hopping process, and carrier recombination
and emission of photons. The equations of motion for the carriers is described by a set rate
equations, which give the evolution of the carrier concentration at each molecular site m:

dnm

dt
=

(
dnm

dt

)
inj

+

(
dnm

dt

)
hop

+

(
dnm

dt

)
rec

, (4)

where n represents electrons or holes and inj, hop, rec denote the changes due to injection, hop-
ping and recombination. A considerable number of parameters such as molecular energy levels,
electrode work functions and injection and hopping parameters allow a flexible adjustment of
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Fig. 7. Classical rate-equation simulation of transport in an organic field effect transistor. Panel (a)
depicts the device setup (bottom) and the energies of the electronic levels involved in the transport
(top). The simulated density profile of the majority carrier, holes, is shown in panel (b) as a function
of the device geometry for an applied gate voltage of 4V.

the to the specific composition of the metal-organic-metal structure. Their proper choice is
the main task in setting up the simulation. Recent efforts focused on a device composed of
quaterthiophene, depicted in the central part of Fig. 1, as channel material and gold electrodes
[113,192,193]
Within the channel, hole and electron transport are limited to the HOMO and LUMO levels

of the organic molecules, which are taken from experiment or from electronic structure calcu-
lation. The levels change with the applied bias voltage and the carrier accumulation; near the
electrode with correction terms for image charges and polarization. Far from the electrodes a
homogeneous charge distribution within the molecules is assumed, hence localization by po-
larons is neglected. A high-level treatment of polaron interactions has been achieved in a path
integral formalism [194], which is, however too detailed for an implementation in the present
effective Hamiltonian formalism. The hopping parameter can be reexpressed in an atomic basis
as sum over the Kohn-Sham matrix elements between the HOMO and LUMO levels on the ad-
jacent molecules. For quaterthiophene (QT) it exhibits the exponential decay with increasing
intermolecular distance discussed already for benzene stacks in section 3. The kinetics follows
the carrier mobility observed in other organo-electronic setups, e.g. a Poole-Frenkel law, which
determines the effective hopping frequency.
Parameters, which enter the transmission coefficient of the carrier injection from the elec-

trodes are the contact area, the metal-molecule distance and the density of states at the Fermi
level and the Fermi level itself. Geometric considerations give the first parameter, the others
are conveniently obtained from electronic-structure calculations for the electrode surface. In the
classical rate equation approach, carrier recombination depends only on the local electric field
and carrier densities. Fig. 7 depicts the simulation setup for such an array of QT molecules, the
π-stacked organic layer, interfaced by gold source (S) and drain (D) electrodes in the bottom of
panel (a). The energy levels involved in carrier transport, i.e. the Fermi levels of the electrodes
and the HOMO and LUMO levels of QT are shown in the diagram above the sketch of the
device. As the Fermi energy is close to the HOMO level, hole injection from the left electrode is
favorable, and panel (b) shows the distribution of the hole density inside the device. The hole
enrichment close to the left electrode is due to a stabilization by the attractive image charge
term. The depletion close to the right electrode reflects both enhanced recombination with in-
jected electrons and the influence of the image charge term for electrons, which is repulsive for
holes.
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The additional features in the center of the channel show the effect of gating. As QT mole-
cules are strongly polarizable by electric fields along the long direction of the molecule, a gate
voltage can be applied perpendicular to the QT film, i.e. perpendicular to the source-drain di-
rection. Such a polarization changes the HOMO and LUMO levels as indicated in the diagram
and provides local attractors for holes and electrons. If the size of the gated area is small, the
carrier localization leads to enhanced recombination rates, whereas the larger gated area shown
in Fig. 7 features enhanced mobilities. As the schematic representation of the device suggests,
gating may be achieved not only by an additional electric contact, but also by switching the
surface polarity of a ferroelectric material in an external elastic field [192,193] or at the do-
main wall of a ferroic material [23]. In contrast to the active (Mo3S3)∞-based switch described
above, such an element could be designed as sensor to monitor environment-induced changes,
even aging of the substrate material.
Finally, the thermally induced motion of the organic material also influences the transport.

Vibrational level broadening, the distance dependence of transfer integrals and conformation
changes are effects commonly investigated to cover the correlation of electronic transport and
the temperature of the system. Generalizing first-principles data for the ground state to thermal
excitations, the electron or hole transfer between neighboring conducting polymer strands or
oligomers was found to depend strongly on the charge-resonance integral and on the reorgani-
zation energy due to geometric relaxation. [195]. Geometry changes are also the central issue
in studies of transport through DNA [196,197], carbon nanotubes [198], nanowires [177,199]
or through benzoquinone derivatives [112], where the temperature dependence of the transfer
integrals is estimated by classical molecular dynamics for the mean inter-molecular arrange-
ment. The observed memory effect obtained with benzoquinone derivatives can be explained
by showing that the OFF state is dominated by interface limited phenomena and the ON state
more likely depends on bulk transport. On this basis it is suggested that control over molecular
parameters has a large potential for the design of more efficient resistive molecular memories.
If the influence temperature is limited to level broadening, convolution with a Gaussian profile
may suffice [200].
A more simplistic recent model represents the molecules as structure-less, cylindrical and

deformable nanoshafts positioned between two flat-walled, structure-less and ideally conducting
electrodes. Carrier injection is achieved by bending the outermost shafts towards the electrodes
until the critical distance for tunneling to the shaft is reached. Likewise, carrier transport occurs
by shuttling, i.e. by bending adjacent shafts towards each other until hopping sets in [201]. In
that setting the equation of motion for the carriers is only determined by the continuum elastics
background of the oscillating nanoshafts and by the symmetry of the boundary conditions. For
the symmetric model no zero-bias current is obtained, because thermally induced shuttling
occurs in both directions with equal probability. In the asymmetric case, the model also yields
the thermally induced current without external electrical bias, if the two electrodes are for
instance at different temperature.

5 Challenges – Outlook

Potential for further developments exists in several directions: First, all methods outlined in
the last two sections still experience extensions to cover the physics more appropriately or to
include additional effects. Second, with the increased availability of parallel computing capacity
improvements concerning more suitable algorithms and an efficient numerical implementation
are demanded. And last but not least, the interplay of quantum-mechanics-based calculations
and classical simulations towards a multi-scale modeling of transport is mostly mediated by
parameter transfer, but a stringent, concurrent formulation bridging length and time scales is
still to be developed.
Concerning the first topic, recent extensions focus on the inclusion of screening effects in

the Coulomb blockade regime. A scheme has been devised to calculate the addition energy
(difference between ionization and affinity levels) from NEGF-DFT data including also the
image charge contribution. When applied to the transport simulation with the standard test
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case of a benzene molecule aligned parallel to two planar gold electrodes the agreement with
measured conductance data is noticeably improved [202]. Other attempts focus on applying
a time-dependent formulation of current density functional theory to include also many-body
effects into the simulation of the transport process [203–206]. Even external baths can be added
to include the influence of external effects such as the temperature into so-called stochastic
time-dependent current density functional theory, yet the approach is still computationally
demanding [207]. Other challenges concerning the methodology itself have been elaborated in
a recent review [83]; they mainly concern the case of molecules weakly bound to the electrodes,
as mostly encountered in hopping transport. An improved approach, which includes exchange-
correlation corrections is derived from current density functional theory. Open questions address
the steady state limit, the dependence on a non-constant bias voltage, memory effects in the
time-dependent Kohn-Sham potential and further effects of strong correlations between the
electrons. Numerical improvements have mostly concentrated on matrix algorithms with better
numerical stability or better parallelization properties [100,171].
Finally, standard concurrent schemes for embedding quantum mechanical regions into a

classically treated background are well established to investigate the steady-state geometric and
electronic features of complex nanostructures. There have been successful studies which focus on
the intramolecular charge transfer in complex biomolecules such as the DNA. For instance, the
mechanism of photolyase-catalyzed DNA repair has recently been elucidated by such QM/MM
simulations and the active site of the protein could be localized [162]. Even different repair paths
could be investigated and their importance for the repair process was weighted in this way [155].
Such calculations interfacing quantum and classical world can greatly assist the modern drug
design, but a generalization to large-scale transport is still to come. The ingredients of such
a scheme doubtlessly include a parameter-free electronic structure method, which yields the
electronic states of the components and the local changes in the contact regions, plus a classical
scheme to account for external effects such as thermally induced vibrations, electric, magnetic
or elastic fields and the appied bias voltage. The boundary conditions at the interface between
quantum and classical treatment have to be extended by terms which account for electrical
polarizations as response to the external fields. Most challenging, however, are the different
time scale involved in electronic, atomistic and molecular rearrangements. A proper concurrent
treatment will have to include detailed averaging and refinement steps which are expectedly
more complex than existing procedures in purely classical multi-scale methods [208,209].
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