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A combination of ab initio and many-body calculations is utilized to determine the effects of the bonding
in Au electrodes on the time dependent current through a quantum dot suddenly shifted into the Kondo
regime by a gate voltage. For an asymmetrically coupled system the instantaneous conductance exhibits
fluctuations. The frequencies of the fluctuations turn out to be proportional to the energetic separation
between the dominating peaks in the density of states and the Fermi level. The chemical bonding in
the electrodes, thus, drastically alters the transient current, which can be accessed by ultrafast pump–
probe techniques.
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1. Introduction

Time-dependent electron transport in single electron devices is
a subject of fundamental importance in molecular electronics,
since it is widely believed that these devices have the potential
to replace the conventional MOSFET transistors [1] in the near fu-
ture thanks to rapid progress in nanotechnology. Detection of elec-
trons in real time [2] is expected to play an important role in the
development of quantum computers [3] and single electron guns
[4].

The time-dependent current arising from the sudden switching
of the gate or bias voltage [5–7] exhibits various time scales [8,9].
Moreover, interference between the Kondo resonance and the
sharp features in the contacts’ density of states (DOS) emerges in
the long timescale, associated with the formation of this many-
body resonance [10]. Effective one-electron theories indicate that
the transport properties in steady state depend strongly on the
electrode metal [11], the contact structure [12], and the contact
orientation [13]. The same approach also predicts that the elec-
trode metals alter the rectifying performance of the device [14].

In previous studies of single electron devices both the Green’s
function approach [15,16] and the non-equilibrium diagrammatic
Monte Carlo method [17,18] showed that the electronic structure
of the contacts has a significant influence on the shape of the tran-
sient current, while these studies were based on unrealistically
simple assumptions on this structure for ease in calculations. In
molecular electronics devices, however, the transport behaviour
ll rights reserved.
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is an atomic scale property and therefore governed by the contact
geometry. For example, it has been observed for C60 buckyballs
placed between metallic electrodes that the transport depends
on the geometrical arrangement of those electrode atoms which
are in direct contact to the buckyballs [19]. Thermopower mea-
surements of metal–molecule–metal junctions indicate that the
transport fluctuations are dominated by variations in the contact
geometry and therefore in the orbital hybridizations [20], while
the transport through molecular field effect transistors is influ-
enced by the symmetry breaking introduced by the gating field
[21]. First-principles calculations for atomic-sized aluminium con-
tacts show a strong deviation of the electronic states from bulk fcc
aluminium [22]. The transport properties of the Au/benzene-1,4-
dithiol/Au molecular contact are largely determined by local mod-
ifications of the electronic states [23]. In general, the chemical
bonding at the contact is essential for the transport. The transmis-
sion coefficient and I–V characteristics of Al, Cu, Ag, and Au inter-
faces thus are governed by vacancies and by the buckling of the
interface atomic layers [24]. For the Au–MgO–Au heterostructure
deviations from an exponentially suppressed conductance for
growing interlayer thickness have been explained by a modified
Au–O chemical bonding [25].

In the present Letter, we carry out a comparative study of three
prototypical Au contact structures and their influence on the tran-
sient current through a single electron device in the Kondo regime.
Following the approach introduced in Refs. [10,26], we show that
the specific contact geometry has serious effects on the transient
current. Without detailed knowledge about the contacts an inter-
pretation of experiments therefore is not possible. On the other
hand, our predictions make it possible to conclude on the contact
geometry from the results of transport measurements.
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mailto:udo.schwingenschlogl@kaust.edu.sa
http://dx.doi.org/10.1016/j.cplett.2011.04.086
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


Figure 1. Contact geometries considered for the Au electrodes. Top: (001) surface.
Middle: (111) surface. Bottom: (111) pyramide. The topmost atoms shown in blue
color (dark gray) determine the transport between the electrodes.
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Figure 2. Black dashed lines represent the DOS of the Au (001) surface (top), the Au
(111) surface (middle), and the Au pyramid (bottom) calculated using DFT. The
energy is given with respect to the Fermi level. The Gaussians dominating the
behaviour of the transient current are highlighted by green solid lines.
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2. Methodology

Density-functional theory (DFT) calculations for obtaining the
DOS of the Au contacts have been performed using the full-poten-
tial linearized augmented plane wave code WIEN2k [27]. As
prototypical fcc contact geometries, we compare the Au (001) sur-
face to the Au (111) surface as well as a mono-atomic Au contact
of pyramidal shape, see Figure 1 and Ref. [28] for details. The struc-
tures are modeled using atomic slabs of 13 Au layers, where the
distance between the two opposite electrodes amounts to 30 Bohr
radii. The exchange correlation potential of the generalized gradi-
ent approximation in the Perdew–Burke–Ernzerhof form [29] is
used in all calculations. Moreover, the plane wave cutoff is deter-
mined by RmtKmax ¼ 6:5 and lmax ¼ 10. In reciprocal space, meshes
of 30� 30� 3, 36� 36� 2, and 6� 6� 2 are applied for the Au
(001) surface, Au (111) surface, and Au pyramid, respectively.

We describe the single electron device by means of the single
impurity Anderson Hamiltonian

HðtÞ ¼
X
kar

�knkar þ Vaðeka; tÞcykarbyfr þH:c:
h i

þ
X
r
�dotðtÞnr; ð1Þ

where the operators f yrðfrÞ and cykarðckarÞ create (annihilate) an
electron with spin r in the dot level ð�dotÞ and the left/right
ða ¼ L;RÞ contact, respectively. The corresponding number opera-
tors are nr and nkar, and the operator byðbÞ creates (annihilates) a
massless boson. For time independent hopping Va, the coupling of
the dot to the contacts can be casted as CLðRÞð�Þ ¼ CLðRÞnLðRÞð�Þ, where
CLðRÞ ¼ 2pjVLðRÞð�f Þj2 is a constant and nLðRÞð�Þ is the contact DOS.

3. Results and discussion

The DOS of the topmost atoms as obtained from our ab initio
calculations is shown in Figure 2. It determines the transport be-
tween the electrodes. The Au band width is clearly reduced in
the case of the pyramidal contact due to an enhanced decoupling
of the topmost atom from the remainder of the electrodes. In order
to use the ab initio DOS for the many-body calculations, it is fitted
by a linear combination of Gaussians,

qð�Þ ¼
X
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fi

ffiffiffiffiffiffiffiffiffiffiffi
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fi
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 !

: ð2Þ
A broad Gaussian is added in each case to ensure that the DOS at
the Fermi level is finite and the entire bandwidth of the material
is covered. Figure 2 highlights for the three different geometries
the Gaussians which dominate the behaviour of the transient
current.

The Kondo effect is a many-body resonance which enhances
conductance at low temperatures. The linewidth of the resonance
is given by the Kondo temperature

TK �
DCtot

4

� �1
2

exp �pj�dotj
Ctot

� �
: ð3Þ

Here, D is the half bandwidth of the conduction electrons and
Ctot ¼ Cnð�f Þ. We study the transient current for the case that the
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Figure 3. Panels from top to bottom show the instantaneous conductance versus
time in the Kondo timescale after the dot level has been switched to its final
position for the Au (001) surface, the Au (111) surface, and the Au pyramid. An
asymmetry factor of 0.9 is used at T ¼ 0:009Ctot in infinitesimal bias.
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dot level is switched from �1 ¼ �4Ctot to �2 ¼ �2Ctot at t ¼ 0 by a
gate voltage. For all three geometries, a transition from a non-Kon-
do state to a Kondo state takes place. We note that the Kondo tem-
perature in the final state is a bit lower for the Au pyramide than for
the other two geometries as a result of the reduced conduction elec-
tron bandwidth, see Figure 2.

In Figure 3 the transient current in the Kondo timescale is de-
picted for all our geometries after switching to the final dot level
in infinitesimal bias. We here will not deal with the short timescale
where the conductance reaches a maximum before it starts to fall
for large asymmetry factors, due to the similarity with previous
findings [10]. Most remarkably, we observe in Figure 3 drastic dif-
ferences in the conductance fluctuations. This effect is purely due
to the differences in the band structure of the contacts, since all
other parameters are held constant. Note that the slight difference
in the Kondo temperatures of the Au pyramide and the other two
geometries does not change the relative behaviour of the fluctua-
tions, because T=TK alters only the amplitude of the fluctuations
but not the overall pattern of the transient current.

It is clear that the observed fluctuations result from a mixture of
sinusoidal oscillations with different frequencies and amplitudes.
These frequencies might be extracted by taking the Fourier trans-
form of the current. We find for each of our systems that the fre-
quencies are proportional to the energetic separation between
the main DOS peaks and the Fermi level, explaining why the tran-
sient current for the Au (001) surface exhibits a more erratic pat-
tern as compared to the others: five distinct frequencies are
involved. The other peaks appearing in the DOS turn out to have
negligible contributions to the fluctuation patterns. The oscillation
amplitudes associated with them are too small to have a discern-
ible effect. The reason for the latter is that they either are located
far away from the Fermi level or the peaks are not prominent en-
ough with respect to the surrounding DOS structure.

In conclusion, we have demonstrated that the contact geometry
can strongly alter the fluctuations of the transient current through
a single electron device operating in the Kondo regime. Since the
contact geometry in fact dominates the fluctuation pattern, it must
be taken into account in detail when interpreting experimental re-
sults. In turn, the specific band structure of a molecular switch may
be probed by measuring the transient current flowing through it.
Experimentally, transient current fluctuations in the femtosecond
timescale are accessible by the ultrafast pump–probe technique
[30,31]. Together, this paves the way for the designing of custom
switches for future organic computers.
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