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This is a manifestation of an ‘orbital reconstruction’. Whereas the holes are constrained to the
Cu x2 –y2 orbital in the bulk, at least some of
them occupy the 3z2 –r2 orbital (which is completely occupied and electronically inert in the
bulk) at the interface.
In principle, two distinct physical mechanisms
could lead to such an orbital reconstruction.
First, it is possible that the different crystal field
environment of Cu ions at the interface could
raise the energy of the 3z2 –r2 orbital above
that of the x2 –y2 orbital. However, this scenario is highly unlikely because of the large energy difference between 3z2 –r2 and x2 –y2 derived bands in bulk YBCO. A reversal of this
hierarchy would require a substantially shorter
distance between the copper and apical oxygen
ions (O(2) in Fig. 7(b)) compared to the in-plane
Cu–O bond length, which is unrealistic. The
second scenario is based on the observation that
the Cu 3z2 –r2 orbital points directly towards the
interface and can hybridize effectively with the
Mn z2 –r2 orbital via the apical oxygen ion, generating a covalent chemical bond bridging the
interface. In this scenario, covalency results in
the formation of extended ‘molecular orbitals’
consisting of atomic Cu and Mn 3z2 –r2 orbitals
with an admixture of the pz orbitals on the apical oxygen. With the aid of exact diagonaliza-

tion calculations on a small cluster (Fig. 7(b)),
we have confirmed that this scenario is indeed
realistic.
In summary, our experiments show that the
electronic structure of the CuO2 layer, is
modified by covalent bonds across the interface. These results suggest that the orbital rearrangement and strong hybridization are at
least partially responsible for the unusual magnetic behavior previously observed at cupratemanganate interfaces [2]. Further, the valence
electrons of a large variety of transitions metal
oxides whose properties in heterojunctions has
been extensively investigated, reside in nearly
degenerate d-orbitals and are hence subject to
hybridization at interfaces. If this hybridization
can be manipulated in a controlled fashion, it
is conceivable that dense two-dimensional electron systems with controlled interactions and
properties qualitatively beyond those attainable
in semiconductor heterostructures can be created.
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Two quantum dot systems in lateral arrangement with strong
electrostatic interaction: Tool for studying Kondo correlations
in electrical transport
J. Weis, A. Hübel, K. Held and K. v. Klitzing
Electrons confined in a quantum dot possess
a discrete single-particle energy spectrum. Due
to this property, quantum dots are also denoted
as ‘artificial atoms’. Weakly coupled by tunnel
barriers to a source and a drain lead, electrical
transport through a quantum dot is dominated
by the repulsive electron-electron interaction on
the quantum dot site. Such a quantum dot sys-

tem behaves as a single-electron transistor: By
increasing the voltage applied to an adjacent
gate electrode, the electron number on the quantum dot site is increased one by one, i.e., under
a small source-drain bias voltage, the electrical
conductance is repeatedly modulated between
single-electron tunneling and Coulomb blockade regime (‘Coulomb blockade oscillations’).
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In 1998, it was experimentally proven that, under certain conditions, such a quantum dot system shows Kondo physics [1] as it was already
predicted in 1988 by mapping a single quantum
dot system on the Anderson impurity model [2]:
The presence of a spin-degeneracy on the quantum dot site induces at low temperature correlated electron tunneling between the quantum
dot and the leads, forming overall a spin-singlet
state. A highly conductive channel of transport
is opened between the leads via the quantum
dot, which even reaches the conductance 2e2 /h
in the case of symmetric tunnel couplings to
the leads – the value also found for a spindegenerate one-dimensional channel. Increasing the temperature breaks the correlations, the
Kondo effect is destroyed, and the Coulomb
blockade effect is recovered.
The Anderson impurity model describes a spindegenerate energy level at an impurity or a
quantum dot site which is coupled through tunneling to a Fermi sea containing electrons of
both spin orientations. In other words, it describes two separate electron subsystems labeled by a two-valued index which is usually identified with the spin quantum number
(Fig. 9(a)). The two spin electron systems interact only on the impurity site through Coulomb
interaction which suppresses double occupancies of the impurity.
In 2001, we pointed out that two electrostatically coupled quantum dots with separate leads
(Fig. 9(b)) reflect a pseudo-spin representation
of the Anderson impurity model [3]: This mapping is valid if (1) the quantum dot systems are
energetically degenerated, i.e., occupying either
dot costs the same energy, (2) the ground state
of each quantum dot is not degenerate and excited states are energetically well separated. In
case of a spin degeneracy in one or both quantum dot systems, spin and electrostatic (orbital)
Kondo effect interplay.
Where do we expect to see
correlations? Two quantum dot
electrostatic interaction have a
honeycomb-like charge stability
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function of two gate voltages that shift the electrostatic potential of the quantum dots differently (see Fig. 9(c)).

Figure 9: Possible realizations of the Anderson impurity model: (a) Single quantum dot system with
spin-degeneracy, or (b) two electrostatically coupled
quantum dot systems without spin-degeneracy. (c)
Charge stability diagram vs. two gate voltages for
arrangement (b). N1 and N2 denotes the number of
electrons in the respective dot.

Along borderlines, labeled by a and b, where
the electron number in one quantum dot
changes by one whereas the electron number
in the other remains unchanged, single-electron
tunneling through the respective quantum dot
is possible. Along borderlines, labeled by c,
where the electron number in one dot is increased while in the other dot decreased, singleelectron tunneling is not possible. However correlated electron tunneling is allowed switching
between the two adjacent charge configurations.
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Such borderlines c are only present if electrostatic interaction between the dots exists, otherwise the triple points at the ends of the borderline c merge. The borderlines c become longer
with stronger interaction. Here we state the existence of a Kondo correlated state at low temperature leading to high conductance through
both quantum dots.
To prove the presence of Kondo correlations
in two electrostatically coupled quantum dot
systems, we have investigated extensively two
vertically stacked quantum dot systems realized in a GaAs/Alx Ga1−x As heterostructure
(x = 0.33) containing two quantum wells with
a two-dimensional electron system (2DES) in
each well, separated by an insulating 40 nm
thick Alx Ga1−x As barrier [4]. We obtained an
interdot capacitance of about half the total capacitance CΣ of a single quantum dot, i.e., the
interaction energy is half the single-electron
charging energy e2 /CΣ of a single quantum dot.
The electrical characterization measurements
indeed indicate the existence of the Kondo correlation [4], including the expected logarithmic
decay of the conductance on the c-line with
temperature.
However, in the parameter regime of interest,
we lack the independent control of the four tunnel barriers in the structure: One quantum dot
was coupled to its source and drain whereas the
second was only connected to its source, i.e.,
the electrical transport through only one quantum dot system was measurable. Therefore, the
second dot could not be fully characterized, especially the strength of the tunnel coupling to
the remaining lead was unknown.
To overcome the conceptional lack of in situ
tunability in our vertically stacked arrangement – three voltage parameters for four tunnel barriers, we have now realized two quantum dot systems with strong capacitive interdot coupling in a lateral arrangement in a two-
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dimensional electron system buried 50 nm below the surface of a GaAs/Al1−x Gax As heterostructure (x = 0.33). Strong electrostatic interaction between the dots is not trivially obtained in
this geometry. This has been achieved by using
a floating metal electrode covering both quantum dots.

Figure 10: (a) Scanning electron microscope image
of the etched heterostructure surface. The two-dimensional electron system is divided into different
regions acting as quantum dots, leads and gates. A
metal electrodes covers both quantum dot regions.
(b) Capacitance circuit describing the arrangement.
The stray capacitance CS of the floating metal electrode has to be diminished.

The technique was already used by another
group where the quantum dots were defined by
electrostatic depletion via split-gates on the heterostructure surface [5], however with few success. In our approach, we defined our quantum
dot systems by etching into the heterostructure,
dividing the two-dimensional electron system
into regions acting as quantum dots, leads and
gates (Fig. 10(a)). In this way we could suppress
capacitive coupling of the floating gate to gate
electrodes in the surrounding, strengthening the
capacitive interdot coupling (Fig. 10(b)). Also
the shape of the floating electrode has been optimized to minimize the capacitive coupling to
the leads [6]. Finally, in the weak tunnel coupling regime, a ratio of 0.35 between interdot
capacitance and total capacitance of a single dot
has been achieved in our new structure – less
than in the vertically stacked arrangement (up
to 0.5), however significant more than in previous lateral arrangements (< 0.2).
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Figure 11: The conductance of quantum dot 1 (left)
and 2 (right) as a function of two gate voltages measured around a c-line of the charge stability diagram.
From (a) to (b), the tunnel couplings to the leads
of quantum dot 2 were increased. Between (a) and
(c), the tunnel coupling of both quantum dots were
simultaneously enhanced. (d) NRG calculation for
case (c).

In Fig. 11 the conductances through the two
quantum dots in a region around a c-line of
the charge stability diagram are shown. The
measurements were performed in a 3 He–4 He
dilution refrigerator at base temperature of
T = 25 mK. From Fig. 11(a) to (b), only the tunnel couplings to the leads of quantum dot 2 were
increased, whereas between Fig. 11(a) and (c),
the tunnel couplings of both quantum dots were
simultaneously enhanced. Striking is that for
weak tunnel coupling, no conductance is visible along the c-line, whereas with increasing the
tunnel coupling, conductance appears.
This is expected since with increasing the tunnel coupling, correlated tunneling is enhanced.
However, the position of the conductance peak
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does not follow exactly the c-line extracted
from the observed single-electron tunneling
peaks in Fig. 11(a). For the situation of different tunnel coupling of both dots (Fig. 11(b)), we
could find an analytical expression for describing the position of conductance of quantum dot
1 by simply assuming that the strong tunnel
coupled quantum dot 2 is only partially charged
with the charge calculated by integrating over
the part of a life-time broadened (= Lorentzianshaped) energy level lying below the Fermi
level of the leads. As the weakly tunnel coupled
quantum dot 1 switches between well quantized
charge states, the broadened energy level of dot
2 is shifted in energy between two values given
by the electrostatic interdot coupling and the applied voltages. Having expressions for the total
electrostatic energy of both situations, the gate
voltage position of electrostatic degeneracy for
switching the charge state of quantum dot 1 by
an electron charge is found. It fits – except for a
small offset – to the position for conductance in
quantum dot 1 found in the experiment.
From these considerations for Fig. 11(b), it
seems that simple single-electron tunneling
happens through quantum dot 1 while chargepolarizing quantum dot 2. However the conductance heights and the temperature dependencies
are different in the charge stability diagram at
the a- and the c-line. For same tunnel coupling
of both quantum dots (Fig. 11(c)), the picture of
above does not hold. In any case, calculating the
conductances through the dots is not that simple. This was done by using a numerical renormalization group (NRG) method, allowing for a
numerical exact solution of the Anderson impurity model.
Using the parameters extracted from the experimental data in the regime of single electron tunneling of the respective quantum dot and the geometry of the honeycomb pattern, the observed
conductance behavior of the electrostatically
coupled quantum dot system could nicely be reproduced (an example is shown in Fig. 11(d)).
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The comparison yields that the Kondo temperature of the system is below our working temperature, i.e., only the onset of the Kondo correlated state is visible in the experiment. Being
limited by the base temperature of a 3 He–4 He
dilution refrigerator, the relevant energies, especially the single-electron charging energies
and the interaction energy between the quantum dots have to be enhanced, while keeping
the tunability of the tunnel barriers. It requires
mainly a reduction of the dot/lead capacitances.
Whether underetching of the heterostructure in
the tunnel barrier regions helps to improve remains to be clarified.
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Exchange interaction between single magnetic adatoms
P. Wahl, L. Diekhöner, M.A. Schneider and K. Kern; P. Simon (Université Joseph Fourier
and CNRS, France); V.S. Stepanyuk and P. Bruno (MPl für Mikrostrukturphysik, Weinberg)
It is a vision of information technology to store
data in the smallest available units – single
atoms – thus enabling the development of novel
mass storage devices with huge capacities but
compact dimensions. At the same time this vision poses the physical limit on the information density of magnetic recording media. Both,
for a realization of such a visionary device as
well as to explore the limits of conventional
mass storage media, it is crucial to understand
the mutual interaction and dynamics of individual spins. This interaction can be due to direct
coupling or indirect coupling mediated via a
supporting substrate or host. Depending on the
strength and sign of the exchange interaction, a
nanostructure can be driven into ferromagnetic
or antiferromagnetic behavior. However, until
recently it was impossible to measure experimentally the magnetic interaction between individual atoms. We have exploited the Kondo effect as a local probe to determine the exchange
interaction between individual cobalt adatoms
on a metallic substrate as a function of their distance [1,2].

The Kondo effect originates from the screening
of the spin of a magnetic impurity by the surrounding conduction band electrons and is characterized by a strong peak in the impurity’s density of states near the Fermi level. In scanning
tunneling spectroscopy (STS) spectra, it shows
up as a feature which can be described by a
Fano line shape. From a fit, the peak width Γ is
obtained which is proportional to the characteristic energy scale – the Kondo temperature TK –
of the impurity system.
As a second impurity is brought into proximity, magnetic interactions between the impurities become important and may considerably
modify the Kondo resonance. Here, we demonstrate that it is possible to determine the magnetic interaction between single magnetic atoms
adsorbed on a noble metal surface by determining its influence on the Kondo spectrum.
The results are compared to theoretical predictions of the magnetic interactions between single atoms [3]. The evolution of the Kondo line
shape obtained by STS upon varying the interatomic distance between Co adatoms in dimer
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