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shown in Fig. 34(a), is blue-shifted by 5.6 meV
so that the energy of the ground state transi-
tion matches the measured one. We have no ac-
cess to the exact geometry of the QD measured
by PL, but the shift is well within the FWHM
(12 meV) of the inhomogeneously broadened
E0 peak for this sample. We see that the posi-
tion of the peaks A and B is well reproduced by
the calculation. In a single particle picture, with
electron and hole levels labeled Ej and Hj, re-
spectively, these two absorption lines originate
from the H1 – E0 and H1 – E1 transitions, as de-
picted in Fig. 34(c). Since the overlap integral

of wavefunctions with different index j is small
(see representation of the envelope wavefunc-
tions in Fig. 34(c)) the calculated A peak is less
intense than the B peak. This result is in good
agreement with the experimental PLE spectrum
shown in Fig. 34(a).

To our knowledge, this is the first direct com-
parison of a calculated absorption spectrum
with no adjustable structural parameters to mea-
sured single-QD PL and PLE spectra. In fact,
in Stranski-Krastanow grown QDs assumptions
are necessary on shape and compositions.

Two electrostatically coupled quantum dot systems as a new
realization of the Anderson impurity model

D. Quirion, U. Wilhelm, J. Schmid, J. Weis, and K. von Klitzing

In the last decade, quantum dots weakly cou-
pled to leads – denoted in the following as
quantum dot systems – have been the subject
of many studies in electrical transport. Due to
the electron-electron interaction on the quantum
dot site, Coulomb blockade and single-electron
charging effects are observed. Due to their in
situ tunability – for instance, the electron num-
ber on the quantum dot and tunnel coupling to
the leads – quantum dot systems are considered
as model systems which mimic also basic prop-
erties of single atoms or molecules between
leads. In the more recent years, it has been ex-
perimentally demonstrated, that such systems
show under certain conditions Kondo physics
as it was already predicted in 1988 by map-
ping the Anderson impurity model[Anderson,
Physical Review124, 41 (1961)]on a single quan-
tum dot system (see review by Kouwenhoven
and Glazman[Physics World, 33, January 2001]).
The presence of a spin-degeneracy on the quan-
tum dot site induces at low temperature corre-
lated electron tunneling between the quantum
dot and the leads, forming overall a spin-singlet

state. A highly conductive channel of trans-
port is opened between the leads via the quan-
tum dot, which even reaches the conductance
2e2�h in the case of symmetric tunnel couplings
to the leads – the value also found for a spin-
degenerate one-dimensional channel. Increas-
ing the temperature breaks the correlations, the
Kondo effect is destroyed, and the Coulomb
blockade effect is recovered.

The Anderson impurity model describes a spin-
degenerate energy level at an impurity or quan-
tum dot site which is coupled via tunneling to
a Fermi sea containing electrons of both spin
orientations. In other words, it describes two
separate electron subsystems labelled by a two-
valued index which is usually identified with
the spin quantum number (Fig. 35(a)). The two
spin electron systems interact only on the im-
purity site through Coulomb interaction which
suppresses double occupancy of the impurity.
As we proposed[Wilhelm et al., Physica E9, 625
(2001)], one may interpret the ‘spin’ index of
the Anderson impurity model differently which
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Figure 35: (a) Possible realizations of the Anderson impurity model: Single quantum dot system
with spin-degeneracy or two electrostatically coupled quantum dot systems without spin-degeneracy.
(b) GaAs/AlGaAs heterostructure used for the sample. (c) Sketch of the experimental setup. (d) Scanning
electron microscope image of the etched heterostructure surface. (e) Conductance through upper quantum
dot as a function of the in-plane gate voltagesVG1 andVG2, and the interlayer voltageV1�2. (f) Differential
conductance dIDS/dVDS versus drain-source voltageVDS on a point on the line ‘c’ marked in (e) for different
temperatures (T = 45, 80, 180, 360, 690 mK). Inset: temperature dependence of the peak height atVDS = 0.
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gives a new realization of the Anderson impu-
rity model: the label marks two electrostatically
coupled quantum dots with separate leads to
each quantum dot (Fig. 35(a)). This mapping is
valid if (1) an energetical degeneracy is present
in occupying either the upper or the lower quan-
tum dot, (2) the ground state of each quantum
dot is not degenerated and excited states are en-
ergetically well separated. Our goal has been to
verify this idea experimentally.

Base for the sample is a GaAs/AlxGa1�xAs
heterostructure (x = 0.33), grown by Molecular
Beam Epitaxy in the MBE group of the Insti-
tute. The heterostructure contains two quantum
wells with a two-dimensional electron system
(2DES) in each well, separated by an insulating
40 nm thick AlGaAs barrier. The full layer se-
quence is shown in Fig. 35(b). In a further step,
the two quantum dot systems are defined on top
of each other by reactive ion etching through
the two quantum wells. A scanning electron
microscope image of the etch pattern at the het-
erostructure surface is shown in Fig. 35(d). The
two-dimensional electron system in each quan-
tum well is divided by the etched grooves and
the electrostatic depletion around them into the
quantum dot region, the source and drain re-
gions, and in addition into two regions usually
denoted as in-plane gates. At low temperature,
the electron systems confined in quantum dots
have an extension of about 0.3µm in diame-
ter weakly coupled by respective tunnel barriers
to the source and drain regions. The electron
systems in the two quantum dots are strongly
electrostatically interacting through the 40 nm
thick AlGaAs layer which, however, prevents
due to its thickness any tunnel current be-
tween both quantum dot systems. The quan-
tum dot systems are separately contacted by al-
loying metal and by using top and back gates
for locally depleting the upper or lower 2DES
(Fig. 35(c)). The properties of the quantum dots

are tuned by voltages applied to the two in-
plane gates and the voltageV1�2 applied be-
tween the 2DESs of the two quantum wells.
All the measurements presented here were per-
formed in a 3He–4He dilution refrigerator at
base temperatureT = 45 mK. To measure the
differential conductance dIDS/dVDS, a lock-in
modulation technique is used with an applied
rms amplitude of 2.5µV added to the dc drain-
source voltageVDS.

Figure 35(e) shows the conductance (differ-
ential conductance atVDS = 0) in greyscale
through the upper quantum dot as a function
of a linear combination of the in-plane gate
voltageVG1 and VG2, and the interlayer volt-
age V1�2.� Dark regions indicate high con-
ductance, light regions low conductance. A
honeycomb-like pattern is visible which is ex-
pected for two strongly electrostatically cou-
pled single-electron transistors. Within each
honeycomb cell, a certain configuration of the
electron numbers of the two quantum dots is
found, for instance�Nu�Nd�. Crossing a border-
line between two adjacent cells, at least in one
quantum dot the number of electrons is changed
by one. Along the borderlines labelled by ‘a’,
single-electron tunneling occurs through the up-
per quantum dot due to the electrostatic degen-
eracy between the charge states characterized
by a change only in the upper quantum dot, for
instance from�Nu�Nd� to �Nu + 1,Nd�. Along
the borderlines labelled by ‘b’, single-electron
transport is possible through the lower quan-
tum dot, while the upper quantum dot is in the
Coulomb blockade regime. Along the lines la-
belled by ‘c’, finite conductance through the up-
per quantum dot is detected although this is not
expected in the picture of single-electron tun-
neling. However, due to the electrostatic degen-
eracy, it is possible to have there a surplus elec-
tron either on the upperor lower quantum dot,
i.e., for instance, the charge states�Nu�Nd + 1)
and �Nu + 1,Nd� are energetically equivalent.

�In this parameter regime, the lower quantum dot was only connected by tunneling to one lead so that no
conductance could be measured. However, this does not affect the conclusions presented in the following,
but leaves signature at larger drain-source bias [Wilhelmet al., Physica E14, 385 (2002)].
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This allows for so-called ‘co-tunneling’ – an
electron leaves one dot while another electron
enters the other dot. This is the lowest order
of correlated electron tunneling switching the
charge state of both quantum dots at the same
time by quantum mechanical correlation.

However, due to the analogy to the Anderson
impurity model along the borderline ‘c’, we ex-
pect that it is not enough to treat correlated elec-
tron tunneling in perturbation theory: a Kondo-
correlated state should form at low temperature
leading to high conductance through both quan-
tum dots at the same time. To prove this, the
differential conductance is measured at points
on the borderline ‘c’ as a function of drain-
source voltageVDS, and indeed – as shown in
Fig. 35(f) – a peak is found atVDS = 0 which
disappears in a logarithmic way with increas-
ing temperature. A semi-empirical fit of the
experimental data gives a Kondo temperature
TK = 850 mK and a zero-temperature conduc-
tanceG0 = 0.043e2�h (inset of Fig. 35(f)). We

checked that Kondo resonances due to a spin-
degeneracy in the single quantum dot do not
occur in the neighboring honeycomb cells for
this parameter range. Therefore, the behav-
ior observed is induced by the charge degen-
eracy due to the electrostatic coupling between
the two quantum dots. However, the measured
Kondo temperature is surprisingly high. But an
enhancement of the Kondo temperature is ex-
pected in thecombination of a spin-degeneracy
for each quantum dot and the electrostatic de-
generacy between both quantum dots. In our
experiment the spin-Kondo effect alone might
not be visible in the neighboring honeycomb re-
gions because our working temperature is too
high and therefore these correlations are de-
stroyed. To prove the hypothesis of an enhanced
Kondo temperature, the spin-degree of freedom
can be frozen out by applying a high magnetic
field so that only the electrostatic degeneracy
remains. Such experiments will be performed
in the near future to clarify the unusual high
Kondo temperature.

Transport properties of nanotube peapods

D. Obergfell, J.C. Meyer, and S. Roth;
Shihe Yang and Shangfeng Yang (The Hong Kong University of Science and Technology)

Novel one-dimensional systems based on car-
bon nanotubes can be created by filling single-
walled carbon nanotubes (SWNTs) with vari-
ous materials. A special case are ‘peapods’,
where the nanotubes are filled with fullerenes.
We have investigated the complex systems of
metallofullerene peapods, where the fullerenes
themselves are filled with metal atoms (these
fullerenes are namedendohedral metallo-
fullerenes). The endohedral metallofullerenes
arrange in a regular fashion and thereby form
a linear array in the interior of the SWNTs. A
schematic of such a metallofullerene peapod is
sketched in Fig. 36(a).

C82 fullerenes each encaging a single dyspro-
sium atom have been inserted into SWNTs
by heating both materials in vacuum at 500ÆC
for 48 h. The metallofullerenes sublimate and
are able to enter the single-walled nanotubes
through their open ends or through defects
at the side walls given that the diameters of
the tubes are adequate. To verify the suc-
cess of the filling procedure, transmission elec-
tron microscopy (TEM) was done on the Dy
metallofullerene peapods (which are written as
(Dy@C82�n@SWNT in a short way). The TEM
image in Fig. 36(b) depicts three Dy metallo-
fullerene peapods in which the SWNTs are
completely filled with Dy metallofullerenes.
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