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We present experimental magnetotunneling results and atomistic pseudopotential calculations of quasiparti-measurements of theenergies of characteristic processes
such as the formation, splitting, and charging of excitons.

1–4

However, yet another level of control might be achieved
through engineering of the wave functions themselves
through manipulation of their degree of localization, spatial
anisotropy, or angular-momentum character. The first crucial
capability that would allow the design of a device on the
fundamental level of its wave-function character is wave-
function monitoring along with an understanding of the con-
trolling physical parameters. However, both experimental
imaging5–10 and theoretical calculations of the many-particle
wave functions of dots present a formidable challenge. From
the theoretical point of view, the tradition has largely been to
fit a few measured energy levels by adjusting a few param-
eters in the confining potential within simple models �e.g.,
parabolic effective-mass models�, or directly adjusting the
energy-related quantities �e.g., tunneling in dot molecules or
fine-structure splittings�, without imposing physical reality
on the wave functions other than their boundary conditions.
However, theoretical determination of wave functions is
more challenging than modeling of the corresponding
eigenenergies because of their high sensitivity to subtle
physical effects. For instance, piezoelectric terms or particle-
particle correlations have a rather small effect on energies11

yet can affect wave-function shapes rather clearly. In this
paper, we present a combination of experimental magneto-
tunneling technique and a predictive theoretical modeling of
wave functions that gives us an unprecedented insight into
the physics of carriers in confined geometries. This com-
bined approach provides a direct answer to important physi-
cal problems such as the hole filling sequence12,13 that vio-
lates the Aufbau principle, the importance of the atomistic
symmetry, correlations, and piezoelectricity and we address
the decade-old question14 whether the anisotropy observed in
the spectroscopy of self-assembled dots15 is caused by shape
anisotropy �oval dots� or piezoelectric fields. We believe that

the type of studies described here is very promising for
wave-function engineering and design of future nanoscale
devices.

II. EXPERIMENTAL METHOD

The systems studied here are self-assembled InAs quan-
tum dots, grown by the Stranskii-Krastanov method.1,16

They are investigated by capacitance-voltage �C-V�
spectroscopy.12,15,17 The energies of the quantum dot states
are shifted with respect to a carrier reservoir �back contact�
by the applied voltage. Characteristic maxima in the capaci-
tance appear each time an additional electron �or hole� d is the tunneling

distance. At sufficiently high frequencies, the amplitude of a
capacitance maximum is a measure of the tunneling rate be-
tween the dots and the back contact.

19 The tunneling rate, in
turn, is proportional to the probability density of the quasi-
particle wave function in k space.5,6,20 Experimentally, map-
ping out the wave functions thus requires recording the C-V
amplitudes as a function of the in-plane magnetic field for
different azimuthal orientations.7

The investigated samples are GaAs-�AlxGa1−xAs�
Schottky diodes, grown by molecular beam epitaxy, with em-
bedded InAs quantum dots. The p-doped �hole� sample was
prepared as described in Ref. 12, however, with a slightly
thicker tunneling barrier of 19 nm to facilitate wave-function
mapping. The layer sequence of the n-doped sample for the
electron spectroscopy can be found in Wibbelhoff et al.7

Schottky diodes were prepared by alloying Ohmic contacts
and depositing Cr-Au top gates �300�300 �m2�. The C-V
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spectroscopy was carried out using a standard LCR meter
�Agilent 4284A� with an ac voltage modulation of �V
=10 mV. The frequency was appropriately chosen
�8–40 kHz� so that the capacitance amplitude reflects the
tunneling rate.7,19 To determine the tunneling probability as a
function of k�, and this way map out the quasiparticle wave
function in momentum space, C-V spectra for in-plane fields
up to B=26 T and for azimuthal angles in steps of 15° �start-
ing parallel to �011� crystal direction� were evaluated. The
in-plane momentum k� follows from Eq. �1�. The normalized
C-V amplitudes of the different charging peaks �0–6 carriers
per dot� are plotted as a function of k� in Figs. 1�a� and 1�c�.

III. THEORETICAL METHOD

A full theory of magnetotunneling would require a self-
consistent calculation of the transport properties of the full
system under external field. This is still prohibitive at an
atomistic level for such large systems ��106 atoms�. Instead,
we used a simplified transmission theory, which ignores the
nonlinear effects of electric field and device structure effects
and assumes resonant tunneling, i.e., the emitter states are
tuned in such a way that they are in resonance with the
quasiparticle quantum dot state. We have calculated the tran-
sition rate of an electron or hole from an emitter in state � to



a quantum dot containing N particles following the work of
Bardeen.21 In this approximation, the transition rate is given
by T�,N� �





I� highlights how complementary the magnetotunneling re-
sults are in pinpointing salient features of the quantum dots,
such as elongation, not revealed in charging or addition en-
ergies.

VII. RESULTS FOR ELECTRONS

Figure 1�a�



ration, where the last hole is in the P2 state h2, following the
Aufbau principle. The right panel is the repetition of our
actual result where the hole tunnels into a D state. Both
figures being very different, we conclude that the signature is
a strong indication that, indeed, the D state is filled before
the P2 state. This is one of our main findings.

Recent theoretical calculations25 showed that even for a
conventional filling of the shells, following the Aufbau prin-
ciple, the magnetic field dependent charging may describe
the experimental results of Reuter et al.,12 therefore challeng-
ing the interpretation of an unusual shell filling. We believe
that our magnetotunneling spectroscopy results give addi-
tional evidence to support the scenario of Reuter et al.12 and
He et al.13 of a violation of the Aufbau principle.

For the sixth hole, 5h→6h regains some anisotropic char-
acter with stronger maxima along the �110� directions. The
final state is still mainly given by holes in D states, h0

2h1
2h3

2,
but now to a somewhat lower percentage of 77%. The re-
maining 23% are configurations that include P2 state that
have maxima along the �110� direction. This is hence an
effect of correlation that tends to become more important for
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