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We observe the magnetic-field-induced bifurcation of quantum levels into surface states and bulklike
Landau states. The disruption of the electric field quantization by a magnetic field is most dramatic for
electrons bound in two dimensions perpendicular to the magnetic field. The interplay between compet-
ing spatial and magnetic quantization mechanisms results in a pronounced and complex level splitting.
The observed splitting of zero-dimensional energy levels depends critically on the size of the quantum
dots, and can be explained with a calculated single-particle energy spectrum.

PACS numbers: 71.45.—d, 73.20.Dx, 73.40.Kp, 73.50.Jt

For more than half a century confined electron sys-
tems in a magnetic field have been investigated theoreti-
cally in terms of their inAuence on the Landau di-

amagnetism of free electrons. ' Investigations of sur-
face states in confined electron systems have been revived
more recently in order to explain the quantized Hall
effect. Their skipping orbit nature is also demonstrat-
ed by transport measurements with ballistic point con-
tacts. ' The inAuence of edge states on the properties of
the electron system is expected to increase with decreas-
ing system size and even more dramatically with de-
creasing dimensionality. In an electron system that is
free to move in only one dimension perpendicular to the
magnetic field each electric subband transforms into a
hybrid band when the magnetic length lg =(A, /eB) '~

becomes comparable to the width of the electron system.
With increasing magnetic field the energy separation be-
tween adjacent hybrid bands approaches the cyclotron
energy and the density of states at the bottom of each
hybrid band increases, so that the bands become Lan-
dau-level-like at high magnetic fields. There is a con-
tinuous transition and a one-to-one correspondence be-
tween the electric subband structure at zero-magnetic
field and Landau-level-like hybrid bands at high-mag-
netic field.

In contrast a far more complex behavior is predicted
for zero-dimensional (OD) systems. ' At zero magnetic
field the discrete energy levels are each occupied by two
electrons except for degeneracies that depend on the
symmetry of the confinement. With increasing magnetic
field this degeneracy is lifted and hybrid levels originat-
ing from the same zero-field energy level join different
Landau 1evels at high magnetic field. In general, there is
no one-to-one correspondence between energy levels at
zero magnetic field and Landau levels at high magnetic
fields.

The splitting of OD energy levels at low magnetic field
is similar to the normal Zeeman splitting of electronic
states in atoms. However, in atomic physics the magnet-
ic field is usually a weak perturbation of the Coulomb
confinement. To observe Landau-level-like behavior of
atomic electrons either the magnetic field must be

several orders of magnitude larger than those experimen-
tally realizable today'' or the atoms must be highly ex-
cited. ' Because of the low effective mass and the high
dielectric constant the hydrogenic states of shallow
donors in semiconductors transform into the Landau lim-
it at lower magnetic fields. ' Unlike in the case of semi-
conductor impurities, the electrons in the microstruc-
tured heterojunctions studied here are confined by an
artificially imposed potential that differs drastically from
the Coulomb potential. Furthermore, the number of
bound electrons can be varied systematically. The extent
of the confinement potential in such devices is of the or-
der of 100 nm. ' ' Thus at low magnetic fields all states
can be considered surface states, while at magnetic fields
of about 10 T (where the magnetic length is —10 nm),
almost all states are Landau-level-like.

We have observed the magnetic field rearrangement of
energy levels in quantum dots for the first time. The
density of states of the discrete energy levels in the quan-
tum dots is measured with capacitance spectroscopy as a
function of the gate voltage and a magnetic field applied
perpendicular to the heterojunction interface. The sam-
ples are modulation-doped GaAs-A16aAs heterojunc-
tions. The electron system at the GaAs-A16aAs inter-
face is so strongly confined in the direction normal to the
interface that the system is in the extreme quantum limit
with respect to motion in this direction. The A16aAs
layer of the heterostructure is covered with a matrix of
many (-10 ) 30-nm-thick squares of undoped GaAs
with widths of 200, 300, or 400 nm. Minimal variation
of the square size is achieved by lithography with a
high-resolution vector-scan electron-beam writer. From
process parameters such as resist resolution, beam diam-
eter, and accuracy of positioning of the exposing electron
beam we estimate the size variation of the fabricated
dots to be less than 5% of the diameter. The matrix is
covered with a metal gate, so that lateral confinement of
the electron system is provided by the band bending
beneath the Schottky barrier. The electron system re-
sides below the GaAs squares, where the front gate has a
larger separation from the heterojunction interface.
Back contact is provided by a doped substrate separated
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crossing commences. This agrees invariant to a change
of the scale in real space, the magnetic fields where
diA'erent states cross each other scale with the dot size.
As discussed above, we observe the level crossings at
higher fields with decreasing square size of the samples.

At high magnetic fields diA'erent branches coalesce at
the Landau energies (v+ 2 )@co„v=0,1,2, . . . . In Fig.
4 this behavior is seen for the two lowest Landau ener-
gies at magnetic fields larger than 8=2 T. In this field
regime the magnetic length is smaller than the potential
width and it becomes possible to distinguish between sur-
face states with energies between the Landau levels and
bulklike states close to the Landau energies. Experimen-
tally, we observe an increase in the oscillation amplitudes
at high fields indicating that more and more energy lev-
els condense into bulk Landau states. However, every
state is not resolved in our measurements, and the
strengths of the observed oscillations vary significantly
(cf. Fig. 3). In contrast, our model predicts equally
strong maxima, since each branch corresponds to a
twofold-degenerate energy state. Only certain maxima
are expected to grow strong at high magnetic fields when
many levels merge into Landau levels or, occasionally, at
low fields, when several levels happen to cross one anoth-
er. Our calculation of the energy spectra does not in-
clude broadening of the energy levels by potential fluc-
tuations originated, e.g. , by impurities or surface rough-
ness of the electrostatic confinement. The impact of fluc-
tuations in the confinement potential on the broadening
of a level depends on the probability distribution of the
wave function in the quantum dot. A level with large
probability amplitude in the center of the dot will be less
aA'ected by surface roughness than a state with large
probability for finding the electron near the surface. We
may, therefore, expect that states in which the electron
wave function is predominantly in the center of the dot
exhibit larger maxima in the measurement. In the
harmonic-oscillator model with rotational symmetry [cf.
Eq. (I)] such states have quantum numbers n=0 and
l ~ 0. They increase monotonically with magnetic field
and are the first states to approach the Landau energies
(v+ —,

' )Aro„v=0, 1,2, . . . . In fact the dominant peaks
in the measurements behave similarly except where level
anticrossing occurs.

A theory that explains the observations quantitatively
must take into account that not only the Fermi energy,
but also the confinement potential, changes with the gate
voltage. Furthermore, it is predicted that electron corre-

lation plays an important role. ' The exact form of the
potential and the shape of the dot will determine the de-
tailed behavior of the surface states. Our results also in-
dicate that inclusion of surface roughness is important to
explain the signal strength. A systematic study of the
perimeter contributions to the Landau quantization in
quantum dots may reveal a variety of detailed informa-
tion about the artificially imposed confinement that has
not been accessible so far.
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