
Single-impurity tunneling spectroscopy to probe the discrete states of a two-dimensional electron
gas in a quantizing magnetic field

B. Jouault
Groupe d’Étude des Semiconducteurs, Université Montpellier II, Place E. Bataillon, 34095 Montpellier, France

M. Gryglas, G. Faini, U. Gennser, and A. Cavanna
Laboratoire de Photonique et Nanostructures, Centre National de la Recherche Scientifique, Route de Nozay,

91460 Marcoussis, France

M. Baj
Institute of Experimental Physics, Warsaw University, Hoza 69, 00-681 Warsaw, Poland

D. K. Maude
Grenoble High Magnetic Field Laboratory, Centre National de la Recherche Scientifique, 25 Avenue des Martyrs,

38042 Grenoble, France
�Received 24 November 2005; revised manuscript received 8 March 2006; published 13 April 2006�

A single impurity is used to probe the local density of states of a two-dimensional electron gas �2DEG� in
a resonant tunneling experiment. The studies have been performed in the GaAs/AlAs/GaAs system, with Si
donors incorporated into the AlAs layer, on submicrometer junctions. The current-voltage characteristics
clearly show peaks corresponding to the formation of Landau levels. Moreover, additional fine-structure su-
perimposed on the Landau levels are resolved. Detailed magnetic field studies suggest that those peaks reflect
the single particle states of the Landau levels. The surprisingly rapid shift of these additional features in a
magnetic field is reproduced in a model, which takes into account disorder in the plane of the 2DEG.
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I. INTRODUCTION

Soon after the discovery of the integer quantum Hall ef-
fect in a two-dimensional electron gas, it was realized that
plateaus in the Hall resistance would not be observed in the
absence of some degree of imperfection and disorder.1 In a
strong magnetic field �B�, the magnetic field length, �B

=�� /eB, becomes smaller than the typical length scale of the
disorder potential and the electrons move along equipotential
lines, forming single-particle states with discrete energies.
The observation of these single-particle states is very deli-
cate. One of the issues is that in a 2DEG, in the presence of
a quantizing magnetic field, flat and compressible regions are
formed at the Fermi energy �F.2 These regions contain many
single-particle states that cannot be observed separately by
linear transport measurements. Another issue is the Coulomb
blockade effect; in 2DEG’s and in large quantum dots, the
charging energy usually dominates over the excitation
energy.3–6

In this paper, we present results obtained in a GaAs/AlAs
tunneling structure, in which the local density of states of a
2DEG is analyzed using a single impurity as a local spec-
trometer. In such devices, the local density of states can be
scanned as a function of energy by measuring the current-
voltage �I�V�� characteristic.7,8 For this reason, these struc-
tures are especially attractive for the investigation of the
single-particle states. Peaks are observed in the current-
voltage characteristics due to the formation of Landau levels
�LLs� when a magnetic field is applied perpendicular to the
2DEG plane. In addition, fine structure, in the form of a

succession of sharp peaks, is superimposed on the resolved
LLs. An analysis of the I�V� tunnel characteristics measured
at different magnetic fields shows that these sharp peaks are
quasiperiodic in B. Two different processes, possibly respon-
sible for these peaks, are discussed; the charging of the
2DEG by additional electrons, or the quantization of the
2DEG density of states for a constant number of electrons.

Taking into account the charging energy alone does not
account for the observed behavior of the sharp peaks. We
present a simple model with a constant number of electrons
in the 2DEG and no electron-electron interaction, that repro-
duces qualitatively well the behavior of the additional fine
structure. In this model a local potential hill is added in the
center of the 2DEG. The presence of such a potential hill can
be easily justified by the disorder or by the potential defor-
mations induced by the formation of the compressible re-
gions. On the hill slope the energies of single-particle states
increase faster than the energy of the LL when the magnetic
field increases. If the spectrometer is located somewhere on
the slope of the potential hill, then the shift of the sharp
peaks is qualitatively well reproduced. The limits of this
simple model are also discussed.

II. SAMPLE DESCRIPTION

Experiments were performed on GaAs/AlAs/GaAs
single barrier junctions in which a few impurities, intention-
ally incorporated in the AlAs layer, are involved in the
tunneling process. Samples were grown by molecular beam
epitaxy on a �100�-oriented Si-doped n-type GaAs wafer
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�nd=1�1018 cm−3�. The active part of the heterostructure
consists of a 10.2 nm thick AlAs barrier incorporating a
Si �-doping in the middle with a concentration of
n�=1�1010 cm−2. The barrier is separated from the heavily
doped contacts �nd=4�1018 cm−3� by 200 nm thick GaAs
spacers. Mesa structures of different lateral sizes ranging
from 500 �m down to 100 nm diameter were fabricated.
This allows us to have different numbers of donors within
the junction, starting from more than 106 for the larger mesas
down to only a few for the smallest ones.

Figure 1 shows the schematic conduction band structure
for our samples. The bands are aligned in such a way that the
AlAs layer forms a barrier for the electrons in the � valley
�black line�, and a quantum well for the X valley electrons
�grey line�. Self-consistent solution of the coupled Poisson
and Schödinger equations, as well as experiments, show that
in our samples the impurity states linked to the X valley are
aligned with the 2DEG in the emitter when a bias of about
1 V is applied to the device. Hence, the impurities can be
used as spectrometers for the 2DEG states. Preliminary re-
sults of such a spectroscopy performed on these structures
have been published elsewhere.9

III. TUNNELING SPECTROSCOPY

Figure 2 presents the I�V� characteristic of a 900 nm mesa
measured at very low temperature �20 mK�. For such a small

mesa the expected number of impurities is estimated to be
about 80. For positive bias �Fig. 2�b��, we observe a sharp
current increase at 850 mV, which is followed first by a pla-
teau and finally by a decrease of the tunneling current at
950 mV. Such a shape of the tunneling current has been
observed in many samples studied, and can be explained in
detail.10 The current increase corresponds to the beginning of
the resonant tunneling process via an impurity level, the en-
ergy of which becomes aligned with the Fermi energy of the
emitter. Then, as the voltage increases further, the energy of
impurity level decreases with respect to the Fermi energy,
while remaining aligned with occupied states in the 2DEG,
so that the tunneling current is maintained. However, for
sufficiently large applied biases, the impurity level is pushed
below the bottom of the subband in the emitter, and the cur-
rent decreases. The current does not go to zero exactly be-
cause of the importance of inelastic tunneling processes. For
negative bias �Fig. 2�a�� an almost identical characteristic is
observed, with a current plateau between −850 mV and
−950 mV. This shows that the structure is symmetric and
that the impurity involved is located close to the center of the
barrier. The fluctuations superimposed on the current plateau
are not temperature dependent, therefore they do not corre-
spond to other impurities but rather to local density fluctua-
tions of the 2DEG. In the curve presented in Fig. 2, at higher
bias, several other current jumps can also be seen. Most of
them are due to tunneling via different impurities, however,
there are also some indications of tunneling via excited lev-
els of the impurity which participated to the tunneling pro-
cess at lower bias �850–950 mV�. This issue will be dis-
cussed in detail elsewhere, and here we will concentrate only
on the first observed structure.

IV. MAGNETO-TUNNELING SPECTROSCOPY

The application of a quantizing magnetic field further re-
duces the degrees of freedom of the system and can give
valuable additional information concerning the origin and
nature of features observed in I�V�. Figures 3 and 4 show the
I�V� curves in the presence of an applied external magnetic
field. The direction of the magnetic field was parallel to the
growth direction and the temperature was equal to 20 mK.
Figure 3 shows the I�V� curves at different magnetic fields
ranging from 0 T �bottom� to 17 T. The magnetic field step
is 0.25 T at low fields, 0.5 T for intermediate fields, and 1 T
at high fields. Figure 4 shows the curves from 0 T �bottom�
to 3.75 T �top�. The vertical offset is proportional to the
magnetic field. The solid lines are drawn as a guide to the
eye to highlight the evolution of the first four spin-
degenerate LLs in the 2DEG. The voltage positions of the
peaks in I�V� corresponding to the first three LLs are plotted
in Fig. 5 as a function B. A linear fit to the LL position has
been performed using the expression

Vn�B� = Vsb − ��	c�n + 1/2� �1�

where n is the LL index, Vsb corresponds to the bottom of
the electrical subband, � is the leverage factor, 	c=eB /m*

is the cyclotron energy, −e is the electron charge, and m*

is the effective mass for GaAs. A least-squares fit �solid

FIG. 1. Schematic of the conduction band structure of the
GaAs/AlAs/GaAs tunnel diode under an applied bias. A 2DEG is
formed in emitter contact in front of the AlAs barrier. A Si donor
intentionally introduced in the barrier scans the local 2DEG density.
�sb is the energy of the lowest subband in the emitter.

FIG. 2. I�V� curves for positive and negative biases. The first
current plateau appears for both polarizations at approximately the
same bias voltage of V� ±850 mV.
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lines� to the data in Fig. 5 gives �=12.3 mV/meV and
Vsb�946 mV. By comparison the current threshold
�corresponding to the Fermi energy� is found at 855 mV.
Knowing the above values, the Fermi energy and the electron

concentration in the emitter were calculated. They equal
�F=7.2 meV and ns=2�1011 cm−2, which agrees with
the values obtained from the measurements of the macro-
scopic samples, in which the 2DEG concentration varies
from 1.5�1011 cm−2 to 3�1011 cm−2 when the bias in-
creases from 500 mV to 1200 mV.11

A. Exchange energy and screening

We consider here the evolution of the LL width and shape
with magnetic field, in particular we focus on the lifting of
the LL spin degeneracy. As usual for a 2DEG in GaAs, the
single particle Zeeman energy plays no role �the Landé fac-
tor g*=−0.44 for GaAs is too small�, while both exchange
interaction and screening are important. The exchange inter-
action is maximum when the Fermi energy lies in a spin gap
�when 
 is odd�; spin splitting is then strongly enhanced.
This is clearly seen at high fields �B�8–9 T, 
=1�, where
there is an abrupt change of the lowest LL position which
occurs when the LL becomes suddenly spin polarized. Such
a sudden polarization has been previously reported in similar
devices by another group.8 In our case, the peak shifts
by approximately 41 mV, suggesting a LL splitting of
2�41/��6.66 meV. At B�8 T this corresponds to an ef-
fective enhanced g factor of the order of 14. The dependence
of screening on filling factor was reported by Ando12 for the
first time. The LL width depends on the position of the Fermi
level and becomes very large when the Fermi level lies in the
tail of a disorder-broadened LL �i.e., for even 
 in the case of
spin-degenerate LLs�. This is because the disorder cannot be
screened efficiently in this case. This effect is perfectly seen
in Fig. 3, where there is a sudden and unambiguous increase
of the first LL width at B�4–4.5 T, i.e., close to 
=2, just
after the Fermi level emerges out of the second LL. In con-
trast, we observe a well resolved spin splitting at 
�3.

B. Fine structure

Referring to Figs. 3 and 4, one can clearly see that for
certain values of the magnetic field, superimposed on the LL

FIG. 3. �Color online� I�V� curves for various values of B rang-
ing from 0 T �bottom� to 17 T �top�. For clarity, curves have been
offset vertically by an amount proportional to B. The boxed regions,
from bottom to top, are presented in detail in Figs. 4, 6, and 8,
respectively.

FIG. 4. �Color online� I�V� curves as a function of B for low
magnetic fields from 0 T �bottom� to 3.75 T �top�. Curves have
been shifted for clarity. The boxed area shows the region of fine
structure selected for a more detailed presentation in Fig. 7. The
closed circles show the splitting of the second LL, which is dis-
cussed in Sec. IV E.

FIG. 5. The positions of the peaks in I�V� measured at different
magnetic field corresponding to the LLs n=0, 1; and 2 �solid sym-
bols�. The solid lines correspond to the best fit as described in the
text.
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peaks, fine structure is observed. These peaks are particularly
well resolved when the LL crosses the Fermi energy, see
e.g., Fig. 4 at V�850 mV, B�3–3.5 T and Fig. 3 at
V�900 mV, B�9 T. However, they are also visible when
the LL lies below the Fermi energy, as shown in Fig. 6. Such
a fine structure has been systematically observed for the
large number of samples we have studied.9,10 Similar fine
structure has also been reported in the literature.8 We also
performed experiments with B perpendicular to the current.
In such a configuration, neither LLs nor these fine-structure
peaks are visible. This is a clear hint that the fine-structure
peaks are induced by the formation of the LL. In order to
understand their origin, a detailed investigation of their evo-
lution in magnetic field has been performed.

Figure 7�a� shows a gray-scale plot of the current as
a function of bias ranging from 830 mV to 880 mV
and magnetic field ranging from 3.2 T to 3.65 T, measured
at T=80 mK. The I�V� curves in Figs. 7 and 4 are not strictly
identical because the sample was thermally cycled to room
temperature between the two measurements. Here the light
areas indicate the highest values of the current. For these
voltage and magnetic field conditions, the second LL is vis-
ible as a wide light stripe. Its position V1�B� is marked by the
solid line, taken from the observed evolution of the LL in
Fig. 5, generated here using Eq. �1�. The low energy tail of
the LL corresponds to the current valley and is clearly dis-
tinguishable around 860–870 mV in Fig. 7�a�.

Figure 7�b� presents a cross section of the I�V ,B� depen-
dence for a constant field of 3.3 T. There are several fine-
structure peaks resolved within the LL. The average energy
separation between them is about 175 �eV. The I�V ,B�
gray-scale plot allows to follow their evolution. One clearly
sees that the fine-structure peaks move at a higher rate than
the LL itself, approximately three times faster. This differ-
ence is too large to be explained by variations of the leverage
factor �. Moreover, it is interesting to note that the peaks
appear to be quasiperiodic with the magnetic field. This is
shown in Fig. 7�c�, which presents a cross section for a con-
stant bias V=846 mV. The magnetic field period is approxi-
mately 20–30 mT. The fast Fourier transform of this I�B�
curve is shown in Fig. 7�d�. The clear peak appearing at

30–50 T−1 gives further evidence for this periodicity.
In order to explain the origin of the fine structure, a num-

ber of hypotheses have to be considered: �i� the peaks can
result from the charging of the 2DEG with subsequent elec-
trons; �ii� they can reflect the single particle spectrum in the
electron gas; �iii� finally, one could imagine that both effects
take place. Let us discuss these issues, starting from the first
one. In the nonlinear transport through a confined 2DEG, the
effect of charging is well known �Coulomb blockade�.
Charging becomes important when the electron gas is decou-
pled from the leads. The 2DEG in question is on one side
confined by the AlAs barrier, however, it is not a priori evi-
dent that there is a barrier on the spacer side. Self-consistent
calculations of the potential profile and capacitance measure-
ments of large mesas in magnetic fields suggest that there is
a small potential hill between the heavily doped contact and
the quantum well. In this case, the charging effect can, in
principle, be important. An estimation of the charging energy
for a 2DEG in the 900 nm mesas gives about 300 �eV.13

This value is in a good agreement with the observed separa-
tion between the peaks. However, we have observed similar
peaks with approximately the same small spacing in much
smaller pillars, where the charging energy is expected to be
significantly higher.

Charging alone is unable to account for the behavior of
the peaks in magnetic field. As pointed out by Bird et al.,4 at
a constant bias, whether the number of electrons increases or
decreases, depends on what the energy of single-particle

FIG. 6. I�V� obtained for magnetic fields around 4 T. The rather
broad main peak corresponds to the first LL. Superimposed on this
peak, the fine structure is observed that shifts to a higher energy
�lower bias voltage� with B faster than the LL.

FIG. 7. �Color online� �a� Gray-scale plot of I�V ,B� for mag-
netic fields for which the second LL �large peak between 840 and
860 mV� crosses the Fermi energy. Superimposed on this peak, the
fine structure is observed that shifts to a higher energy �lower bias
voltage� with B faster than the LL. White solid line: fit of the LL
shift from Fig. 5. �b� Temperature dependence of the I�V� curve for
B=3.3 T �indicated by a dashed line�. The increase of the peak
height with T is a signature of phonon-assisted tunneling from the
localized states of the 2DEG to the single impurity spectrometer. �c�
I�B� for a given bias �U=846 mV�. Peaks have a periodicity of
20–30 mT �the fast Fourier transform of this curve is shown in the
bottom-right panel �d��.
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states at �F does with increasing B. If the energy of these
single-particle states decreases with increasing B, the number
of electrons increases and vice versa. In Fig. 7, the second
LL is almost empty �it disappears at 3.75 T�, indicating that
�F is pinned by the LL bulk rather than by edge states. Under
these conditions, the energy of the single-particle states most
probably follows the energy �3�eB /2m* of the second LL
and increases with B, therefore the number of electrons in the
second LL decreases when B increases; this corresponds to
the case B�6 T of Ref. 4.

From another point of view, common sense indicates that
at constant magnetic field, the number of electrons can only
increase when the bias increases. This is also confirmed by
measurements of Shubnikov de Haas oscillations in large
mesas, from which it is possible to extract the electron den-
sity ns at different biases. The two observations, that the
number of electrons increases when the magnetic field is
decreased and when bias is increased, imply that fine-
structure peaks resulting from the charging of the LL should
shift more slowly than the LL. On the contrary, we observe
the opposite trend, with the fine-structure peaks shifting
much faster than the LL. One should also keep in mind that
at B�3 T, two compressible regions, corresponding to the
two higher spin-degenerate LLs, may exist. As the magnetic
field is increased, a discrete charge −e moves from the inner
to the outer compressible region. The renormalization of the
potential after the electron transfer should induce current os-
cillations. As in the previous case, the number of electrons in
the inner compressible region �the second LL� decreases
when B increases and to first approximation, the fine-
structure should shift more slowly than the LL in the �V ,B�
plane.

Finally, a further reason which suggests the irrelevance of
the charging of the 2DEG, is the progressive smoothing of
the current fluctuations when they move away from the cur-
rent threshold. Indeed, the peaks in a Coulomb blockade re-
gime are not smeared out when the number of electrons in
the quantum dot increases. In contrast, a smearing of the
peaks is a typical signature of a decrease of the quasiparticle
lifetime below the Fermi energy.14,15

We will now show that taking into account the single
particle spectrum alone, but with smooth variations of the
potential induced by some disorder, is enough to reproduce
the qualitative behavior of the fine-structure peaks. Since the
spectrometer is well localized in space, one can associate to
it an equipotential line that passes through the position of the
single impurity spectrometer and that encloses a region of
finite size S. Due to the disorder, this region corresponds to
either a hill or a valley of the in-plane slowly varying poten-
tial. In the smooth potential approximation,1 each quantum
state occupies the same area 2�lB

2 =0 /B and the number of
states per LL in this region is BS /0. When B increases, this
number must increase: the states get closer while additional
SP states cross regularly at the equipotential line at the edge.
By doing that, the states follow the local slope of the poten-
tial. Therefore the energy of the peaks increases with B more
quickly than the energy of the LL if the equipotential line
encloses a potential hill. On the contrary, the energy of the
peaks increases more slowly than the LL energy if the equi-
potential line encloses a valley. Experimentally, the sharp

peaks move faster than the LL, indicating that the equipoten-
tial line encloses a potential hill.

This interpretation is in agreement with the behavior of
the sharp fine-structure peaks at higher B. Figure 8�a� shows
a gray-scale plot of the I�V� curves at 
�1 �B varies from
9.14 to 9.4 T�. This figure is very similar to Fig. 7. The solid
line corresponds to the curve V0�B�+41 mV, taken from Eq.
�1�. The offset of �41 mV is added to take into account the
spin gap. Again, the observed fine structure moves faster
than the LL itself. The right panel �Fig. 8�c�� shows an I�B�
curve at constant bias from which it is possible to extract a B
periodicity �65–100 mT�, roughly 2–3 times larger than the
B periodicity of 20–30 mT observed at 
�2.5 in Fig. 7. In
this magnetic field region there is not a sufficient number of
peaks to allow a precise estimate of the period. However, the
observed approximate doubling of the period can be ex-
plained by the lifting of the spin degeneracy at high B. In
this case, when the LL degeneracy is only eB /h, the B peri-
odicity of the sharp peaks should be two times larger. This
explanation is valid only if there is a small spin splitting at
B�3.5 T in the second LL. Such a splitting may be induced
either by an additional Coulomb interaction, or by Zeeman
effect. For instance, at this magnetic field, the Zeeman spin
splitting is of the order of 80 �eV and may be experimen-
tally resolved.

C. Temperature dependence

Another interesting property of the fine-structure peaks is
that they have a very strong temperature dependence, as

FIG. 8. �Color online� �a� Gray-scale plot of I�V ,B�, close to the
filling factor 
=1. Additional peaks �fine structure� are superim-
posed on the main peak corresponding to the first spin-split LL.
Solid line: expected evolution of the first LL from Fig. 5. Again, the
additional peaks �fine structure� shift to higher energy �lower bias
voltage� faster than the LL. �b� Temperature dependence of I�V� for
B=9.25 T. �c� The periodicity �see also the fast Fourier transform in
the bottom-right panel �d�� is 2–3 times larger than the periodicity
observed for the spin-degenerate second LL in Fig. 7, suggesting
that the degeneracy is now given by eB /h.
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shown in Fig. 7�b�. When the temperature is increased from
20 mK to 1.2 K, the width and height of the current peaks
increase monotonically, while their positions remain
unchanged. Such a behavior has been reported for phonon-
assisted Coulomb blockade oscillations in disordered
wires,16,17 and for phonon-assisted tunneling through an
impurity.18 Following the last reference, and our own previ-
ous analysis,10 we ascribe the increase of the peak height
with T to phonon-assisted tunneling from the localized states
of the 2DEG to the spectrometer single impurity state.
The peak height and width may be calculated using the de-
scription of hopping conduction of Shklovskii and Efros.19 A
linear increase of the peak height with the temperature is
then expected, as observed experimentally in Fig. 7�b� for
temperatures higher than 500 mK. We observe no tempera-
ture dependence between 20 mK and 200 mK, probably be-
cause at these very low temperatures, in our small mesos-
copic devices, the electrons in the 2DEG are not efficiently
thermalized.

A rather different temperature dependence is observed in
the vicinity of 
=1, where the peaks are simply smeared out
when the temperature increases. Figure 8�b� shows the evo-
lution of the fine-structure peaks at 
=1 between 20 mK and
1 K. Above 2 K, all peaks observed in Figs. 7 and 8 are
washed out, as expected when the energy �E of the excita-
tion becomes comparable to kBT.

D. First estimations

From our simple model, the data shown in Fig. 7, allows
us to extract many parameters of the investigated system.
The periodicity of the fine-structure peaks �B observed at
constant bias, around a constant magnetic field B0, is given
by

�B =
�E

��n +
1

2
� e

m* +
2S

0
�E

, �2�

where S is the surface enclosed by the equipotential line
passing through the position of the single impurity spectrom-
eter, �E is the energy spacing between two consecutive fine-
structure peaks observed at constant magnetic field. This for-
mula takes into account the LL shift. Neglecting this shift
would lead to the usual formula �B=0 /2S, where the fac-
tor 2 arises from the spin splitting. For the sake of simplicity,
we assume a circular equipotential line of radius rs=�S /�.

From Fig. 7 we estimate �B�25±5 mT and
�E�175±25 �eV. This gives rs=100–150 nm, consistent
with the diameter of the pillar, which is much larger. For
a given magnetic field B0, the in-plane electric field E is
given by

eE = �E
4�rsB0

0
�3�

so that E��2.3±0.4��105 V/m. A similar value is found
for 
=1, E��2.7±0.4��105 V/m. In the literature, the re-
ported values of the local electric field in similar systems
range from 2�104 V/m to 3�105 V/m.20–22 Davies and

Nixon23 calculated the effect of the random placement of
impurities in the doped layer of a heterojunction and they
found potential fluctuations on a typical length scale of
0.1 �m, of the same order as rs. They also found local elec-
tric fields of 	105 V/m, however, they did not take into
account the screening by the electrons in the 2DEG that
should smooth out the fluctuations. Another probable origin
of the high electric fields is the formation of alternating re-
gions of compressible and incompressible liquids in the
2DEG when a magnetic field is applied.2 This increases dra-
matically the electric field in the incompressible regions,
where the electrostatic potential changes abruptly by 	�	c.

E. A qualitative model

In order to verify the hypothesis that the observed fine-
structures reflect the single-particle states in the LLs, a cal-
culation of the resonant tunnel current has been performed.
Our simple model assumes that the 2DEG in the pillar is
confined by a weak parabolic potential,

v0�r� = 1
2m*	d

2r2, �4�

where 	d is the strength of the confinement potential, m* is
the effective mass in GaAs, r is the in-plane radius. Such a
parabolic potential is realistic for small pillars24 and has the
advantage that the lateral wave functions and eigenvalues are
well known.25

To reproduce the fine-structure shift, an additional hill of
potential v1�r� is added �see Fig. 9�. As a model, we take

v1�r� = v
1

1 + exp�4e�r − rs�E/v�
, �5�

where E, rs, and v are parameters. As defined before, rs is the
position of the single impurity spectrometer �and therefore
radius of the potential hill�, while �v1 /�r�rs�=eE is the elec-
tric field at r=rs �we have neglected the contribution of the
v0 potential for simplicity�. The parameter v controls the

FIG. 9. �Color online� Dark grey area: in-plane potential used
for the simulation. The spectrometer position rs is indicated by a
black arrow. The light grey region indicates the states populated at
B=3.2 T, the two first spin-degenerate LL’s are indicated by solid
lines. Single-particle states are indicated either by open circles
�empty states� or by closed circles �occupied states�. The gray �red�
arrows indicate how the single-particle states move when B
increases.
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overall amplitude of the potential fluctuation.
The eigenvalues �i and eigenstates 
i� of the total

Hamiltonian,

H =
�p + eA�2

2m* + v0 + v1 �6�

are calculated as a function of B. The current is proportional
to

I��d� � �
i


rs
i�
2
�

��i − �d�2 + �2 f��d − �F� , �7�

where f is the Fermi distribution, �d is the spectrometer en-
ergy, and we have added a phenomenological broadening
parameter � that can be divided into two parts: �=�s+�q,
where �s is the spectrometer width and �q corresponds to
the decrease of the quasiparticle lifetime far from �F. From
the experimental data we obtain �s�30 �eV. For �q we
have chosen the usual quadratic dependence,26 �q=A��F

−�d�2, A=10 eV−1, which reproduces the experimental
broadening quite well.

Figure 10 shows the results of the simulation, obtained
with �	d=0.6 meV, rs=130 nm, E=2.7�105 V/m,
v=6 meV, and T=300 mK. These values have been chosen
to be in agreement with the results of the previous section.
For our pillar, we estimate that the 2DEG should contain
around 200 electrons, in order to obtain the correct Fermi
energy of �7 meV. The introduced potential is shown in
Fig. 9. The central depression does not influence the results
and could be suppressed by choosing a slightly more com-

plicated trial potential. What is important is the strong local
electric field at the position rs of the spectrometer. A sche-
matic representation of the two first LLs at B=3.2 T is
indicated in Fig. 9.

Figure 10�a� shows the calculated I�V� curves from 0 T
�bottom� to 4 T �top� with a step of 0.25 T. The main experi-
mental features of Fig. 4, i.e., LLs formation and fine struc-
ture, are well reproduced. The first four LLs are indicated by
the dashed lines that are drawn as a guide to the eye. They
originate from �d�7.5 meV at B=0 T, an energy which in
first approximation corresponds to v0�rs�+v1�rs�. Figure
10�b� shows the calculated I�V� curves for the second LL
only, from 3.2 T to 3.62 T. As observed experimentally in
Fig. 7, the fine structure moves significantly faster than the
LL itself.

Similar calculations have been performed for the potential
v0 alone �not shown�; in this case the equipotential encloses
a valley of the potential and, as expected, the opposite trend
was found, with the fine-structure peaks shifting more slowly
than the LL in a magnetic field.

In addition, our simple model predicts another experimen-
tal observation. The second LL, shown in Fig. 4, is com-
posed of two maxima, as indicated by the closed circles. This
doublet cannot be due to the spin splitting in GaAs, which is
very small for this magnetic field range. This is also con-
firmed by the fact that the spin splitting observed in the first
LL at B=3 T is much smaller than the observed splitting of
the second LL, which occurs at B�1.5–2.5 T; the double
structure of the LL reflects the shape of the wave function of
the second LL. The wave functions 
i� remain in this aspect
similar to the unperturbed wave functions of the second LL,
which have a node. When the magnetic field is changed the
node moves, and as it crosses the position of the impurity the
current decreases. This effect does not occur for the first LL,
for which the corresponding wave functions have no node.
The simulation reproduces quite well these effects, as shown
in Fig. 10�a�, where the splitting is also indicated by the
closed circles.

It is interesting to note that the calculations also reflect
well the experimental I�V� for the case where no magnetic
field is applied; fluctuations of the local density of states are
resolved. We also stress that the lateral confinement of the
pillar plays a minor role in the results at high magnetic fields.
In the simulation the current fluctuations are induced by fluc-
tuations of the potential, and not by the lateral confinement.
As a last remark, the possible impact of the short range po-
tential centers was evaluated with additional simulations.
Several deltalike potentials ��30� were introduced in the
2DEG. It appears that they do not have significant effect on
the high magnetic field results without deltalike potentials
presented above.

Although many physical observations are properly de-
scribed with the model proposed, it nevertheless has some
limitations. For the parameters used, the energy difference
�E between the fine-structure peaks is smaller than experi-
mentally observed. Further refining of the parameters is un-
able to correct this problem. Increasing v simply causes the
LLs to disappear. Equally, increasing E does not work once
the wave functions become larger than the potential step. In

FIG. 10. �Color online� I�V� calculated as described in the text
at different magnetic fields. The curves have been vertically shifted
for clarity. �a� Magnetic field ranging from 0 T to 4 T; the dashed
lines indicate the positions of the LL’s. �b� Magnetic fields from
3.2 T to 3.62 T. The gray �red� lines indicate the position of the
Fermi level.
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order to improve agreement and to obtain a quantitative de-
scription, it is probably necessary to take into account the
electron-electron interactions. Moreover, the calculations
suggest that the fine-structure peaks should also be observed
for the first polarized LL. However, this prediction is not
confirmed by the experiment; no fine structure is observed
above 13 T.

Finally, the large overall amplitude v of the hill potential,
associated with the important electric fields close to the
edge, suggests that compressible and incompressible regions
are formed in the 2DEG. Compressible regions are known
to be quite large, while in contrast, incompressible regions
are narrow and may induce important fluctuations of the
potential. Furthermore, two successive plateaus of compress-
ible region are separated by an energy of the order of
�eB /m*�6 meV at B�3.5 T, a value compatible with the
value of v and our experimental data.

V. CONCLUSION

We stress here that periodic conductance fluctuations have
already been observed in devices with two-dimensional
dots3,4,6,27 and antidots.20,28 These fluctuations were primarily
understood as being due to single resonances through single
particles states with discrete energies. For dots, it is generally
admitted that this explanation is too simplistic; a complete
interpretation of these oscillations should take into account
Coulomb charging4 and a correct treatment of the self-
consistent potential.6 For antidots devices, the situation is
even more controversial, as it was often assumed that Cou-
lomb blockade effect does not occur in antidots,20 while re-
cent experiments demonstrate the opposite.28

In our case, the vertical transport configuration allows us
to investigate the properties of the electron gas not only at
the Fermi level, as is the case for standard transport experi-
ments, but also below the Fermi energy. The study of the

density of states of the electron gas in magnetic fields re-
veals, in addition to the formation of the LLs, the existence
of a series of fine-structure peaks superimposed on the LLs
close to the Fermi energy. A systematic investigation of these
peaks shows that they are quasiperiodic in magnetic field.
Most of the features observed experimentally can be success-
fully explained by fluctuations of the potential, in a single
particle model. We find no evidence of charging processes.
For further investigations, additional magnetotransport mea-
surements on pillars should be performed. Pressure measure-
ments may also give information on the nature of the peaks.
The fine structure has been seen in every sample in which the
LLs were resolved; two of these samples are presented in
Ref. 9; another one in Ref. 10. Results obtained with other
samples have never been published but showed LLs with
well resolved fine-structure peaks. We have analyzed the
shift of the fine-structure peaks for the two samples for
which we have a sufficiently complete data set. One of these
samples is presented in this paper, while in the other one, we
could not clearly differentiate the rate of the fine-structure
peaks and the rate of the LLs. In our model, the faster or
slower shift of the fine-structure peaks with respect to the
LL, is in some sense accidental, since it depends on the po-
sition of the single impurity spectrometer, which can be ei-
ther on a potential hill or in a potential valley. If the potential
fluctuations are really random, in some pillars it should be
possible to observe a slower shift of the fine structure under
a magnetic field.
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