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Origin of Landau oscillations observed in scanning tunneling spectroscopy onn-InAs„110…
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The magnetic field induced oscillations indI/dV curves recorded with a low-temperature scanning tunneling
microscope onn-InAs~110! are analyzed in detail. It is found that the previous interpretation of the oscillations
as due to the Landau quantization of the bulk conduction band of InAs has to be reconsidered. While the
distance between the maxima of the oscillation corresponds to the effective mass of the InAs conduction band,
the energetic positions of the maxima depend on the individual tip and can only be understood if the tip
induced quantum dot is taken into account. A comparison of measured quantities~spatial fluctuations of the
Landau level energies and spin splittings! with Hartree-Fock calculations of the tip induced quantum dot
reveals quantitative correspondence. From this comparison, we conclude that the tunneling experiment detects
the (m50) states of different Landau and spin levels of the quantum dot, which are only marginally influenced
by their resonant coupling to the bulk conduction band.
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I. INTRODUCTION

The detection of Landau quantization and spin splitt
with lateral resolution provides insight into the complex i
teraction of electrons with potential inhomogeneities in
magnetic field. The lateral resolution appears to be crucia
semiconductor systems, since a number of intriguing exp
mental observations, such as, e.g., the quantum Hall ef
have been explained by rather local descriptions guided
localization phenomena in the residual potential disord1

Scanning tunneling spectroscopy at low temperature i
technique that detects quantization energies with subnan
eter lateral and sub-meV energy resolution2 and is thus ide-
ally suited to investigate local quantization phenomena i
magnetic field. Indeed, Landau quantization has been
served in experiments onn-InAs~110! and has been attrib
uted to the Landau quantization of the bulk conduction ba
of the material.3

The aim of this paper is to clarify that this interpretation
not correct. A more careful analysis of the data reveals
neither the observed energetic positions of the Landau le
nor their intensity nor the observed spin splitting nor t
influence of ionized dopants on the Landau levels can
explained within a model concentrating on the InAs bu
properties. Instead, another model has to be adopted
positive sample voltages, the tunneling current proce
from a nearly featureless tip density of states~DOS! to the
quantized levels of the tip induced quantum dot.4 Compari-
son of the experimental data with Hartree-Fock calculati
of the quantum dot reveals good agreement. Thus we ass
that the resonant coupling of the quantum dot levels to b
bands is of minor importance. It broadens the levels,
does not significantly shift their energy.

II. EXPERIMENT

The ultrahigh-vacuum low-temperature scanning tunn
ing microscopy ~STM! apparatus is described in deta
PRB 620163-1829/2000/62~11!/7257~7!/$15.00
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elsewhere.5 The STM works down to 6 K and in magnetic
fields up to 7 T perpendicular and 2 T parallel to the sample
surface. The spectral resolution determined by the full wi
at half maximum~FWHM! of the smallest spectral feature
found indI/dV curves is 0.5 mV. This is in accordance wi
the expected thermal broadening of the Fermi level of the
Degeneraten-InAs (ND52.031016/cm3) is used. The dop-
ant density and the degeneracy of the electron gas
checked by van der Pauw measurements atT54 –300 K.
Hall and Shubnikov–de Haas measurements reveal tha
electron gas remains degenerate up to 8 T and down to 4.2
K,6 i.e., the carrier density is nearly independent of magne
field. After in situ cleavage at a base pressure below
31028 Pa, the InAs sample is transferred into the STM a
moved down into the cryostat. The procedure results i
clean InAs~110! surface with a STM-detectable adsorba
density of about 1027/Å2. The ex situetched W tip is pre-
paredin situ by applying voltage pulses up to 30 V and 1
ms between the tip and a W~110! sample and/or severa
hours of field emission at 150 V and 10mA under feedback
control. Topographic images anddI/dV images are recorded
in constant current mode with the voltageV applied to the
sample. ThedI/dV(V) curves are measured at fixed tip p
sition with respect to the surface. The distance is fixed a
currentI staband a voltageUstabbefore the feedback is turne
off. The dI/dV(V) signal is recorded by lock-in techniqu
( f 51.5 kHz,Vmod51 mVrms). Care has been taken to avo
spectral shifts induced by the finite time constant of t
lock-in amplifier. Moreover, the voltage scale has be
checked for each measurement by determining the zero
rent condition in the tunneling gap. Errors due to curre
offsets of the preamplifier~typically in the low picoamp
range! are eliminated. Thus the total error in the absolu
voltage scale is below 1 mV. All measurements are p
formed atT5761 K.

III. RESULTS AND DISCUSSION

Figure 1 shows a set ofdI/dV(V) curves recorded with
the same tip on the same sample position. The only par
7257 ©2000 The American Physical Society
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7258 PRB 62M. MORGENSTERNet al.
eter varied is the magnetic fieldB perpendicular to the
sample surface. The Fermi level (EF) as well as the bulk
conduction band minimum (EBCBM) of the InAs sample as
obtained from calculations of the DOS of InAs with a carr
density of 2.031016/cm3 are marked.7 EBCBM2EF de-
creases with increasingB due to the increasing DOS close
EBCBM . The dI/dV curves show distinct peaks belo
EBCBM , which are caused by the tip induced quantum d4

~see below!. Above EBCBM , additional oscillations are ob
served. They increase in intensity and distance with incre
ing B. Identifying the voltage scale with the energy scale
the sample DOS,2 one finds that the distance of the oscill
tion maximaDE corresponds to the effective massmeff(E)
of InAs, i.e., DE(E)5\eB/meff(E) with meff(E)
50.023me@112(E2EBCBM)/Egap# (\ is Planck’s constant
e the electron charge,me the electron mass,Egap50.4 eV the
band gap of InAs!.3,8,9 The same magnetic field depende
peak distances reflectingmeff(E) are found in all experi-
ments. This experimental finding leads to the wrong conc
sion that thedI/dV oscillations are caused by the Land
quantization of the bulk DOS of InAS~3!.

However, the peak energies depend on the individual
and do not correspond to the bulk DOS of InAs. The bu
DOS of InAs exhibits Landau and spin quantization in ma
netic field and has a pole atEBCBM .7 This should result in a
maximum in thedI/dV curves atEBCBM , which is not ob-
served~Fig. 1!. One easily deduces from the curves at 2 T
T, and 6 T that broadening of the peaks caused by the fi
lifetime of the electrons is not sufficient to explain the wro
peak positions. Moreover, energy shifts due to surface st
can be excluded, since it is well known that InAs~110! ex-
hibits flat band conditions up to the surface.10

A possible cause for an energy shift of the peaks indI/dV
curves with respect to the DOS could be the usually assu
fact that the tunneling current is not sensitive to (kz50)
states (kz is the electron wave vector perpendicular to t
surface!. Thus the tip could act as akz filter. However, since
kz is not influenced by the magnetic field, the peaks obser
with a kz filter should be equidistant fromEBCBM indepen-
dent ofB. This is not the case as shown in Fig. 1.

FIG. 1. dI/dV(V) curves recorded with the identical tip on th
same position ofn-InAs~110! (ND52.031016 cm23) at different
magnetic fieldsB as indicated;Vstab5150 mV, I stab5500 pA; EF

marks the Fermi level andEBCBM the bulk conduction band mini
mum of the sample.
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Another possible cause for energy shifts could be a lo
charging of the surface by the tunneling current, usua
called spreading resistance.11 It should result in a strong cur
rent dependence of the peak positions. Figure 2 showsdI/dV
curves measured with the same tip on the same surface
sition at B56 T. I stab and thereby the tunneling current
varied. A slight current dependent shift of about 1 meV
observed. It is attributed to the changing distance betw
sample and tip, which slightly changes the extension of
tip induced quantum dot.8 However, this extremely smal
shift excludes an influence of spreading resistance on
peak energies.

Summarizing the above results, we state that the peak
dI/dV curves recorded in a magnetic field do not detect
Landau quantization of the unperturbed bulk DOS of InA
Consequently, we have to consider the local perturbation
the sample by the electric field of the tip. In a previo
publication,4 we described this perturbation as a tip induc
quantum dot. From the peaks indI/dV curves recorded at 0
T, we estimate the potential depth and the lateral extens
of this quantum dot. For this, the measured peak energies
compared with Hartree calculations for different trial pote
tials. It is found that a Gaussian shape of the lateral exten
of the quantum dot gives a reasonable description, i.e.,
lateral extension can be described by a single parameter
s width of the Gaussian. The potential of the quantum do
the z direction is modeled by solving the one-dimension
Poisson equation. Thez potential largely determines the en
ergy of the lowest state. Since the potential depth of
quantum dot changes with applied voltage, the work funct
difference between sample and tip,DF, has to be used as th
parameter to describe thez potential. Thus the two param
eters s and DF completely determine the quantum d
shape. For W tips used onn-InAs~110!, DF turns out to vary
between 70 meV and 400 meV, whiles varies between 15
nm and 40 nm. Notice that the fitting procedure based
experimental data gives a good estimate of the poten
shape of the dot, but neglects possible asymmetries of
quantum dot parallel to the surface.

It is obvious that the presence of the quantum dot chan
the conditions of the tunneling experiment. Consequen
the energetic positions of the Landau oscillations should

FIG. 2. dI/dV(V) curves recorded with the identical tip on th
same position ofn-InAs~110! (ND52.031016 cm23) at B56 T.
The curves are stabilized at differentI stab as indicated;Vstab5150
mV; EF marks the Fermi level.
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PRB 62 7259ORIGIN OF LANDAU OSCILLATIONS OBSERVED IN . . .
pend on the actual microtip and the corresponding tip
duced quantum dot. This is indeed the case, as demonst
in Fig. 3~a!. ThreedI/dV curves obtained with different mi
crotips atB56 T are shown. The three tips were prepar
individually, resulting in different quantum dots as deduc
from the different positions of the tip induced states~below
EBCBM). Since the three measurements are not performe
the same sample position, we used an averaging procedu
get rid of influences of the spatially fluctuating surface p
tential. Therefore we recorded a grid of 1003100 dI/dV
curves covering a (200 nm)2 area and plotted the averag
curve. To prove that the remaining potential fluctuations
not cause considerable peak shifts, Fig. 3~b! shows two av-
eraged curves recorded with the same microtip on differ
(200 nm)2 areas. The remaining peak differences are be
1 meV, far smaller than the peak differences obtained w
different microtips.

In addition, the top curve in Fig. 3~a! exhibits a splitting
of the Landau oscillations. A similar splitting is partly ob
served with the other tips but only in single curves and no
the average curve. For example, in the data set from wh
the bottom curve of Fig. 3~a! was obtained, only 10% of the
individual curves exhibit the splitting. Since the splitting
always twofold and of the order of the expected spin splitt
of InAs ~5.2 meV!, it is attributed to spin splitting as indi
cated by the arrows on the top curve.

We have to draw the important conclusion that the La
dau and spin quantization visible indI/dV curves strongly
depends on the microtip. Since it is not reasonable to ass
that the tip DOS results in peaks corresponding to the L
dau and spin quantization of InAs, we consider the influe
of the tip induced quantum dot as the remaining poss
reason in more detail.

We determined the potential shape of the quantum do
present during the measurement of the bottom curve of
3~a! (s540 nm,DF5200 meV! and performed unrestricte
Hartree-Fock calculations of this quantum dot in a magn
field. For technical reasons, we used periodic boundary c
ditions for a (100 nm3100 nm! unit cell. In magnetic fields
above 1.5 T the resulting energy bandsE(k) are flat, i.e., the
quantum dots are decoupled and the states resemble tho
an isolated dot. The individual states are classified by th

FIG. 3. dI/dV(V) curves averaged from 1003100 curves re-
corded on a~200 nm3 200 nm! area atB56 T. ~a! Each curve is
recorded with a different microtip:~1! Vstab5 200 mV, I stab5450
pA; ~2! Vstab5200 mV, I stab5500 pA; ~3! Vstab5100 mV, I stab

5500 pA; arrows in curve 3 mark different spin levels.~b! Two
averageddI/dV(V) curves recorded with the same microtip on d
ferent (200 nm)2 areas of the sample@averaging as in~a!#; EF

marks the Fermi level.
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quantum numbersn, m, ands corresponding to the Landa
quantization, the orbital momentum, and the spin.12 The cal-
culations were performed for several magnetic fields
tween 1.5 T and 3 T. To perform the calculations on a r
sonable time scale, we had to restrict ourselves toB<3 T.
However, from calculations performed at different magne
fields and from our experience with previous Hartree-Fo
calculations, we can assume that the trends scale up to 613

All experimental data compared with Hartree-Fock calcu
tions are measured with the corresponding microtip.

The computation of the quantum dot states allows us
sketch a more realistic picture of the tunneling experimen
shown in Fig. 4. A rather featureless DOS of the tip can
deduced from the flatdI/dV curves observed at positiv
sample voltages andB50 T. From this tip the electrons ar
injected into the quantum dot region~QD!, which is reso-
nantly coupled to the bulk conduction band~3DEG! of InAs.
Decoupling the two regions of the sample in a gedank
experiment, we depict the corresponding DOS separatel

Figure 4~b! shows the bulk DOS atB56 T, which is
dominated by the Landau quantization calculated fr
meff(E) and the spin splitting resulting fromDEs5gmB,
with the gyromagnetic factor of InAsg514.8 and Bohr’s
magnetonm. EF is calculated by filling all electrons into th

FIG. 4. ~a! Sketch of the tunneling process at positiveV: occu-
pied levels are marked in dark gray, unoccupied levels are ma
in light gray, the band gap of InAs is marked in very light gra
arrows mark the tunneling currentI; QD is the tip induced quantum
dot; 3DEG the three-dimensional electron gas.~b! Density of states
of the 3DEG atB56 T: LLn and the arrows mark the differen
Landau and spin levels of the 3DEG, respectively. The smooth g
line includes the level broadening caused by the finite electron
time. ~c! Level diagrams of the tip induced quantum dot atB
52.5 T: LLn and the arrows are used as in~b!; in addition spin up
and spin down levels are drawn black and gray, respectively;
QD is calculated with the parametersDF5200 meV,s540 nm as
obtained from the analysis of the tip used for thedI/dV curve 1 in
Fig. 3~a!; right and left diagrams are calculated with and withou
dopant in the center of the quantum dot, respectively.



ross.

7260 PRB 62M. MORGENSTERNet al.
FIG. 5. ~a! Constant current image ofn-InAs~110! including two defects marked by crosses;V555 mV, I 5500 pA. ~b! dI/dV image
recorded in parallel with~a!; crosses mark the identical positions as in~a! and the rings mark the areas less than 5 nm away from each c
~c!–~g! The wave functions of the LL1 spin up level of the quantum dot atB52.5 T @corresponding to the energy levels shown in Fig. 4~c!
right#; m marks the orbital momentum of each state.
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resulting DOS. Since the finite electron lifetime leads
broadening of the energy levels, the real bulk DOS loo
more like the curve shown as a gray line in Fig. 4~b!. It is
calculated by assuming a Lorentzian broadening of the D
depicted in black~infinite electron lifetime!. The electron
lifetime used to calculate the gray line is taken from t
resistivity of the sample atB50 T assuming a Drude-mode
Interestingly the oscillations of the ‘‘real’’ DOS~15% peak-
to-peak with respect to the total DOS! are by far smaller than
the oscillations observed indI/dV-curves~up to 70% of the
total dI/dV-signal!. This again shows that the 3DEG DO
can not be responsible for the observed oscillations.

Figure 4~c! shows the quantum dot states as obtain
from Hartree-Fock calculations. The two level schemes
Fig. 4~c! are calculated with the same quantum dot para
eters, but in the left scheme an ionized dopant is added to
potential in the center of the quantum dot. First, one noti
that the quantum dot states form bunches correspondin
different Landau numbersn and partly to different spins.
Second, the energetic distances between adjacentn bunches
correspond exactly to the effective massmeff(E) of bulk
InAs. Third, in agreement with the experimental results,
energetic positions of the bunches are different from
s
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peaks in the bulk DOS; in particular, no bunch center
located close to 0 meV. All three results hold for all calc
lated magnetic fields and also for dots calculated w
slightly different filling factors. So the experimental resu
can be explained by the Landau and spin quantization of
quantum dot without considering the influence of the bu
conduction band.

Let us assume for the moment thatdI/dV curves are sen-
sitive only to the quantum dot states and ask what states
selected by the tunneling process. Atomic resolution is u
ally achieved, so the tunneling current is restricted to
sub-nm2-area. Consequently, we couple only to a small p
of the wave functions of the quantum dot states and the
sition of the tunneling region with respect to the dot w
affect the measurement. Both the shape of the quantum
and the position of the tunneling current can be determi
when charging phenomena take place at small defects on
surface.14

Constant current images measure the position of the
fects as marked by the crosses in Fig. 5~a!. At the cross the
tunneling region of the tip is exactly above the defect. On
other hand, a capacitive charging of the defect by the
induced electric field takes place. If the electric field is s
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FIG. 6. ~a! SingledI/dV(V) curve~solid line!, B56 T, Vstab5200 mV, I stab5450 pA, and corresponding fit using a Gaussian of wid
s53.2 meV for each peak~dashed line!; the vertical lines labeledEs

n mark the resulting peak energies of different Landau levelsn and spin
levelss. ~b! dI/dV map atV5260 mV; bright areas labeled 1–3 correspond to dopants below the surface.~c! and ~d! Maps of the peak
energiesE↓

1 andE↑
1 of the same area as depicted in~b!; the peak energies are obtained from fits as shown in~a!; notice the smooth shift of

the peak energies around the dopants.
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ficient to overcome the Coulomb blockade, the defect get
additional negative charge, which repels the DOS in its
vironment and leads to a reduction in thedI/dV signal. In-
deed, we observe two dark areas appearing around the
fects in Fig. 5~b!. The borderlines of the dark areas mark t
region of the same tip induced electric field sufficient
charge the defect. So, we directly measure the electric fi
of the tip. However, in contrast to the usual electrosta
experiments, we move the cause of the electric field~the tip!
and not the probe~the defect!. Hence, the point inversion o
the borderline of the dark area corresponds to an equipo
tial line of the electrostatic tip. Since the equipotential lin
directly induce the quantum dot, the dark areas mimic
shape of the quantum dot.

More importantly, the position of the tunneling curre
with respect to the quantum dot can be determined by c
paring Figs. 5~a! and 5~b!. Figure 5~a! marks the position of
the tunneling current with respect to the defect and Fig.
the position of the quantum dot with respect to it. To gui
the eye the position of the tunneling current is marked a
cross in both images. Obviously the tunneling current flo
in the center of the quantum dot. To illustrate that it tru
flows within 5 nm from the center of the dot, a circle with
nm radius is drawn around the cross in Fig. 5~b!.

We conclude that only wave functions with a considera
weight in the inner 5 nm of the dot will be detected bydI/dV
curves. To select these states we use the Hartree-Fock c
lations of a circular symmetric dot. Figures 5~c!–5~h! show a
set of differentm states for Landau leveln51 ands5↑ as
obtained from the calculations. The (n51,s5↓) states are
identical. Only the (m50) state has a considerable intens
in the inner 5 nm of the dot. This is a general result hold
for all Landau levels in all calculations performed in diffe
ent magnetic fields. Consequently, we assume that them
50) states will always dominate the signal indI/dV curves.

Of course, the quantum dot in the experiment is not c
cular symmetric. However, although the asymmetric sh
does change the level quantization with respect tom ~which
then ceases to be a good quantum number!, we feel that the
general assumption that one state for eachn ands is selected
by the restricted area of the tunneling current remains va
This state may still be predominantly (m50)-like with a
small contribution of otherm states.

Now let us come back to the resonant coupling of
quantum dot states to the bulk DOS. Most likely this co
n
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pling broadens the levels. A fit of the 104 individual dI/dV
curves from a (200 nm)2 area shows that a constant FWH
of 3.2 meV for all Gaussian shaped Landau and spin pe
of all curves gives reasonable agreement with the experim
tal data. It results in an integral intensity error of about 5
for each curve. For one example the fit is shown in Fig. 6~a!.

The determined FWHM of 3.2 meV is considerab
broader than the energy resolution of the experiment of
meV. Analysis of the wave functions in Fig. 5~b! reveals that
the (mÞ0) states contribute only about 10% to the tunneli
current in the center of the dot. This makes it unlikely tha
tunneling into otherm states causes the broadening. Thus,
conclude that the coupling to the bulk states changes
width of the levels. The effect is very similar to the broa
ening of atomic levels of adsorbates by their interaction w
surface and bulk states of the sample.15

To exclude the possibility that the coupling to the bu
states has an important influence on the energetic posit
of the quantum dot states, we want to discuss two exp
mental observations in more detail.

~1! The presence of ionized dopants changes the pote
of the quantum dot and thereby the energy states. We h
performed Hartree-Fock calculations with and without a do
ant in the center of the dot as shown in Fig. 4~c!. We com-
pared the resulting energy shifts of the (m50) states with a
perturbation term DEn5^CnuVCouluCn&5VCoul(An11l ),
whereCn describes the wave function corresponding to
nth unperturbed Landau state,VCoul is the screened Coulom
potential of the dopant, andl is the magnetic length.16 It
turns out that the (n51) and (n52) states from Hartree
Fock calculations shift by about 2DEn independent of mag-
netic field. Shifting the dopant away from the center of t
dot reduces its influence on the Hartree-Fock energies le
ing to a continuous change of the energy levels with
position. In contrast, a dopant embedded in the bulk D
results in an additional extended state located less thanDEn
below the poles of the unperturbed DOS. It exhibits a late
extension of the order ofdn52(An11l ).17

To compare these results with the experimental data,
6~b! shows an area including three dopants visible as br
dots. The dopants are located 5 –10 nm below the surfac18

which is well within the quantum dot area and far away fro
the 3DEG area@see Fig. 4~a!#. Figures 6~c! and 6~d! show
the corresponding experimentally determined (n51,s5↓)
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7262 PRB 62M. MORGENSTERNet al.
and (n51,s5↑) energy states as a function of position a
T. The peak energies are very sensitive to position o
length scale well belowd1536 nm. This is expected for th
quantum dot levels, since the quantum dot moves with
tip, which slightly changes the total potential of the dot a
hence the energy states for each individualdI/dV curve. In
addition, the maximum energy shift obtained from Figs. 6~c!
and 6~d! is 4 meV, which is indeed twiceVCoul(An11l )
52 meV.7 Both results, absolute shift and position depe
dence, are in agreement with the Hartree-Fock calculat
of the quantum dot but in disagreement with the expec
influence of dopants on the 3DEG. We conclude that
quantization of the bulk bands is of minor importance for t
observed energies. Notice that the similar behavior of b
spin levels excludes the interpretation that the two lev
correspond to a bulk related and a quantum dot related p
The bulk related peak should be influenced in a differ
manner by dopants, as discussed above. But more im
tantly, since the bulklike area is far away from the dopan
the influence of the dopants on the bulk states should
much smaller than its influence on the quantum dot state

~2! It is well known that quantum dots exhibit otherg
values than the corresponding bulk material.13,19 From the
Hartree-Fock calculations we can conclude that the m
influence for InAs comes from the total spin of the quantu
dot, which is the sum of spins of all occupied levels. A hi
total spin increases the spin splitting of the unoccupied st
through the exchange interaction. To estimate this effect,
slightly varied the occupation of the quantum dot as wo
be expected due to the influence of dopants. It is found
the resulting spin splitting of the (m50) state can be de
scribed by ag value varying between the bulk value (g
.15) and twice the bulk value (g.30) for n51. For n
52 the maximum value of the spin splitting is slight
lower. Figure 7 shows two histograms of the experimenta
observed spin splittings found in a (200 nm)2 area for the
first and second Landau levels. The bulk spin splitting aB
56 T is 5.2 meV. Obviously, the experimental results a
again in quantitative agreement with the behavior of the c
culated states of the quantum dot, but in disagreement
the behavior of the bulk states.

FIG. 7. Histograms of spin splitting energies atB56 T ~a! First
Landau level;~b! second Landau level. The spin splitting ener
DEn

ss is defined as the difference between the two peak ener
belonging to the same Landau leveln: DEn

ss5En
↑2En

↓ . Both histo-
grams are made from the same 104 dI/dV curves covering a
(200 nm)2 area;Vstab5200 mV, I stab5450 pA. The spin splitting
energy of bulk InAs at 6 T is 5.2 meV.
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From these two results we conclude that, at least for
quantum dot analyzed in detail, the coupling to the bulk DO
only broadens the detected states of the quantum dot,
does not change their energy considerably. Qualitativ
similar results are observed for other tip induced quant
dots.

Finally we would like to show the behavior ofdI/dV
curves in parallel magnetic field, which is compatible wi
the above description. ThreedI/dV curves obtained with the
same tip on the same sample position are shown in Fig
While a field ofB52 T perpendicular to the surface resu
in Landau oscillations, a 2 T field parallel to the surfa
leaves thedI/dV curve nearly unchanged. In parallel ma
netic field,ky is quantized neither for the quantum dot regi
nor for the bulk region. Consequently, there are no co
pletely quantized states aboveEBCBM . This seems to pro-
hibit the existence of peaks in thedI/dV curves.

IV. SUMMARY

In summary, we analyzed the magnetic field induced
cillations observed indI/dV curves recorded onn-InAs~110!
and previously attributed to the Landau quantization of
bulk conduction band. It turns out that, although the dista
between the peak maxima is compatible with the effect
electron mass in InAs, the observed peak energies can
be explained if the tip induced quantum dot is taken in
account. The comparison between Hartree-Fock calculat
and dI/dV measurements of a particular quantum dot s
gests that the tunneling at positive sample voltages proce
from a nearly featureless tip density of states toward
(m50) states of different Landau and spin levels of t
quantum dot (m is the orbital momentum!. These quantum
dot states are resonantly coupled to the bulk conduction b
of InAs, which leads to a broadening of the levels~FWHM 3
meV!, but does not shift the energy states considerably.
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FIG. 8. dI/dV(V) curves obtained with the same microtip o
the same sample position at different magnetic fields as indica
Vstab5100 mV, I stab5500 pA. The horizontal lines mark the offse
of the curves with respect to each other.
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