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Origin of Landau oscillations observed in scanning tunneling spectroscopy on-InAs(110)
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The magnetic field induced oscillationsdh/dV curves recorded with a low-temperature scanning tunneling
microscope om-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 qua(si#sl fluctuations of the
Landau level energies and spin splittingsith Hartree-Fock calculations of the tip induced quantum dot
reveals quantitative correspondence. From this comparison, we conclude that the tunneling experiment detects
the (m=0) 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.

[. INTRODUCTION elsewheré. The STM works downd 6 K and in magnetic
fields up b 7 T perpendicular ah2 T parallel to the sample
The detection of Landau quantization and spin splittingsurface. The spectral resolution determined by the full width
with lateral resolution provides insight into the complex in- at half maximum(FWHM) of the smallest spectral features
teraction of electrons with potential inhomogeneities in afound indl/dV curves is 0.5 mV. This is in accordance with
magnetic field. The lateral resolution appears to be crucial ifh€ expected thermal broadening of the Fermi level of the tip.
semiconductor systems, since a number of intriguing experiP€generaterinAs (Np=2.0x 10*%cn’) is used. The dop-
mental observations, such as, e.g., the quantum Hall effecit density and the degeneracy of the electron gas are
have been explained by rather local descriptions guided b§hecked by van der Pauw measurementd a1 -300 K.
localization phenomena in the residual potential disotder. 18!l and Shubnikov—de Haas measurements reveal that the
Scanning tunneling spectroscopy at low temperature is ﬁl%ctron gas remains degenerate aBtT and down o 4.2

technique that detects quantization ener_gies yvith subnanorﬂé Ié:eAfttg(re icr?rgietirj djg;\'gg;z naetagyggizp%?gsgjg ?Sgcvet'zc
eter Iat_eral an_d sub_—meV energy res_oluf_ualmd s thus |de-_ X 108 Pa, the InAs sample is transferred into the STM and
ally sun.ed .to investigate local quant|za_t|on_ phenomena in Fnoved doWn into the cryostat. The procedure results in a
magnetic field. Indeed, Landau quantization has been ohsean 1na¢110) surface with a STM-detectable adsorbate
served in experiments onInAs(110) and has been attrib- density of about 107/A2. The ex situetched W tip is pre-

uted to the L_andau guantization of the bulk conduction ba”‘baredin situ by applying voltage pulses up to 30 V and 10
of the materiaf. _ _ . . ms between the tip and a W10 sample and/or several
The aim of this paper is to clarify that this interpretation is hours of field emission at 150 V and 10A under feedback
not correct. A more careful anaIySIS of the data reveals thaéontroL Topographic images and/dV images are recorded
neither the observed energetic positions of the Landau levels constant current mode with the voltayeapplied to the
nor their intensity nor the observed spin splitting nor thesample. Thall/dV(V) curves are measured at fixed tip po-
influence of ionized dopants on the Landau levels can bgition with respect to the surface. The distance is fixed at a
explained within a model concentrating on the InAs bulkcurrentlg,,and a voltagdJ ., before the feedback is turned
properties. Instead, another model has to be adopted: Afff. The dI/dV(V) signal is recorded by lock-in technique
positive sample voltages, the tunneling current proceedéf=1.5kHz,V,.—=1 mV,,d. Care has been taken to avoid
from a nearly featureless tip density of stat&OS) to the  spectral shifts induced by the finite time constant of the
quantized levels of the tip induced quantum #i@ompari- lock-in amplifier. Moreover, the voltage scale has been
son of the experimental data with Hartree-Fock calculationghecked for each measurement by determining the zero cur-
of the quantum dot reveals good agreement. Thus we assurf@nt condition in the tunneling gap. Errors due to current
that the resonant coupling of the quantum dot levels to bullffsets of the preamplifieftypically in the low picoamp
bands is of minor importance. It broadens the levels, bufange are eliminated. Thus the total error in the absolute
does not significantly shift their energy. voltage scale is below 1 mV. All measurements are per-
formed atT=7+1 K.

Il. EXPERIMENT Ill. RESULTS AND DISCUSSION

The ultrahigh-vacuum low-temperature scanning tunnel- Figure 1 shows a set afl/dV(V) curves recorded with
ing microscopy (STM) apparatus is described in detail the same tip on the same sample position. The only param-
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sample voltage [mV] FIG. 2. dI/dV(V) curves recorded with the identical tip on the
same position oh-INAs(110) (Np=2.0x10'® cm™3) at B=6 T.
The curves are stabilized at differeint,, as indicatedV 5= 150
mV; Ex marks the Fermi level.

FIG. 1. dI/dV(V) curves recorded with the identical tip on the
same position of-INAs(110) (Np=2.0x10% cm™3) at different
magnetic fieldsB as indicatedVg,;= 150 mV, | 4,;=500 pA; E¢
marks the Fermi level anBgcgy the bulk conduction band mini-
mum of the sample. Another possible cause for energy shifts could be a local

charging of the surface by the tunneling current, usually
eter varied is the magnetic fiel8 perpendicular to the called spreading resistantelt should result in a strong cur-
sample surface. The Fermi leveE{) as well as the bulk rent dependence of the peak positions. Figure 2 stV
conduction band minimumBgcgy) Of the InAs sample as  curves measured with the same tip on the same surface po-
obtained from calculations of the DOS of InAs with a carrier sition atB=6 T. | y,;, and thereby the tunneling current is
density of 2.0<10'%cm® are marked. Egcgy—Er de-  varied. A slight current dependent shift of about 1 meV is
creases with increasirigdue to the increasing DOS close to observed. It is attributed to the changing distance between
Egcem. The dI/dV curves show distinct peaks below sample and tip, which slightly changes the extension of the
Egcem, Which are caused by the tip induced quantunt dot tip induced quantum dét.However, this extremely small
(see below. Above Egcpy, additional oscillations are ob- shift excludes an influence of spreading resistance on the
served. They increase in intensity and distance with increapeak energies.
ing B. Identifying the voltage scale with the energy scale of Summarizing the above results, we state that the peaks in
the sample DOS one finds that the distance of the oscilla- d1/dV curves recorded in a magnetic field do not detect the
tion maximaAE corresponds to the effective masgg(E) Landau quantization of the unperturbed bulk DOS of InAs.
of InAs, i.e., AE(E)=#heB/m(E) with mg(E) Consequently, we have to consider the local perturbation of
=0.023n[ 1+ 2(E—Egcem)/Egapl (% is Planck’s constant, the sample by the electric field of the tip. In a previous
e the electron chargen, the electron mas&y,,=0.4 eV the publication? we described this perturbation as a tip induced
band gap of InAs>#° The same magnetic field dependent quantum dot. From the peaks dti/dV curves recorded at 0
peak distances reflectinme(E) are found in all experi- T, we estimate the potential depth and the lateral extension
ments. This experimental finding leads to the wrong concluef this quantum dot. For this, the measured peak energies are
sion that thedl/dV oscillations are caused by the Landaucompared with Hartree calculations for different trial poten-
guantization of the bulk DOS of InAS3). tials. It is found that a Gaussian shape of the lateral extension

However, the peak energies depend on the individual timf the quantum dot gives a reasonable description, i.e., the
and do not correspond to the bulk DOS of InAs. The bulklateral extension can be described by a single parameter, the
DOS of InAs exhibits Landau and spin quantization in mag-o width of the Gaussian. The potential of the quantum dot in
netic field and has a pole &gy .’ This should resultin a  the z direction is modeled by solving the one-dimensional
maximum in thedl/dV curves atEgcgy, Which is not ob-  Poisson equation. Thepotential largely determines the en-
served(Fig. 1). One easily deduces from the curves at 2 T, Sergy of the lowest state. Since the potential depth of the
T, and 6 T that broadening of the peaks caused by the finitquantum dot changes with applied voltage, the work function
lifetime of the electrons is not sufficient to explain the wrongdifference between sample and tipP, has to be used as the
peak positions. Moreover, energy shifts due to surface statgsarameter to describe thepotential. Thus the two param-
can be excluded, since it is well known that IfA$0) ex- eters o and A® completely determine the quantum dot
hibits flat band conditions up to the surfaCe. shape. For W tips used anlnAs(110), A® turns out to vary

A possible cause for an energy shift of the peakdlifdV ~ between 70 meV and 400 meV, white varies between 15
curves with respect to the DOS could be the usually assumegim and 40 nm. Notice that the fitting procedure based on
fact that the tunneling current is not sensitive to,€0)  experimental data gives a good estimate of the potential
states k, is the electron wave vector perpendicular to theshape of the dot, but neglects possible asymmetries of the
surface. Thus the tip could act aslg filter. However, since quantum dot parallel to the surface.

k, is not influenced by the magnetic field, the peaks observed It is obvious that the presence of the quantum dot changes
with a k, filter should be equidistant frorBgcgy indepen-  the conditions of the tunneling experiment. Consequently,
dent of B. This is not the case as shown in Fig. 1. the energetic positions of the Landau oscillations should de-
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FIG. 3. dI/dV(V) curves averaged from 160L00 curves re- 3DE(.} (6 T) 30 QD (ZiT)
corded on 4200 nmXx 200 nm) area aBB=6 T. (a) Each curve is 150F . 25
recorded with a different microtipil) Vgiai= 200 mV, | 5= 450

PA; (2) V=200 MV, I55=500 pA; (3) Vgiar=100 MV, lgpp 5'1 %15
=500 pA; arrows in curve 3 mark different spin leve(b) Two g £
averaged|/dV(V) curves recorded with the same microtip on dif- E;. 53 )
ferent (200 nmj areas of the samplfaveraging as ina)]; Er 5 2 .
marks the Fermi level. & 0_

pend on the actual microtip and the corresponding tip in-
duced quantum dot. This is indeed the case, as demonstrated
in F_ig. 3(@). Threedl/dV curves obtained with different mi- FIG. 4. (a) Sketch of the tunneling process at positieoccu-
crotips atB=6 T are shown. The three tips were preparedyieq levels are marked in dark gray, unoccupied levels are marked
indiVidua”y, reSUlting in different quantum dots as deducedin light gray, the band gap of InAs is marked in very light gray,
from the different positions of the tip induced stateglow  arrows mark the tunneling currentQD is the tip induced quantum
Egcewm)- Since the three measurements are not performed ofiot; 3DEG the three-dimensional electron gé.Density of states
the same sample position, we used an averaging proceduredbthe 3DEG atB=6 T: LLn and the arrows mark the different
get rid of influences of the spatially fluctuating surface po-Landau and spin levels of the 3DEG, respectively. The smooth gray
tential. Therefore we recorded a grid of 20000 dI/dV line includes the level broadening caused by the finite electron life-
curves covering a (200 nrhjarea and plotted the average time. (c) Level diagrams of the tip induced quantum dot Eat
curve. To prove that the remaining potential fluctuations do=2.5 T: LLn and the arrows are used as(by; in addition spin up

not cause considerable peak shifts, Fith)3hows two av- and.spin down Ievgls are drawn black and gray, respectively; the
eraged curves recorded with the same microtip on differen®D is calculated with the parameteksb =200 meV,o=40 nm as
(200 nm)2 areas. The remaining peak differences are beIOV\?_bta'”ed from the analysis of the tip used for thédV curve 1 in

1 meV, far smaller than the peak differences obtained WitH:'g' 3(a); right and left diagrams are calculated with and without a
differer'1t microtips dopant in the center of the quantum dot, respectively.

In addition, the top curve in Fig.(8 exhibits a splitting
of the Landau oscillations. A similar splitting is partly ob- quantum numbers, m, ands corresponding to the Landau
served with the other tips but only in single curves and not inquantization, the orbital momentum, and the spiithe cal-
the average curve. For example, in the data set from whickulations were performed for several magnetic fields be-
the bottom curve of Fig. (@) was obtained, only 10% of the tween 1.5 T and 3 T. To perform the calculations on a rea-
individual curves exhibit the splitting. Since the splitting is sonable time scale, we had to restrict ourselveB+o3 T.
always twofold and of the order of the expected spin splittingHowever, from calculations performed at different magnetic
of InAs (5.2 meV), it is attributed to spin splitting as indi- fields and from our experience with previous Hartree-Fock
cated by the arrows on the top curve. calculations, we can assume that the trends scale up t56 T.

We have to draw the important conclusion that the Lan-All experimental data compared with Hartree-Fock calcula-
dau and spin quantization visible @i/dV curves strongly tions are measured with the corresponding microtip.
depends on the microtip. Since it is not reasonable to assume The computation of the quantum dot states allows us to
that the tip DOS results in peaks corresponding to the Lansketch a more realistic picture of the tunneling experiment as
dau and spin quantization of InAs, we consider the influencéhown in Fig. 4. A rather featureless DOS of the tip can be
of the tip induced quantum dot as the remaining possiblgleduced from the flatll/dV curves observed at positive
reason in more detail. sample voltages an@=0 T. From this tip the electrons are

We determined the potential shape of the quantum dot aijected into the quantum dot regid®D), which is reso-
present during the measurement of the bottom curve of Fighantly coupled to the bulk conduction baBDEG) of InAs.
3(a) (c=40 nm,A® =200 meV} and performed unrestricted Decoupling the two regions of the sample in a gedanken
Hartree-Fock calculations of this quantum dot in a magnetiexperiment, we depict the corresponding DOS separately.
field. For technical reasons, we used periodic boundary con- Figure 4b) shows the bulk DOS aB=6 T, which is
ditions for a (100 nnx 100 nm unit cell. In magnetic fields dominated by the Landau quantization calculated from
above 1.5 T the resulting energy bar) are flat, i.e., the Mex(E) and the spin splitting resulting fromME;=guB,
quantum dots are decoupled and the states resemble thosevdth the gyromagnetic factor of InAg=14.8 and Bohr’s
an isolated dot. The individual states are classified by thregnagnetoru. Er is calculated by filling all electrons into the

Density of States [ari). units] 2
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FIG. 5. (a) Constant current image ofInAs(110 including two defects marked by cross&s:=55 mV, | =500 pA. (b) dI/dV image
recorded in parallel witlfa); crosses mark the identical positions agdanand the rings mark the areas less than 5 nm away from each cross.
(c)—(g) The wave functions of the LL1 spin up level of the quantum ddat2.5 T[corresponding to the energy levels shown in Fig,) 4
right]; m marks the orbital momentum of each state.

resulting DOS. Since the finite electron lifetime leads topeaks in the bulk DOS; in particular, no bunch center is
broadening of the energy levels, the real bulk DOS lookdocated close to 0 meV. All three results hold for all calcu-
more like the curve shown as a gray line in Figby It is  lated magnetic fields and also for dots calculated with
calculated by assuming a Lorentzian broadening of the DOSlightly different filling factors. So the experimental results
depicted in black(infinite electron lifetim¢. The electron can be explained by the Landau and spin quantization of the
lifetime used to calculate the gray line is taken from thequantum dot without considering the influence of the bulk
resistivity of the sample @=0 T assuming a Drude-model. conduction band.
Interestingly the oscillations of the “real” DO8L5% peak- Let us assume for the moment tltHt dV curves are sen-
to-peak with respect to the total D@&re by far smaller than sitive only to the quantum dot states and ask what states are
the oscillations observed idl/dV-curves(up to 70% of the selected by the tunneling process. Atomic resolution is usu-
total dl/dV-signa). This again shows that the 3DEG DOS ally achieved, so the tunneling current is restricted to a
can not be responsible for the observed oscillations. sub-nni-area. Consequently, we couple only to a small part
Figure 4c) shows the quantum dot states as obtainedf the wave functions of the quantum dot states and the po-
from Hartree-Fock calculations. The two level schemes irsition of the tunneling region with respect to the dot will
Fig. 4(c) are calculated with the same quantum dot paramaffect the measurement. Both the shape of the quantum dot
eters, but in the left scheme an ionized dopant is added to thend the position of the tunneling current can be determined
potential in the center of the quantum dot. First, one noticesvhen charging phenomena take place at small defects on the
that the quantum dot states form bunches corresponding surface'*
different Landau numbera and partly to different spirs. Constant current images measure the position of the de-
Second, the energetic distances between adjacbonches fects as marked by the crosses in Figp)5At the cross the
correspond exactly to the effective masgg(E) of bulk  tunneling region of the tip is exactly above the defect. On the
InAs. Third, in agreement with the experimental results, theother hand, a capacitive charging of the defect by the tip
energetic positions of the bunches are different from thenduced electric field takes place. If the electric field is suf-
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FIG. 6. (a) Singled1/dV(V) curve(solid line), B=6 T, V5= 200 mV, 4.~ 450 pA, and corresponding fit using a Gaussian of width
o=3.2 meV for each peatdashed ling the vertical lines labeleB] mark the resulting peak energies of different Landau lenelad spin
levelss. (b) dI/dV map atV=—60 mV; bright areas labeled 1-3 correspond to dopants below the suiaead (d) Maps of the peak
energieif and E% of the same area as depicted(b); the peak energies are obtained from fits as show)imotice the smooth shift of
the peak energies around the dopants.

ficient to overcome the Coulomb blockade, the defect gets apling broadens the levels. A fit of the 4@nhdividual di/dV
additional negative charge, which repels the DOS in its eneurves from a (200 nnf)area shows that a constant FWHM
vironment and leads to a reduction in th&/dV signal. In-  of 3.2 meV for all Gaussian shaped Landau and spin peaks
deed, we observe two dark areas appearing around the def all curves gives reasonable agreement with the experimen-
fects in Fig. $b). The borderlines of the dark areas mark theta| data. It results in an integral intensity error of about 5%
region of the same tip induced electric field sufficient tofor each curve. For one example the fit is shown in Fig).6
charge 'Fhe defect. So', we directly measure the electric field The determined FWHM of 3.2 meV is considerably
of the tip. However, in contrast to the usual electrostaticyrgader than the energy resolution of the experiment of 0.5
experiments, we move the cause of the electric fitld i) ey Analysis of the wave functions in Fig(t§ reveals that
and not the_ probéthe defect Hence, the point Inversion of the (m#0) states contribute only about 10% to the tunneling
the borderline of the dark area corresponds to an eqquOte'E'urrent in the center of the dot. This makes it unlikely that a

tial line of the electrostatic tip. Since the equipotential Ilnestunneling into othem states causes the broadening. Thus, we

ggzgtelyo:cnt?]lécgugiqu%nétj m dot, the dark areas mimic thEE:onclude that the coupling to the bulk states changes the

More importantly, the position of the tunneling current width of the levels. The effect is very similar to the broad-

with respect to the quantum dot can be determined by con€ning of atomic levels of adsorbates by their interaction with
paring Figs. %) and 5b). Figure 5a) marks the position of Surface and bulk states of the samjle. _
the tunneling current with respect to the defect and Fig. 5b 10 exclude the possibility that the coupling to the bulk
the position of the quantum dot with respect to it. To guideStates has an important influence on the energetic positions
the eye the position of the tunneling current is marked as &f the quantum dot states, we want to discuss two experi-
cross in both images. Obviously the tunneling current flowsnental observations in more detail.
in the center of the quantum dot. To illustrate that it truly (1) The presence of ionized dopants changes the potential
flows within 5 nm from the center of the dot, a circle with 5 of the quantum dot and thereby the energy states. We have
nm radius is drawn around the cross in Figh)5 performed Hartree-Fock calculations with and without a dop-
We conclude that only wave functions with a considerableant in the center of the dot as shown in Figc)4 We com-
weight in the inner 5 nm of the dot will be detecteddlydV ~ pared the resulting energy shifts of the< 0) states with a
curves. To select these states we use the Hartree-Fock calquerturbation term AE,= (¥ |Vcoul ¥n)=Veou( VN +11),
lations of a circular symmetric dot. Figure&hb-5(h) showa where¥, describes the wave function corresponding to the
set of differentm states for Landau level=1 ands=1 as  nth unperturbed Landau staiég,, is the screened Coulomb
obtained from the calculations. Th@£1s=]) states are potential of the dopant, antis the magnetic lengtt It
identical. Only the h=0) state has a considerable intensity turns out that ther{=1) and (1=2) states from Hartree-
in the inner 5 nm of the dot. This is a general result holdingFock calculations shift by aboutAE, independent of mag-
for all Landau levels in all calculations performed in differ- netic field. Shifting the dopant away from the center of the
ent magnetic fields. Consequently, we assume that e ( dot reduces its influence on the Hartree-Fock energies lead-
=0) states will always dominate the signaldivdV curves. ing to a continuous change of the energy levels with tip
Of course, the quantum dot in the experiment is not cir{position. In contrast, a dopant embedded in the bulk DOS
cular symmetric. However, although the asymmetric shapgesults in an additional extended state located less Afgn
does change the level quantization with respeantavhich ~ below the poles of the unperturbed DOS. It exhibits a lateral
then ceases to be a good quantum numbee feel that the extension of the order af,=2(y/n+1l).*’
general assumption that one state for eaemds is selected To compare these results with the experimental data, Fig.
by the restricted area of the tunneling current remains validé(b) shows an area including three dopants visible as bright
This state may still be predominantlym&0)-like with a  dots. The dopants are located 5-10 nm below the sutface,
small contribution of othem states. which is well within the quantum dot area and far away from
Now let us come back to the resonant coupling of thethe 3DEG aredsee Fig. 4a)]. Figures 6c) and 6d) show
guantum dot states to the bulk DOS. Most likely this cou-the corresponding experimentally determinet=1,s=|)
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FIG. 7. Histograms of spin splitting energiesBat 6 T (a) First
Landau level;(b) second Landau level. The spin splitting energy FIG. 8. dI/dV(V) curves obtained with the same microtip on
AESS is defined as the difference between the two peak energie@e same sample position at different magnetic fields as indicated;
belonging to the same Landau levelAESS=E| —E/.. Both histo- Vo= 100 mV, I_slab= 500 pA. The horizontal lines mark the offset
grams are made from the same®101/dV curves covering a ©Of the curves with respect to each other.

(200 nmY area;Vqgas=200 mV, | ¢,=450 pA. The spin splitting
energy of bulk InAs 86 T is 5.2 meV. From these two results we conclude that, at least for the

quantum dot analyzed in detail, the coupling to the bulk DOS
only broadens the detected states of the quantum dot, but
does not change their energy considerably. Qualitatively

T. The peak energies are very sen.3|t.|ve to position on Yimilar results are observed for other tip induced quantum
length scale well belowd; =36 nm. This is expected for the dots

guantum dot levels, since the quantum dot moves with the Finally we would like to show the behavior afl/dV

tip, which slightly changes the tthl p.ot.ential of the dot andcurves in parallel magnetic field, which is compatible with
henpg the energy states for each_ |nd|V|Qd|HIdV curve. In the above description. Thred/dV curves obtained with the
addition, Fhe maximum energy shift obta!ned from Figs) 6 same tip on the same sample position are shown in Fig. 8.
einzd &d)v'7554 rr?ev, V|Vh'Chb'S I'ndees_f;[w'chOU'(_V_n“Lél) While a field ofB=2 T perpendicular to the surface results
=2 meV. Both results, absolute shift and position depen-i, | anqay oscillations, a 2 T field parallel to the surface
dence, are in agreement with the Hartree-Fock calculations, . o< thed1/dV curve nearly unchanged. In parallel mag-

pfﬂthe quar}tl:jm doi but '?hd'sggéegm\?vm with Ithc? eépicttﬁ(rinetic field,k, is quantized neither for the quantum dot region
influénce ot dopants on the - We conclude that the,,. ¢4 the pulk region. Consequently, there are no com-

guantization of the bulk bands is of minor importance for the, letely quantized states aboWcgy. This seems to pro-
observed energies. Notice that the similar behavior of bot ibit the existence of peaks in thl/dV curves.

spin levels excludes the interpretation that the two levels
correspond to a bulk related and a quantum dot related peak.
The bulk related peak should be influenced in a different
manner by dopants, as discussed above. But more impor- |5 symmary, we analyzed the magnetic field induced os-
tantly, since the bulklike area is far away from the dopantScilations observed inil/dV curves recorded on-InAs(110)
the influence of the dopants on the bulk states should bgng previously attributed to the Landau quantization of the
much smaller than its influence on the quantum dot states. py|k conduction band. It turns out that, although the distance
(2) It'is well known that quantum dots e>§h|b|t othgr  petween the peak maxima is compatible with the effective
values than the corresponding bulk mateffdf? From the  electron mass in InAs, the observed peak energies can only
Hartree-Fock calculations we can conclude that the majope explained if the tip induced quantum dot is taken into
influence for InAs comes from the total spin of the quantumaccount. The comparison between Hartree-Fock calculations
dot, which is the sum of spins of all occupied levels. A highgng di/dv measurements of a particular quantum dot sug-
total spin increases the spin splitting of the unoccupied stategests that the tunneling at positive sample voltages proceeds
through the exchange interaction. To estimate this effect, Wgom a nearly featureless tip density of states toward the
slightly varied the occupation of the quantum dot as wouldim= ) states of different Landau and spin levels of the
be expected due to the influence of dopants. It is found thad ,antum dot fn is the orbital momentujn These quantum
the resulting spin splitting of then{=0) state can be de- ot states are resonantly coupled to the bulk conduction band
scribed by ag value varying between the bulk valug (' of InAs, which leads to a broadening of the levéRVHM 3
=15) and twice the bulk valuege=30) for n=1. Forn  mey), but does not shift the energy states considerably.
=2 the maximum value of the spin splitting is slightly
lower. Figure 7 shows two histograms of the experimentally
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