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Probing the quantum states of self-assembled InAs dots by magnetotunneling spectroscopy
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We describe how magnetotunneling spectroscopy can be used to investigate the spatial form of the wave
function of confined electron states in self-assembled InAs quantum dots grown on~100!- and (311)B-oriented
GaAs substrates. For both orientations, the wave function is found to have a biaxial symmetry in the growth
plane, with axes parallel to the main crystallographic directions. We also present magnetotunneling spectros-
copy measurements in a multiple-terminal resonant-tunneling device, which incorporates a series of gate
electrodes. The gates allow us to address an individual dot electrostatically, and to identify and measure its
energy levels and associated wave functions. The limitations and possible future applications of the technique
are also discussed.
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I. INTRODUCTION

During the last few years there has been continuous
increasing interest in imaging the quantum environment
electrons and atoms. In particular, various scanning pr
techniques, such as scanning tunneling microscopy~STM!
~Refs. 1–3! and scanning single-electron transist
microscopy4,5 have been used successfully to probe atom
electron charge distributions in a wide variety of system
including metals and superconducting materials. This ra
the question of whether it is also possible to image the e
tron wave function in a quantum dot~QD!, an artificial
nanometer-sized cluster, which confines the motion of
electron in all three spatial dimensions.6–19 In a QD, elec-
trons are confined to length scales of;10 nm, and their
behavior is characterized by quantum-mechanical effe
such as the formation of an atomlike, discrete energy-le
spectrum.

In principle, it is possible to investigate the probabili
density of electrons in a QD using a surface probe techni
such as STM. This is a powerful tool for imaging the ele
tronic states of dots near a surface,20,21 but a different ap-
proach is required for dots incorporated into real semic
ductor devices, where the dots may be buried hundred
0163-1829/2002/65~16!/165308~12!/$20.00 65 1653
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nanometers below the surface. Two recent papers have
ported the imaging of wave functions associated w
QD’s.22,23 In the first experiment,22 a cross-sectional STM o
cleaved InAs/GaAs self-assembled QD’s was used to pr
the profile of the electron density along the plane of verti
confinement of the dot~i.e., along the growth direction an
one in-plane direction!. However, since the measured wa
patterns probably arose from a superposition of the proba
ity densities of the electron ground and excited states,
technique did not allow the various confined states of the
to be distinguished clearly. In addition, this method is bo
invasive and destructive, as the QD is cleaved into t
pieces. In the second experiment,23 we showed that magne
totunneling spectroscopy~MTS! ~Refs. 24–26! provides a
nondestructive and noninvasive method of probing the e
tron wave function of a QD. The technique exploits the effe
of the classical Lorentz force on the motion of an electr
tunneling into the QD, and can be regarded as
momentum-~k-! space analogue of STM imaging. In STM,
moving tip acts as a probe of the wave function in real spa
In MTS, the applied magnetic fieldB acts as a variable prob
in k space: the images give the probability density ink space
of the electron wave function.

In this work, we apply the MTS technique to probe th
©2002 The American Physical Society08-1
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electron-confined states of self-assembled InAs QD’s inc
porated in two-terminal tunnel devices grown on (311)B-
and ~100!-oriented GaAs substrates. We also show that
MTS technique can be refined further by using devices
incorporate an array of gate electrodes: the gate-techno
provides a means of electrostatically addressing an i
vidual dot, and thus allows us to identify and measure
energy levels and wave functions.

The paper is organized as follows. In Sec. II, we descr
the growth conditions and compositional structure of o
samples. Section III describes the electrical characteristic
the devices. In Secs. IV and V we present the MTS data,
describe how these provide detailed information about
shape and orientation of the electron wave function confi
in dots grown on differently oriented GaAs substrates. Al
as a means of validating the MTS technique, we examine
spatial symmetry of the electron wave function associa
with hydrogenic donor states. In Sec. VI, we describe how
array of gate electrodes provides us with a means of con
ling the electrostatic profile in a layer of QD’s. In combin
tion with magnetotunneling spectroscopy, this allows us
identify and measure both the energy levels and wave fu
tions associated with the ground and excited state of an
dividual dot. The paper concludes with a discussion of
limitations ~Sec. VII! and possible future applications of th
technique~Sec. VIII!.

FIG. 1. Schematic conduction band profile of
GaAs/AlxGa12xAs resonant tunneling diode with InAs quantu
dots~QD’s! and a wetting layer~WL! incorporated in a GaAs quan
tum well ~QW! in the regime of~a! low- and ~b! high-bias condi-
tions ~devices of type A!. Electrons tunnel from the emitter into~a!
the QD states and into~b! the WL, and confined subbands QW1 and
QW2 of the QW. The inset shows a sketch of electrons tunne
from a ‘‘finger-like’’ distribution of occupied states in the emitte
into the QD’s.
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II. SAMPLES

Our devices were grown by molecular-beam epitaxy.
consider two types of structure, which we label types A a
B. For type A devices, a layer of InAs QD’s is embedded
the center of an undoped 12-nm GaAs quantum well~QW!,
which is sandwiched between two 8.3-nm Al0.4Ga0.6As tun-
nel barriers, as shown in Fig. 1. Undoped GaAs spacer la
of width 50 nm separate the Al0.4Ga0.6As barriers from 2
31017cm23 n-doped GaAs layers of width 50 nm. Finally
331018cm23 n-doped GaAs layers of width 0.3mm were
used to form electrical contacts. Here we focus on t
type-A structures, one grown on a (311)B-oriented GaAs
substrate~sample A1! and the other on a~100!-oriented
GaAs substrate~sample A2!. These structures were grown
600 °C except for the InAs layer and the overgrown Ga
barrier, which were grown at 480 °C. For comparison,
also studied a series of control samples. Two samples w
grown with the same sequence of layers as that descr
above, except that one has only a thin InAs two-dimensio
wetting layer~i.e., containing no QD’s, sample C1! and the
other has no InAs layer at all~sample C2!. The third control
sample is an Al0.4Ga0.6As/GaAs/Al0.4Ga0.6As tunneling diode
in which the central plane of the quantum well was ligh
doped with 43109cm22 Si donors ~sample C3!.26 The
samples were processed into circular mesa structures o
ameter between 10 and 200mm, with Ohmic contacts al-
loyed to the doped regions. For the type-B structure, a sin
InAs QD layer was incorporated in the center of a 14-n
thick Al0.2Ga0.8As tunneling barrier, as shown in Fig. 2~a!.
Undoped GaAs spacer layers of width 3 nm separate
Al0.2Ga0.8As barrier fromn-doped GaAs layers in which th
doping concentration increases in steps from
31017 cm23, close to the barrier, to 231018 cm23. Growth
temperatures for the InAs layer and the other layers were
and 550 °C, respectively. Sample B was grown on
(311)B-oriented GaAs substrate. It was processed into
square mesa of side length 0.7mm. It incorporates four in-
dependent, lateral gates in addition to the source and d
contacts@see Fig. 2~b!#. The source-drain voltage,V, and the

g

FIG. 2. ~a! Schematic conduction-band profile of a single-barr
GaAs/AlxGa12xAs tunneling device~TD! with InAs quantum dots
~QD’s! incorporated in a AlxGa12xAs barrier~device B!. ~b! Sche-
matic diagram of a TD with multiple-gate electrodes.
8-2
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PROBING THE QUANTUM STATES OF SELF- . . . PHYSICAL REVIEW B 65 165308
gate voltage,Vg, were measured relative to the source su
strate contact.

III. TUNNELING THROUGH SELF-ASSEMBLED
QUANTUM DOTS

We first consider type-A structures, in which the dots a
embedded in the central plane of a GaAs/AlxGa12xAs QW.
Recently, we showed that a thin pseudomorphic InAs la
@wetting layer~WL!# incorporated in the central plane lea
to a significant lowering of the energy of the quasi-two
mensional ground-state subband of the QW.27 Above a criti-
cal WL thickness, QD’s are formed. This further modifies t
electronic states of the system: first, the dots give rise
discrete zero-dimensional bound states below the G
conduction-band edge and, second, they create a cons
able amount of disorder, which influences the properties
the continuum of the subband states and the electron tun
ing dynamics.28

Figures 1~a! and 1~b! show the conduction-band potenti
profile for devices of type A, in two different regimes of bia
At zero bias, equilibrium is established by electrons diffus
from the doped GaAs layers into the dot states, which
below the GaAs conduction-band edge.27 This negative
charge in the well produces two depletion layers in the
gions beyond the AlxGa12xAs barriers. When a small volt
age V is applied @Fig. 1~a!#, resonant tunneling through
particular QD state leads to a resonance inI (V), whenever
the energy of the QD state is resonant with an adjacent fi
state in the negatively biased electron emitter layer. For
ficiently high bias voltages@Fig. 1~b!#, electrons can tunne
through the WL states and the confined subbands of the
A detailed discussion of this high-bias regime was repor
in Ref. 27. In the following we focus on the low-bias regim
related to resonant tunneling into the dot states.

Despite the large number of quantum dots in a typi
sample~106– 107 for a 100-mm-diameter mesa!, we observe
only a small number of strong resonant peaks in the low b
(uVu,0.2 V) I (V) curve. The observation of a small numb
of resonant current peaks in mesas containing a large
semble of QD’s was also reported in earlier studies.29–34This
result is surprising at first sight. We propose that this beh
ior is partially related to the fact that only a limited numb
of conducting channels can efficiently transmit electro
from the doped layer to quantum dots at low bias. Note t
the transport of electrons from the heavily doped cont
layers through the more lightly doped regions into the tun
barrier and QD layers is influenced by the local and rand
distribution of donor impurities and/or residual strain and
charging of the QD’s. In particular, we expect that in som
areas of the device the electron ‘‘Fermi sea’’ extends
toward the dot layer, thus producing ‘‘finger-like’’ protru
sions of occupied electron states, as shown schematical
the inset of Fig. 1. Since the tunnel current depends ex
nentially on the tunneling distance, those dots that are clo
to one of the ‘‘fingers’’ are preferentially selected for tunne
ing, and produce the strongest resonant features in theI (V)
characteristic. Also, closer inspection of theI (V) curves re-
veal that, in addition to the strong peaks that we conside
16530
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this paper, there are weaker features and a background
rent. We believe that these arise from tunneling through
ensemble of dot states, most of which have larger tunne
distances and correspondingly lower tunnel currents. T
implies that the strong peaks inI (V) correspond to only a
small selection of dots out of the full QD distribution.

The average separation,d, between the edges of the ele
tron distributions in the emitter and collector@see Fig. 1~b!#
can be determined by capacitance-voltage,C(V), measure-
ments. We model the tunneling diode as a parallel-plate
pacitor, and express the capacitance askk0A/d, wherek is
the relative permittivity constant of GaAs (k512.8) andA is
the area of our 100-mm-diameter mesa. Using a typical valu
of the capacitance (C;16 pF) measured at low bias (uV
u,0.1 V),27 we find thatd;56 nm. In turn, this provides an
estimate for the average tunneling distanceDs of the elec-
tron from the emitter~collector! to the dot layer, which is
equal tod/2;28 nm. Due to the likely presence of electro
‘‘fingers’’ in the emitter, the effective tunneling distance fo
the more intense QD resonances inI (V) is likely to be
smaller than this estimate. However, the structure of the
vice indicates thatDs cannot be much less than;20 nm,
since the sum of the barrier width plus the half-width of t
GaAs well is 14 nm, and we also need to take into acco
the finite spread~;10 nm! of the electron wave function in
the emitter region adjacent to the AlxGa12xAs barrier.

Figure 3~a! shows theI (V) characteristic in reverse bia
~positive biased substrate! for sample A1 in the low-bias re
gime. Resonances in the current are observed in a vol
range from 0 to20.2 V, and are superimposed on a risin
background. These resonances are not observed in the
control samples, which indicates that they are related dire
to the presence of the dots, while the background curren
probably due to tunneling through the ensemble of dot sta

We have carried out a detailed study of the temperat
dependence of theI (V) curve. This indicates that the peak
in I (V) are due to tunneling through individual QD’s. Wit
decreasing temperature from 2 to 0.3 K, a thermally a
vated current onset is observed for each resonant fea
This is shown in the inset of Fig. 3~a!, which plots theI (V)
characteristic on a log(I) scale over a narrow range of vol
age. The observation of a thermally activated current on
down to temperatures as low as 0.3 K suggests that e
current feature is due to resonant tunneling through a disc
state of an individual dot. A current onset is observed wh
the energy level of the zero-dimensional state of the Q
coincides with the Fermi energy of electrons in the emitt
As we lower the temperature, we find that the threshold
gion for current increase becomes more sharply defined,
is limited only by thekBT smearing of the emitter Ferm
level. Such a behavior reflects the characteristic property
an electron tunneling process from a thermalized Fermi
tribution of emitter states into an individual and discre
zero-dimensional state.34,35 We attribute the broad and com
posite structure of each resonance@see the resonance in th
inset of Fig. 3~a!# to mesoscopic fluctuations of the loc
density of electron states in the emitter: as the bias voltag
varied, the QD level scans the energy range of the st
below the Fermi energy in the emitter.35
8-3
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The temperature dependence of the current onset al
us to determine the electrostatic leverage factorf, which re-
lates the applied voltageV to the energy of the dot,«, mea-
sured relative to the Fermi energy in the emitterf
;eV/«). The tunneling current into a dot state of energy« is
proportional to exp(2«/kBT);exp(2eV/fkBT). This implies
that a plot of ln(I) versus eV should be described by
straight line with a gradient,g, given by (f kBT)21. The le-
verage factor can then be derived by the reciprocal of
slope of the measured values ofg versus (kBT)21 @see Fig.
3~b!#. For the higher temperatures~.0.6 K!, g follows a
straight line from which we obtainf 53.060.2. In contrast,
at low bath temperatures~,0.4 K!, g departs from a linear
dependence, probably due to a saturation of the tempera
of the electrons in the emitter at;0.4 K. A leverage factor of
3 is also consistent with a simple electrostatic model of
device.

FIG. 3. ~a! Low-temperatureI (V) characteristic of device A1 a
T54.2 K. The inset shows the temperature dependence of the o
of a typical resonant current feature.~b! Derivative

g5
1

e

d@ln~I!#

dV
,

estimated at the onset of the resonant feature shown in~a!, vs the
reciprocal of thermal energykBT. The dashed line is a guide to th
eye. The continuous line is a linear fit to the six highest tempera
points of the plot with slope 1/f , wheref is the electrostatic lever
age factor.
16530
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IV. MAGNETOTUNNELING SPECTROSCOPY

In this section, we focus on the magnetic field depende
of the current resonances associated with the dots, an
how this provides detailed information on the form of th
wave function associated with an electron in a QD. Figu
4~a! shows the gray-scale plot of the differential condu
tance,G(B)5dI/dV, for sample A1 atT54.2 K as a func-
tion of applied voltage and magnetic field,B. The direction
of B is perpendicular to the current flow. Lighter shadin
represents higher values ofG. We use aG(B) plot rather
than anI (B) plot since the differential conductance allows
to identify the onset of the resonance due to each QD, an
determine more clearly the magnetic field dependence
each resonant feature. However, theB dependence of the
measured values of the current or of the integrated cur
over a particular feature,*peakI (V)dV, are quantitatively
similar.

The figure shows clearly that the intensity of the condu
tance resonances depends strongly onB. Three resonance
are indicated,i, ii , and iii , corresponding to current feature

set

re

FIG. 4. ~a! Gray-scale plot of the differential conductanceG
5dI/dV for device A1 atT54.2 K with axes of voltageV and
magnetic fieldB. Lighter shades represent higher values ofG.
Dashed lines indicate three conductance resonances labeledi, ii ,
and iii . The right inset shows theB dependence of the amplitude o
the conductance peaks associated withi, ii , andiii . ~b! Left: sketch
of the geometry of our magneto-tunneling experiment:a, b, andz
indicate, respectively, the direction ofB, the direction of the in-
plane wave vectorkb , acquired by the electron due to the action
the Lorentz force, and the direction of the current, respectiv
Right: overlap betweenwE(k2kb) andwQD(k), the Fourier trans-
forms associated with the electron wave function in the emitter
quantum dot, respectively, for a given magnetic field. As the tun
current is given by the square of the overlap integral of the t
functions, varyingB and hencekb allows us to determine the form
of wQD(k).
8-4
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PROBING THE QUANTUM STATES OF SELF- . . . PHYSICAL REVIEW B 65 165308
that show behavior typical of a large number of samples
we have studied. Resonancei shows a maximum inG(B) at
B50 T, followed by a steady decay to zero at around 6
resonanceii shows almost no conductance atB50 T, with
G(B) increasing to a broad maximum at;5 T, followed by
a gradual decay towards zero; resonanceiii shows two clear
maxima in G at B50 and ;7 T, with G(B) falling to a
minimum value of almost zero between these maxima. T
amplitude of all peaks is quenched at high field.

We can understand qualitatively the magnetic field dep
dence of the resonances in terms of the effect ofB on a
tunneling electron. Leta, b, andz indicate the direction ofB,
the direction normal toB in the growth plane~x,y!, and the
direction normal to the tunnel barrier, respectively@see Fig.
4~b!#. When an electron tunnels from the emitter into the d
it acquires an additional in-plane momentum given bykb

5eBDs/\, where Ds is the effective distance tunnele
alongz from the emitter to a QD. We envisage the tunneli
into the QD as a ballistic process in which no scatter
occurs. This is a reasonable assumption as the densit
ionized impurities in the undoped emitter spacer layer, b
rier and quantum-well regions is very low (,1015 cm23).
The effect of the magnetic field can be understood semic
sically in terms of the increased momentum alongb that is
acquired by the tunneling electron due to the action of
Lorentz force. The applied voltage allows us to tune re
nantly to the energy of a particular QD state. Then, by m
suring the variation of the tunnel current withB, we can
determine the size of the matrix element that governs
quantum transition of an electron as it tunnels from a stat
the emitter layer into a QD.

In order to analyze the results of our experiment,
express the tunneling matrix elementM in terms of the Fou-
rier transformsw i ( f )(k), of the conventional real-space wav
functions, according to the relation M5*kw i(k
2kb)w f(k)dk, and express the tunnel current
I;uM u2.25,26 Here the subscriptsi and f indicate the initial
~emitterE! and final~quantum dot QD! states of the tunne
transition. Relative to the strong spatial confinement in
QD, the initial state in the emitter has only weak spat
confinement. Hence, ink-space,w i(k2kb) corresponds to a
sharply peaked function with a finite value only close tok
5kb . In contrast, for the spatially confined QD state,w f(k)
is spread over a wide range ofk. As the tunnel current is
given by the square ofM (kb), the narrow spread ofk for
wE(k2kb) allows us to determine the form ofwQD(k) by
varying B and hencekb @see Fig. 4~b!#. In particular, if
wE(k2kb) is approximated by ad function, thenM (kb) is
equal towQD(kb). A more detailed account of our model o
the tunneling process in given in the Appendix.

The model provides a simple explanation of the magn
field dependence of the resonant current featuresi, ii , andiii .
The I (B) or G(B) plot associated with these resonances
scribes the form ink space of the wave function probabilit
density uwQD(kb)u2, associated with different types of do
states, i.e., the ground~i! state and first~ii ! and second~iii !
excited states. Note that these plots have very similar form
the probability density ink space associated with the groun
16530
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first excited, and second excited states of a simple harm
potential.

For the magnetic field range used in our experiment
,B,12 T), the in-plane magnetic field acts as only a we
perturbation on the dot states due to their strong confinem
along z: for B512 T, the quantum magnetic lengthl B
5(\/eB)1/2 is equal to;8 nm, which is considerably large
than the electron confinement length alongz ( l z;2 nm).
Hence the magnetotunneling probe acts as only a minor
turbation of the electron wave function in the dot. Furth
support for this conclusion is provided by the observedB
dependence of the voltage position of the resonant peak
I (V) ~see Fig. 4!. All features in I (V) show only a small
quadratic shift (;B2) to lower bias with increasingB, which
is approximately the same for all resonances, and is con
tent with the expected diamagnetic shift of the energy of
emitter states.

V. PROBING THE ELECTRON WAVE FUNCTION
OF „311…B AND „100… QD’S

We use our magnetotunneling experiment to obtain tw
dimensional maps of the probability densities of the elect
states confined in the QD’s. By plottingG(B) for a particular

FIG. 5. Variation of the differential conductance,G5dI/dV, in
the plane (kx ,ky) for three representative states$000%, $010%, and
$020% of quantum dots grown on a (311)B-oriented GaAs substrate
~device A1!. This provides a spatial map ofuwQD(kx ,ky)u2, the
probability density ink space of the electron wave function of th
QD. The form ofuwQD(kx ,ky)u2 along two distinct axeskx andky is
also shown. On the right-hand side of the figure, continuous li
show the wave-function probability ink space for the three lowes
energy states of a harmonic oscillator with parameters determ
by a fit to theuwQD(ky)u2 data points~full circles!.
8-5
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direction ofB in the growth plane~x,y!, we can measure th
dependence ofuwQD(k)u2 along thek direction perpendicular
to B. Then, by making a series of measurements ofG(B) for
various directions ofB in ~x,y!, we can obtain the full, two-
dimensional profile ofuwQD(kx ,ky)u2. This represents the
k-space projection of the probability density of the electro
state confined in the QD.

Figure 5 shows the form ofG(B);uwQD(kx ,ky)u2 in the
plane (kx ,ky) for the three representative QD states cor
sponding to resonancesi, ii , and iii shown in Fig. 4 for
sample A1. The contour plots ofuwQD(kx ,ky)u2 clearly reveal
the characteristic form of the probability density distributi
of a ground state orbital and the characteristic lobes of
higher energy states of the QD. It is clear from Fig. 5 th
uwQD(kx)u2 has approximately the same form for all thr
states, whereasuwQD(ky)u2 corresponds to three lowest stat
of quantization alongy. This suggests that, to a rea
onable approximation, the probability density ink
space, uwQD(kx ,ky)u2, is separable, i.e.,uwQD(kx ,ky)u2

5ua(kx)u2ub(ky)u2. Although our measurements provide
with detailed information about the symmetry of the Q
wave functions with respect to the in-plane coordinates, t
give us no information about thez dependence. However, i
general, the dot height is much smaller than the dimens
of the base. As the quantization energy of confinement al
z is much higher than that for in-plane motion, in interpreti
the magnetotunneling data, we assume that the motion a

FIG. 6. Distribution in the (kx ,ky) plane of the probability den-
sity, uw(kx ,ky)u2, of the electron wave function for quantum do
grown on a~a! (311)B- and~b! ~100!-oriented GaAs substrates an
~c! for Si donors. The arrows indicate two main crystallograp
directions on the~100!- and (311)B-oriented GaAs planes. Th
insets illustrate the form of the electron wave function in real spa
~d! Plots of uwQD(kx ,ky)u2 in the plane (kx ,ky) for the ground and
excited states of~100! quantum dots.
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z is separable from the in-plane motion and that all the
served peaks involve final~QD! states that share the sam
type of quantum confinement along thez axis. This corre-
sponds to the lowest energy quantization state for mo
along z. This allows us to label the QD states using t
quantum numbersnx andny for the in-plane motion, andnz

for motion along z and to assign quantum numbe
$nx ,ny ,nz%5$000%, $010%, and$020% to the states shown in
Fig. 5.

The contour plots ofuwQD(kx ,ky)u2 reveal that the elec-
tron wave function has a biaxial symmetry in the grow
plane, with axes corresponding within experimental unc

tainty to the main crystallographic directions@011̄# and

@ 2̄33# in the (311)B plane. For the ground state, the pro
ability density has a narrower distribution ink space along

the @ 2̄33# direction than along@011̄# @see Figs. 5 and 6~a!#.
This indicates that the dot shape is anisotropic, with the w

function probability density elongated along the@ 2̄33# direc-
tion in real space.

Formation of anisotropic dots has been reported
InxGa12xAs QD’s grown on (311)B or (311)A GaAs
substrates.36–39 Anisotropy effects are more pronounced o
the (311)A samples, where the bare (311)A-oriented GaAs
surface reconstructs by forming an array of dimer rows el
gated along the@ 2̄33# direction.40,41 More recently, a similar
reconstruction was also observed on the (311)B-oriented
GaAs surface.42,43 We suggest that the presence of dim
rows on the (311)B-oriented GaAs surface may act as
template for the subsequent growth of the strained mate
and possibly generate a preferential direction for the
nucleation.

Consistent with the anisotropic shape of the dot, the ch
acteristic lobes of the first$010% and second$020% excited
states are aligned along the elongated base of the dot~see
Fig. 5!, corresponding to the direction of lower quantizatio
energy. The lobed structure of the first excited state
sembles ap orbital in which the twofold degeneracy is lifte
by the lowering of cylindrical symmetry induced by the a
isotropic shape of the dot.

Our tunnel current measurements provide informat
about the wave-function probability density ink space, and
we can determine the form of probability densities in re
space if we approximate theuwQD(kx ,ky)u2 plots by simple
functions, e.g., the simple harmonic functions used to
scribe the form of theub(ky)u2 plots of Fig. 5. For the ground
state,ub(ky)u2 can be expressed as exp(2ky

2ly
2), where l y

2 is
equal to the expectation value ofy2 ( l y

25^y2&) and ky /B
5eDs/\. As discussed in Sec. III, the tunneling distanceDs
may be different at different locations in the plane of t
barrier due to mesoscopic effects in the emitter. For the d
that generate the strong resonances in theI (V) plot, we es-
timate thatDs is in the range 20–28 nm. This leads to
corresponding uncertainty in the value ofky /B (5324
3107 m21 T21) and in the size of the electron wave fun
tion, as estimated from the analysis of theub(ky)u2 plots. We
find that for the ground state$000%, 2l y51662 nm, which is
close to the typical in plane size of our (311)B dots ~;18

e.
8-6
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nm! as measured by atomic force microscopy44 and that̂ y2&
increases with the quantum numberny . A similar analysis
for the ua(kx)u2 plot allows us to determine the characteris
size of the electron wave function alongx, 2l x , which is
equal to 961 nm.

The angular frequency of the oscillator,v, is related to the
lateral extentl of the wave function and to the electron e
fective massm according to the relationv5\/ml2. This
indicates that the quantization energy\vx for electron mo-
tion alongx, is significantly higher than that (\vy) for mo-
tion alongy (vx /vy5 l y

2/ l x
2;3). The strong quantization o

motion along thex axis may explain why we do not observ
any resonant peak inI (V) with a spatial form characteristi
of a $100% state. First, such states should occur at an ene
of (3\vx/2)1(\vy/2);5\vy , which exceeds the energ
values of the$000%, $010%, and $020% states, approximately
2\vy , 3\vy , and 4\vy , respectively. This means that th
$100% states should occur in the voltage range~.0.1 V! over
which the current starts to increase rapidly due to tunne
into the delocalized states of the wetting layer. This ba
ground current may well mask the resonant features co
sponding to$100% states. Second, the stronger spatial loc
ization of the $100% state means that the resonant curr
reaches a maximum value at a field of;8 T compared to;5
T for the $010% state. As discussed in further detail in Se
VII and in the Appendix, at these higher fields the tunn
current is suppressed due to the effect ofB on the transmis-
sion coefficient through the emitter barrier.

The in-plane anisotropy of the electron wave function
less pronounced for InAs QD’s grown on a~100!-oriented
GaAs substrate than for those grown on (311)B. Figure 6~b!
shows plots ofuwQD(kx ,ky)u2 in the plane (kx ,ky) for the
ground state of~100! QD’s ~sample A2!. The wave function
has a biaxial symmetry in the growth plane, with axes c
responding quite closely to two main crystallographic axex
andy ~@010# and@001# axes!. The wave function tends to b
elongated along one crystallographic axis, but the anisotro
effects are less pronounced than for the case of (31B
QD’s. STM measurements on our uncovered QD’s~with no
GaAs cap layer! indicate that the dots tend to have a recta
gular or square shape in the growth plane, with sides alig
along the@001# and @010# directions. Other groups also ob
served a similar alignment using STM, transmission elect
microscopy, and atomic force microscopy techniques.45,46 It
has been proposed that ordering of dots along the@001# and
@010# directions can be expected, as these directions co
spond to the smallest stiffness constant of the crystal.45 Also,
a small misorientation of the GaAs substrate may cause s
metry breaking between the two directions and prod
slightly anisotropic dot shapes, as suggested by our M
images. For the excited state, the wave function exhibi
central node, i.e., it has a toroidal form, in contrast to
axial lobes that are found for the excited states of the (31B
QD’s @see Fig. 6~d!#. The different forms of the excited state
for the two substrate orientations may originate from
different shape of the two types of dots. The pronounc
anisotropic shape of the (311)B dot leads to a preferentia
electron distribution along the elongated axis of the dot.
contrast, the more isotropic shape of the~100! dot leads to an
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approximately toroidal electron charge distribution for t
first excited state, similar to that measured recently
spherical-shaped colloidal dots.20

For comparison purposes and as a means of validating
MTS technique, we have also studied the form of the el
tron wave function for hydrogenic-states associated w
substitutional Si donors in a GaAs QW~sample C3!. We
used a AlxGa12xAs/GaAsAlxGa12xAs resonant tunneling di-
ode in which the central plane of the quantum well was v
lightly doped (;43109 cm22) with Si donors.26 In this
case, it was shown26 that an additional resonant peak is o
served due to tunneling of electrons from the emitter into
1s ground states of the QW-confined donors. This peak
curs at a bias close to the threshold for tunneling into
lowest energy subband of the QW. TheG(B) plots associ-
ated with tunneling into the ground state of the donors rev
that the electron wave function has circular symmetry in
growth plane, as expected for a 1s donor ground state@see
Fig. 6~c!#. This result provides strong supporting eviden
that the anisotropic wave functions of the dots@see Figs. 6~a!
and 6~b!# are associated with their anisotropic shape, and
with any anisotropy of the quantum tunneling coefficient,
caused, for example, by the anisotropy of the conduct
band structure of the AlxGa12xAs tunnel barriers.47

With the simple two-terminal device used in our expe
ment, it is not possible to tell whether a particular grou
state or first excited state resonance corresponds to reso
tunneling through thesameQD or through two different
QD’s. In particular, resonancesi, ii , andiii could correspond
to states of different dots, albeit dots with a similar, lateral
confining potential. In Sec. VI, we describe a method
solving the problem of assigning the resonances to an i
vidual dot.

VI. TUNNELING DIODES WITH ELECTROSTATIC
GATES

We use a gating technology33,48 to probe an ensemble o
InAs QD’s embedded within an Al0.2Ga0.8As tunnel barrier
~sample B!. Our device is a square mesa of side 0.7mm,
which incorporates four independent, lateral gates in addi
to the source and drain contacts@see Fig. 2~b!#. Full details
of the processing of tunneling diodes with electrostatic ga
were given in Ref. 49. The active area of the device is
duced due to the finite extent of the Schottky depletion
gions around the gates. This implies that for a dot density
;1011 dots/cm2, there are fewer than 50 dots in the acti
region of the device.33 Then, since the effect of the applie
gate voltage,Vg , on an individual QD is to adjust its poten
tial energy by an amount dependent on its proximity to
gates, the gate electrodes provide an electrostatic mean
addressing a particular dot within the ensemble.

Figure 7~a! shows a gray-scale plot of the differential co
ductanceG for the gated device, taken at a temperature
0.3 K and atB50 T. The axes of the plot are the sourc
drain voltage,V, and gate voltage,Vg . The gate voltage is
applied to two of the four gate electrodes. Lighter shad
represents higher values ofG. Resonances in the conduc
tance are observed in the source-drain voltage range 0–0
8-7
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A. PATANÈ et al. PHYSICAL REVIEW B 65 165308
and are due to tunneling through the dots. The differen
conductance peaks allow us to identify the onset of the re
nance for each QD state, and to determine clearly the g
voltage dependence of each resonant feature. The valu
source-drain voltage, at which the resonant peaks oc
move at different rates with varyingVg . For those QD’s that
are closer to the two active gates, we can expect that
voltage position of the conductance resonances is more
sitive to Vg than for those that are remote from the gat
When one of the two gates is switched off, some of
resonances become independent ofVg , indicating that they
arise from those dots further from the gate that is still act
@see Fig. 7~b!#. Here we focus on two conductance pea
labeleda1 anda2. They exhibit an almost identical depe
dence onVg , and also on the combination of gates us
This strongly suggests thata1 anda2 are due to tunneling
throughdifferentquantum states of thesamedot.

The nature of resonancesa1 and a2 can be probed in
further detail by magnetotunneling spectroscopy. Figure 8~a!
shows gray-scale plots ofG at T50.3 K andB50, 6, and 12
T in the voltage range of the two resonances. The magn
field affects the voltage position ofa1 anda2 in a similar
way, while it affects their amplitude differently: increasingB
to 6 T has the effect of increasing the intensity of resona
a2, whereas it decreases the intensity ofa1. Detailed analy-
sis of theG(B) plots@see Fig. 8~b!# shows that resonancea1
has a maximum inG(B) at B50 T followed by a steady
decay to zero at around 10 T; resonancea2 shows almost no
conductance atB50 T, with G(B) increasing to a broad

FIG. 7. Gray-scale plots of the differential conductance,G
5dI/dV, at T50.3 K for device B. The axes are source-drain vo
ageV and gate voltageVg . Lighter shading represents higher va
ues ofG. The negative gate voltage is applied on~a! two or ~b! one
of the four gate electrodes.
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maximum at;10 T, followed by a gradual decay to zer
Note that the magnetic field scale of the modulation of
G(B) plots is higher than that observed in samples A1 a
A2. This is a result of the different design of sample B; t
smaller tunneling distance (Ds;10 nm) implies that higher
magnetic fields are required to probe the range ofk vector
associated with a given dot state (k5eBDs/\).

The differentB dependence of the amplitude of the res
nant featuresa1 anda2 suggests that they arise from diffe
ent types of dot states, namely, the ground (a1) and the first
(a2) excited state. The form of the two-dimensional maps
the electron probability densities also confirms this assi
ment. As can be seen in Fig. 8~b!, the contour plots of
uwQD(kx ,ky)u2 reveal the characteristic form of the probab
ity density distribution of a ground-state orbital (a1) and the
characteristic lobes of the higher-energy state (a2) of the
dot.

We now show that the measured probability density p
files are consistent with the measured energy spacing,DE,
between the dot states associated with resonancesa1 anda2.
DE is determined by rescaling the voltage spacingDV
;114 mV between the two resonances by the electrost
leverage factorf, where DE5eDV/ f . By using f 52.5
60.5, estimated from a simple electrostatic model for
device, we findDE540– 60 meV. On the other hand, if w
fit the measured value ofuwQD(k)u2 by the calculated prob-
ability density for the ground and first excited states o
harmonic oscillator potential@see the continuous lines in Fig

FIG. 8. ~a! Gray-scale plots of the conductance,G5dI/dV, at
T50.3 K, with axes of source-drain voltageV and gate voltageVg

for resonancesa1 anda2 at B50, 6, and 12 T~device B!. ~b! B
dependence of the amplitude of the peak in conductance assoc
with resonancesa1 anda2 (Vg510.4 V). This provides a plot of
uwQD(k)u2, the wave-function probability density in Fourier spa
of the electron confined in the dot. Continuous lines are fits to
measureduwQD(k)u2 using the probability density of the two lowes
energy states of a harmonic oscillator. The insets show t
dimensional maps ofuwQD(k)u2 in the (kx ,ky) plane.kx andky are
parallel to the main crystallographic directions of the (311)B plane,

@011̄# and @ 2̄33#, respectively.
8-8
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PROBING THE QUANTUM STATES OF SELF- . . . PHYSICAL REVIEW B 65 165308
8~b!#, we find that the electron wave function in real spa
extends over a characteristic length 2l 0514 nm, which is
comparable with the typical in-plane size of our dots~;18
nm!.44 Since the angular frequency of the oscillator,v0 , is
related tol 0 and to the electron effective massm, we can
obtain an independent estimate ofDE according to the rela-
tion DE5\v05\2/ml0

2. Assuming that the strain modifie
InAs effective mass is in the range (0.03– 0.04)me , where
me is the free-electron mass,50,51 we find that \v0
539– 52 meV, which is comparable with the measur
value ofDE.

VII. LIMITATIONS OF THE MTS TECHNIQUE

Although the MTS technique allows us to observe cle
quantization effects in the dot, a direct correlation betwe
the measured values ofI and/orG, and the probability den-
sity plots may be limited by a number of factors. When
electron tunnels from the emitter into the QD, it can be sc
tered by the local distribution of impurities. This has t
effect of broadening the range ofk values acquired by the
electron, thus limiting the ‘‘resolution’’ of the MTS tech
nique in probing the detailed form of the probability dens
plots, such as the nodal features of the QD electron w
function. Note, for example, that the minimum of the seco
~iii ! excited state of the dot does not correspond to zero
expected for a wave function node~see Fig. 5!. In addition,
the momentum gained by the electron in the~x,y! plane
through the action of the Lorentz force also leads to a red
tion in the energy associated with the motion alongz. This is
equivalent to an increase of the effective barrier heig

FIG. 9. Magnetic-field dependence of the transmission coe
cient t of the tunneling barrier between the occupied emitter sta
and the QD layer for structures of types A~bottom! and B~top!. The
insets sketch the form of the tunneling barrier for the two types
structure.Ds and V describe, respectively, the tunneling distan
and the height of the tunnel barrier atB50 T. The transmission
coefficient was calculated assuming a value ofV equal to 0.6 V
~dashed line!, 0.55 V ~continuous line!, and 0.5 V~dotted line! for
devices of type A, and equal to 0.4 V~dashed line!, 0.35 V ~con-
tinuous line!, and 0.3 V~dotted line! for devices of type B.
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which leads to aB-dependent suppression of the amplitu
of the tail of the electron wave function in the emitter and
corresponding decrease of the transmission coefficientt with
increasingB.52 This effect can be described by expressing
tunneling current asI;uMTu2, where T is the Bardeen
transfer-matrix element between the emitter and the quan
dot states andt5uTu2 ~see the Appendix!. In order to mea-
sure the Fourier transform~M! of a quantum dot wave func
tion by measuring theB dependence ofI, it is necessary tha
t is a constant or depends only weakly onB. Using the WKB
approximation and the barrier parameters, we have estim
the B dependence oft. As shown in Fig. 9, the transmissio
coefficient and hence the current are reduced by a factor
at B;6 T in the type-A devices. This dependence is wea
than that experimentally observed for resonancei and differs
qualitatively from the observed non-monotonousB depen-
dence of resonancesii and iii : note that resonanceii ~iii !
actually increasesin amplitude over the range of field 0 to
T ~3–7 T! @see the right inset of Fig. 4~a!#. This indicates that
the increase of effective barrier height due toB has a rela-
tively small effect, and that the plots shown in Fig. 5 rep
sent images of the actual probability density ink space of an
electron state confined in the dot, slightly distorted by theB
dependence of the transmission coefficient. In order to
duce this distortion, it would be desirable to reduce theB
dependence ofT relative to that ofM, for example, by re-
ducing the value of the tunneling distanceDs and/or by in-
creasing the height of the tunneling barrier. This is realiz
in sample B, where the dots are embedded directly in
single Al0.2Ga0.8As barrier and the tunneling distance is r
duced to a value of;10 nm, compared withDs525 nm for
the type-A structures. As can be seen in Fig. 9, for sample
the transmission coefficient depends weakly onB and it is
reduced only by a factor 1.3, even at the maximum field u
for this type of structure.

Finally, as a further development of the MTS technique
would be desirable to reduce the uncertainty in the value
the tunneling distance,Ds, the parameter that controls th
scale ofk values (k/B5eDs/\). This could be done by re
designing the emitter contact, e.g., by using a prewell in
emitter region. This would allows us to define more precis
the location of the wave function in the emitter and hence
value ofDs.

VIII. PROSPECTS AND CONCLUSIONS

In recent years, several different approaches have b
used to calculate the eigenstates of QD’s. They include
turbation theory, effective mass calculations,8 eight-bandk•p
theory,53,17,18 and empirical pseudopotential models.19 Pub-
lished work describing these calculations generally depic
the wave functions in the form of plots of the probabili
density in real space,ucQD(r )u2. Since it is a straightforward
task to Fourier transform the calculated wave function in
its k-space equivalent, a direct comparison could then
made with our measured probability densities ink space.
Also, we believe that the form of the probability densiti
may provide a useful means of assessing the confining
tential of the dot. The shape and composition of the dots
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are currently studied by optical and electrical measurem
are not known precisely, so theoreticians deal with sim
and ideal dot morphologies, with correspondingly simplifi
profiles for the dot potential.

We believe that MTS studies of the type reported here
now be extended to other material systems and interes
devices. In principle, by using appropriately designed
vices withp-type contact layers, the MTS technique could
used to investigate the wave function of the holes. Also,
quantum states associated with ring-shaped QD’s~Ref. 16!
or with the many-body states of a QD could b
investigated.54

In conclusion, we have shown that magnetotunnel
spectroscopy provides a means of probing the electron w
function of self-assembled InAs QD’s. We have identifi
confined states in the dot showing the elliptical symmetry
the ground state and the characteristic lobes of the exc
states. We have also drawn a correlation between the sp
symmetry of the electron wave function and the morpholo
cal properties of quantum dots grown on differently orien
GaAs substrates. Finally, we have shown that the MTS te
nique can be further refined by using tunnel devices t
incorporate gate electrodes. The gate technique was used
means of identifying and measuring the energy levels
corresponding wave function probability densities of an
dividual dot.
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APPENDIX

We use a tunneling Hamiltonian approximation to mod
the effect of an in-plane magnetic field on the tunneling c
rent through a quantum dot. This provides a simple theo
ical framework for the MTS technique. The model calcu
tion reveals some of the limitations of the technique that
have discussed in the main text.

We consider a resonant tunneling structure of the t
shown in Fig. 1. In the experiment, the tunneling curre
along the growth direction~which is defined as thez direc-
tion! was measured in the presence of a magnetic fieldB,
applied perpendicular to thez axis. In the experiment,B was
applied along different directions in thexy plane, but without
loss of generality we can choose the direction ofB as thex
axis in the following discussion.

We divide the system into three subsystems: emitter~E!,
quantum dot~QD!, and collector~C!. Each subsystem ca
then be described by an appropriate HamiltonianHS , where
S5E, QD, orC. For the case in which the tunneling curre
I is limited by the emitter barrier,I is proportional to the
modulus squared of the product of the tunneling matrix e
mentM and the Bardeen transfer-matrix elementT between
the emitter and the quantum dot states, i.e.,I;uMTu2 where
16530
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M5E E wQD* ~x,y!wE~x,y!dx dy ~A1!

and

T5
\2

2m H xE~z!
]xQD~z!

]z
2xQD~z!

]xE~z!

]z J
z0

. ~A2!

Here we assume separability between thexy andz motions of
electrons. In these equations,CS(x,y,z)5wS(x,y)xS(z) is
the eigenstate ofHS . T is evaluated atz0 , a point in the
barrier between the emitter and the quantum dot layer.

The electronic states in the quantum dot are given by

HQD5
1

2m
~p1eA!21UQD~x,y!1VQD~z!, ~A3!

where UQD and VQD are the confining potentials in thexy
plane and alongz, respectively. SinceB is applied parallel to
the x axis, A can be written as (0,2Bz,0) in the Landau
gauge. For a quantum dot whose confining potential alonz
is much stronger than both the confining potential in thexy
plane and the magnetic confinement, the quantum dot w
function CQD(x,y,z) may be written as the variational form

CQD~x,y,z!5eiqywQD
0 ~x,y!xQD

0 ~z!, ~A4!

whereq is a variational parameter andwQD
0 (x,y)xQD

0 (z) is
the zero-field quantum dot state. The expectation value
HQD for the wave functionCQD(x,y,z) is then given by

^CQDuHQDuCQD&5EQD
0 1 1

2 mvc
2@~ l B

2q2zQD!2

1^xQD
0 u~z2zQD!2uxQD

0 &#, ~A5!

wherezQD5^xQD
0 uzuxQD

0 & is the expectation value ofz at B
50, vc5eB/m, and l B5(\/eB)1/2. By minimizing
^CQDuHQDuCQD& with respect to the variational parameterq,
we haveq5zQD/ l B

2 and

CQD~x,y,z!5eiyzQD / l B
2
wQD

0 ~x,y!xQD
0 ~z! ~A6!

EQD5EQD
0 1 1

2 mvc
2^xQD

0 u~z2zQD!2uxQD
0 &. ~A7!

These equations clearly show that the magnetic field in
duces an additional phase factor expbi(zQD/ l B

2)yc into the
wave function, and a diamagnetic shift of the electron e
ergy.

For the three-dimensional states in the emitter, we ha

HE5
1

2m
~p1eA!21VE~z!

5
px

2

2m
1

pz
2

2m
1

~py2eBz!2

2m
1VE~z!. ~A8!

Because bothpx and py commute with HE , we can
choose the wave functionCE(x,y,z) as

CE~x,y,z!5eikxxeikyyxE~z!. ~A9!

Inserting Eq.~A9! into Eq. ~A8!, xE(z) is found to satisfy
the equation
8-10
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F pz
2

2m
1VE~z!1

1

2
mvc

2~z2Z!2GxE~z!5«xE~z!,

~A10!

whereZ5 l B
2ky is the center coordinate of the magnetic co

finement. The electron motion alongz is determined by the
electrostatic confining potentialVE(z) plus the magnetic
confinement12 mvc

2(z2Z)2. Note that the center coordinat
of the magnetic confinement is related to the wave vec
alongy throughZ5 l B

2ky .
Using the wave functions of the quantum dot and t

emitter states given in Eqs.~A6! and ~A9!, the tunneling
matrix element,M, is written as

M5E E wQD* ~x,y!wE~x,y!dx dy

5E E wQD* ~x,y!eikxx exp@ i ~ky2zd / l B
2 !y#dx dy

5wQD
0 ~kx ,ky2zQD/ l B

2 !, ~A11!

wherewQD
0 (kx ,ky) is the two-dimensional Fourier transform

of wQD
0 (x,y). We definezE as the coordinate of the edge o

the Fermi sea of the electrons in the emitter~see Fig. 1!.
Electrons with orbits located atzE , i.e., withky'zE / l B

2, will
make the dominant contribution to the tunneling curre
since states withky@zE / l B

2 ~or Z@zE! are empty and state
with ky!zE / l B

2 ~or Z!zE! are located deep inside the em
ter, and therefore have lower probability of tunneling into t
quantum dot. We therefore expect that the tunneling cur
y

nd

.

r,

D

-

16530
-

r

e

t,

nt

is proportional to square of the Fourier transform of t
quantum dot wave function,

I}uMTu25UwQD
0 S kx ,

zE2zQD

l 2 D U2

uTu2

5UwQD
0 S kx ,2

eBDs

\ D U2

uTu2, ~A12!

whereDs5zQD2zE is the tunneling distance alongz. The
tunneling current is given by integrating this equation ov
kx according to the electron distribution in the emitter. B
causeB does not couple to the electron motion alongx, theB
dependence ofI is mainly determined by theky dependence
of the probability density ink space of the quantum dot wav
function. Although Eq. ~A12! is derived for three-
dimensional emitter states, it can also be applied to wea
confined emitter states as long as the spatial confineme
xy plane in the emitter is much weaker than that in the qu
tum dot.

In order to measure the Fourier transform of a quant
dot wave function using Eq.~A12!, it is necessary thatT is a
constant or depends weakly onB. The magnetic confinemen
along thez direction reduces the tunneling probability b
increasing the effective barrier height at finite magnetic fie
and thus reduces the tunneling current (I;uTu2). Within
the Wentzel-Kramer-Brillouin ~WKB! approximation,
the transmission coefficientt5uTu2 can be expresse
as exp@2(2/\)*0

DsA2mV(z)dz#, where V5VE(z)
1 1

2 mvc
2(z2Z)2. Figure 9 shows theB dependence oft cal-

culated for the barrier parameters of structures A and B.
v.
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