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Electric- and magnetic-field-induced evolution of transport windows in a vertical quantum dot
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~Received 6 August 2001; published 21 December 2001!

A theoretical description is presented for the quantum Coulomb blockade observed in a vertical gated
quantum dot. We have applied a self-consistent approach to a solution of the Poisson-Schro¨dinger problem,
which takes into account the electrostatics of the entire nanostructure. The conditions under which the Cou-
lomb blockade and the transport windows appear in the current-voltage characteristics of the nanodevice are
determined as functions of the external magnetic field and the potentials applied to the electrodes. We have
discussed the magnetic-field induced ground-state transformations in the system of electrons confined in the
quantum dot and their consequences for the measured characteristics of the nanodevice. The results of the
present calculations are in a good agreement with the experimental data.
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I. INTRODUCTION

In a semiconductor quantum dot~QD!,1 the movement of
charge carriers is limited in all the three dimensions. A
consequence, the energy of electrons confined in the
takes on discrete values. The confined states can be stu
by the transport spectroscopy,2 which measures the curren
resulting from the single-electron tunneling via the QD. T
flow of the single-electron current through the QD is block
if there appears a mismatch between the electrochemica
tential of the leads and the chemical potential of the Q
This effect, called the Coulomb blockade,3 in large QD’s
~with size of several hundreds nanometers! can be explained
by a classical-capacitor model, as a consequence of a dis
character of the electron charge. In small QD’s the ene
spacings between the size-quantized levels are larger~several
meV! and are comparable with the energy of the Coulo
interaction between the confined electrons. In this case,
quantum effects, e.g., the discrete spectrum of electron
ergy levels, are observed as an unequal spacing betwee
current peaks and are interpreted in terms of the shell fillin4

The shell filling has been first observed by Taruchaet al.4

and Kouwenhovenet al.5 in the current-voltage characteris
tics of the vertical gated QD’s. The nanodevice used in th
experiments was fabricated6 from the planar heterostructur
made of n-GaAs/AlGaAs/InGaAs/AlGaAs/n-GaAs layers,
which were etched to form a pillar and surrounded by
ring-shaped Schottky gate. The application of the gated
tical QD allowed the authors4,5 to perform very accurate
measurements and discover the quantum phenomena i
electron transport.

The fascinating properties of the vertical QD4,5,7 have in-
spired several attempts8–13of theoretical interpretation of the
experimental data. The authors8–11 used confinement poten
tials, which were assumed to be independent of the volta
applied to the gate, source, and drain electrodes, and
number of electrons confined in the QD. In fact, because
the complex electrostatics of the nanodevice, the confi
ment potential of the QD depends on the applied volta
and the number of the confined electrons.14,15 Due to the
neglect of this dependence, the authors8–11 were unable to
compare directly their theoretical results with the experim
0163-1829/2001/65~3!/035316~8!/$20.00 65 0353
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tally measured4,5 current-voltage characteristics of the ver
cal QD and obtained only a qualitative interpretation of t
experimental data.4,5 The confinement potential was calcu
lated from the Poisson equation in Ref. 12 for a model na
structure with the different shape and geometry than the n
odevice studied by Taruchaet al.4 and Kouwenhovenet al.5

In the recent paper, Matagneet al.13 investigated the elec
tronic properties of the QD’s with a geometry similar to th
device of Tarucha4 by solving the Schro¨dinger-Poisson prob-
lem self-consistently for zero source-drain voltage in the
sence of external magnetic field.

In our previous paper,14 we have solved the Poisson
Schrödinger problem for the entire nanodevice4 and obtained
a very good quantitative agreement of calculated results w
the experimental data.4,5 Namely, we have calculated the va
ues of the gate voltage, which correspond to the subseq
current peaks for the zero drain-source voltage, and de
mined their evolution in the external magnetic field. Mor
over, we have reproduced the shape of the six lowest C
lomb diamonds, i.e., the regions of the Coulomb blockade
functions of the gate voltage and drain-source voltage. I
recent development15 of the model,14 we have included the
nominal values of the material parameters of the na
structure.4 As a result, we have obtained15 the shapes, posi
tions, and sizes of the 12 Coulomb diamonds in a very go
agreement with experiment.5

In the present paper, we study the Coulomb blockade
the vertical QD subjected to external electric and magn
fields. In particular, we perform the calculations for the no
zero drain-source voltage. The application of the dra
source voltage creates in the QD the component of elec
field parallel to the axis of the device. The reaction of t
confined electron system on this electric field gives inform
tion about the voltage-to-energy conversion factor.4 On the
other hand, the measurements4,5 of the current-voltage char
acteristics in the external magnetic field yield an informati
about the symmetry of the confined electron states, the lo
ization of the confined charge, and the relative strength of
electron-electron interaction. Therefore, the joint effect of
source-drain voltage and the external magnetic field on
electron system confined in the QD is one of the most in
esting characteristics of the nanodevice, which—to the b
©2001 The American Physical Society16-1



re
th

y

eo
n

an
du
d
e
n

s

s

aA
ch
Th
rie
gy
ia
a-
e

ed
c-

po
h

v
ax
-

-

e
-
d
po-

d
l
evel
ce,

the
ter.
-
of
l in
mi-
in-

lec-
ou-
ical
to
ned

ned

D

tial
etic
d
d,

tic
um

nor
akly

nor

as
the
sis

rs,
he
we
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of our knowledge, has not been studied until now in theo
ical papers. The calculations of these effects presented in
paper have been performed in the framework of the theor
the vertical QD described in Refs. 14 and 15 with the nom
nal values of the nanostructure parameters.15 The present pa-
per is organized as follows: in Sec. II, we present the th
retical model, Sec. III contains results of calculations a
their discussion, and Sec. IV contains a summary.

II. THEORY

The theoretical approach elaborated in Refs. 14, 15
based on the self-consistent solution of the Poisson
Schrödinger equations which takes into account the mo
lated doping, the coupling between the electrons confine
the dot and the ionized donors and all the applied voltag
The Hamiltonian forN electrons confined in the QD is take
on in the form

H5(
i 51

N

h~r i !1
e2

4p«0«`
(

i , j 51
i . j

N
1

r i j
, ~1!

where

h~r !52
\2

2m*
¹21Udb~z!2ew~r !

1
1

8
m* vc

2~x21y2!1
1

2
\vcl z , ~2!

is the one-electron Hamiltonian,N is the number of exces
electrons confined in the QD,e is the elementary charge (e
.0), m* is the electron effective band mass,«` is the high
frequency dielectric constant of the QD material,r i j is the
interelectron distance,vc5eB/m* is the cyclotron fre-
quency for magnetic fieldB, and l z is the z-component
angular-momentum operator. We adopt the effective mas
the In0.05Ga0.95As alloy, i.e.,m* 50.064me0 ,16 whereme0 is
the electron rest mass, and the dielectric constant of G
«`511. The spin Zeeman effect, which in GaAs is mu
smaller than the magnetic orbital effects, was neglected.
electrons are confined in the QD by the double-bar
AlGaAs/InGaAs heterostructure with potential ener
Udb(z) and by the external electrostatic field with potent
w(r ), which is the solution of the Poisson equ
tion.14 Potentialw(r ) leads to the lateral confinement of th
electrons in the QD.

The electrons confined in the QD interact with the ioniz
donors in then-GaAs layers. We take this coupling into a
count by solving the Poisson-Schro¨dinger problem with use
of the self-consistent procedure. As a result, we obtain
tential w(r ), which depends on the voltages applied to t
gate (Vg) and drain (Vds) as well as on the number~N! and
the density of the electrons confined in the QD. We ha
solved the Poisson equation by the finite-difference rel
ation method14,15 and the Schro¨dinger equation by the unre
stricted Hartree-Fock method.15,17 The solution of the
Poisson-Schro¨dinger problem yields the realistic three
dimensional profile of potentialw(r ) andN-electron ground-
state energyEN .
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In the vertical QD,4,5 a single electron can tunnel from th
source to the drain via theN-electron state if chemical po
tential mN falls into the transport window, which is define
as the energy interval determined by the electrochemical
tentials of both the electron reservoirs, i.e.,

msource>mN>mdrain. ~3!

The chemical potential of theN-electron system is calculate
as follows: mN5EN2EN21 . The electrochemical potentia
of the contact is defined as the highest occupied energy l
of the corresponding electron reservoir. In the nanodevi4

the source and drain contacts, which are connected to
strongly dopedn-GaAs layers, possess the Ohmic charac
The measurements4,5 were performed at the very low tem
perature~0.2 K!. In this case, the electrochemical potential
the contacts can be identified with the donor energy leve
then-GaAs layers. The difference between the electroche
cal potentials of the two reservoirs is controlled by the dra
source voltage, i.e.,

msource2mdrain5eVds. ~4!

If condition ~3! is not fulfilled for any N, the flow of the
source-drain current is blocked and the number of the e
trons confined in the QD is fixed, which means that the C
lomb blockade appears. The energetic position of chem
potentialmN of the confined electron system with respect
the drain and source electrochemical potentials can be tu
by the gate voltage. Thus, the number of electrons confi
in the QD can be intentionally changed.

The magnetic field affects not only the energy of the Q
confined electron system, but also energyED of the electron
bound to a donor impurity, e.g., the electrochemical poten
of the corresponding contact. In the range of the magn
field applied, i.e.,BP@0,8 T#, this dependence is weak an
has been taken into account by the perturbation metho18

which leads to

ED~B!5ED~0!1lB2, ~5!

whereED(0)525.8 meV is the Si energy at zero magne
field measured with respect to the conduction-band minim
andl58.2831023 @meV/T2#. Let us note that even at low
temperatures the electrons are not frozen out on the do
centers due to the considerable overlap between the we
localized donor states in the doped GaAs layers.4,5 Therefore,
the small currents are possible via the overlapping do
impurity states.

The Schro¨dinger equation for the confined electron w
solved with the unrestricted Hartree-Fock method with
one-electron wave-functions expanded in a variational ba

cn~r !5exp~2bz2!(
k51

3

(
i , j 50

i 1 j <4

cki j
n xiyj

3exp@2~a/k!~x21y2!#, ~6!

where a and b are the nonlinear variational paramete
which describe the localization of the wave functions in t
lateral and vertical directions, respectively. In this paper,
6-2
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ELECTRIC- AND MAGNETIC-FIELD-INDUCED . . . PHYSICAL REVIEW B65 035316
consider the QD’s confining up to five electrons and
magnetic-field range up to 8 T. The last value correspond
a maximum-density droplet phase.19–21 In this phase, the
electrons are fully spin polarized and occupy subsequ
states with the definitez component of the angular momen
tum. The upper bounds on summations oni andj in basis~6!
has been chosen sufficiently large in order to construct
angular momentum eigenstates withumu<4, wherem is the
quantum number of thez component of the angular momen
tum. The iterations in the self-consistent Hartree-Fock ca
lations are carried out in a manner, which ensures that
one-electron wave functions are the eigenstates of
z-component angular-momentum operator. The formation
Wigner molecules, which can occur at higher magne
field,19–21 is not considered here.

In the present paper, the drain-source~bias! voltage has
been included via the boundary conditions put on the e
trostatic potential on the drain and source electrodes w
calculating the electrostatic potential profile from the Poiss
equation.15 Due to the small voltage drop across the Q
region, we assume that the charge density of the elect
confined in the QD is not deformed by the bias voltage~ver-
tical electric field! @cf, Eq. ~6!#. Let us estimate the potentia
energy contribution originating from the bias-voltage dr
across the QD for the considered bias regime, i.e., 0<Vds
<3 meV. For this purpose, we consider the electrostatic
the nanodevice. In then-GaAs layers attached to the sour
and drain, the donor center becomes ionized if the poten
energy of the electrostatic field exceeds the donor ene
i.e., the electrochemical potential of the corresponding le
This leads to a formation of the positive space charge a
ciated with the ionized donors.15

In such the way, the drain-source voltage is transfer
into the neighborhood of the double-barrier heterostructu
As a result, the entire bias-voltage drop occurs in the reg
that consists of the ionized part of then-GaAs layers, the
undoped GaAs spacer, and the AlGaAs/InGaAs doub
barrier heterostructure. The estimated minimal thickness
this region is equal to the sum of the thicknesses of the
GaAs spacers and the AlGaAs/InGaAs double-barrier het
structure, which gives;35 nm.15 Hence, we have estimate
that the change of the electron potential energy, which res
from the voltage drop across the 12-nm-thick InGaAs Q
layer, is ;1 meV. For comparison, the energy spacing b
tween the ground state and the first excited state of the q
tized motion of the electron in thez direction is;80 meV.
This justifies the neglect of the influence of the bias volta
on the electron wave functions inside the QD.

III. RESULTS AND DISCUSSION

A. Zero magnetic field

In order to understand the influence of the external m
netic field on the single-electron transport, we begin with
results for the zero-field limit. These results will also ser
us for explaining the concept of a transport window, which
the main subject of the present work. Figure 1 shows
enlargement of the lower part (N51,...,6) of the stability
diagram, which is fully shown in Fig. 12~Ref. 15!. This
03531
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zoom enables us to present the details of small deviation
the calculated15 and measured4,5 data that are essential for th
discussion of the results of the present paper. In Fig. 1,
solid lines correspond to the values of the gate and dr
source voltages, for which the chemical potential ofN elec-
trons is aligned with the electrochemical potential of one
the contacts, i.e., single-electron tunneling condition~3! is
fulfilled ~with the equality sign!. If the voltages are swep
across these lines, the transport windows are opened~when
passing into the white areas in Fig. 1! and closed~when
passing into the shaded areas!. The shaded areas located ne
the Vds50 show the calculated Coulomb diamonds. T
white areas correspond to the voltages, for which a trans
window is opened for at least oneN. The thick dotted curves
correspond to the borders of the Coulomb diamonds m
sured by Kouwenhovenet al.5

The positions, sizes, and shapes of the calculated C
lomb diamonds agree well with the experimental data.5 The
largest deviations from the experimental data occur for
first and fourth diamond, which are slightly larger than t
measured Coulomb diamonds~cf., Fig. 1!. These deviations
can be attributed to the neglect of the electron-electron c
relation in the Hartree-Fock method applied in the pres
paper. The electron-electron correlation appears for the
ond electron confined in the QD. We have estimated22 the
correlation energy of the two-electron system in the verti
QD to be of the order of 1 meV. Therefore, chemical pote
tial m2 , that determines the upper boundary of the first Co
lomb diamond, is slightly overestimated. It seems that
neglect of the correlation is directly responsible for the sm

FIG. 1. Stability diagram with Coulomb diamonds and transp
windows. Solid ~dotted! curves show the calculated~measured!
boundaries of the regions of the single-electron tunneling via
QD as functions of the gate voltage and drain-source voltage.
calculated chemical potentialmN of theN-electron system is aligned
with the electrochemical potentials of the source (msource) and drain
(mdrain) along the solid curves. The shaded areas are the region
the Coulomb blockade, in which the number of the electrons c
fined in the QD is fixed and equal toN. The white areas correspon
to the transport windows. The thin vertical lines mark the dra
source voltage values, for which the results in Figs. 2, 6, and 7
displayed.
6-3
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B. SZAFRAN, S. BEDNAREK, AND J. ADAMOWSKI PHYSICAL REVIEW B65 035316
discrepancy between the theory and experiment for the
Coulomb diamond in Fig. 1. It is known22 that the Hartree-
Fock method works better for the states with the higher v
ues of the total spin. In the case of the fourth Coulomb d
mond in Fig. 1, this is the four-electron state, in which t
second electronic shell is half filled and the total spin ta
on the maximal value. The boundaries of the fourth Coulo
diamond are determined bym4 andm5 , which are evaluated
with use of ground-state energiesE3 , E4 , and E5 . In the
Hartree-Fock approach, energyE4 is calculated with the
higher precision thanE3 andE5 , which leads to an enlarge
ment of the fourth Coulomb diamond calculated by th
method. Therefore, we can ascribe the obtained overest
tion of the area of the fourth Coulomb diamond to the n
glect of the correlation in the Hartree-Fock method.

For the small drain-source voltage condition~3! is ful-
filled in narrow intervals ofVg only. Then, the current-gat
voltage characteristics possesses a form of a series of s

FIG. 2. Chemical potentialsmN ~solid lines! of the N-electron
system confined in the QD as functions of the gate voltage
drain-source voltageVds51 mV ~a! and Vds53 mV ~b!. The hori-
zontal dashed lines show the electrochemical potentials of
source and drain. The shaded areas~Coulomb-blockade regions!
correspond to the gate-voltage regimes, for which all the trans
windows are closed.N is the number of the electrons confined
the QD. The white areas correspond to the voltages, for whic
least one transport window is opened.
03531
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peaks4 and the corresponding transport windows are narr
If the drain-source voltage increases, the transport windo
become wider and the Coulomb-blockade regions shr
The dependence of the chemical potentials on the gate v
age for N51,...,6 electrons is shown in Fig. 2~a! for Vds
51 mV and in Fig. 2~b! for Vds53 mV. These voltages are
marked by the vertical dashed lines on Fig. 1. The elec
chemical potentials of the source and drain are marked by
horizontal dashed lines on Figs. 2~a! and 2~b!. The values of
the gate voltage, for whichmN falls in between these lines
corresponds to the transport window~white areas! with the
single-electron tunneling via theN-electron state of the QD
For Vds51 mV the transport windows are rather thin@Fig.
2~a!# and do not overlap. Therefore, forVds51 mV the Cou-
lomb blockade~shaded areas in Fig. 2! can be observed fo
eachN. For Vds53 mV @Fig. 2~b!# the transport windows
become thicker and start to overlap. For example, there i
overlap between the transport windows corresponding toN
53 and 4, which leads to a disappearance of the Coulo
blockade for the three-electron QD atVds53 mV. Due the
similar reason, the Coulomb-blockade electrons is not
served for the five electrons in the QD@Fig. 2~b!#.

B. Effect of magnetic field

The application of the external magnetic field shifts t
current peaks on the gate-voltage scale and leads to
magnetic-field-induced transformations of theN-electron
ground state. For the small bias these effects are illustrate
Figs. 3 and 4. Figure 3 shows the number of electrons, wh
fill the QD, and their chemical potential calculated at ze
bias as functions of the magnetic field and gate voltage.
Vds50 the QD states are filled by the excess electrons u
the common electrochemical potential of the source a
drain, i.e., the Fermi level~zero on the energy scale!. The
steps in Fig. 3 correspond to the change of the numbe

r

e

rt

at

FIG. 3. Chemical potentialmN of the N-electron QD as a func-
tion of magnetic-fieldB, gate voltageVg , and numberN of elec-
trons confined in the QD for drain-source voltageVds50. Zero on
the energy scale corresponds to the Fermi energy of the source
drain.
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ELECTRIC- AND MAGNETIC-FIELD-INDUCED . . . PHYSICAL REVIEW B65 035316
electrons confined in the QD by one, i.e., the single-elect
charging~or discharging! of the QD. The cusps visible alon
the steps appear for the fixed number of the QD confi
electrons and correspond to the magnetic-field-induced tr
formations of theN-electron ground state. The results of F
3 can be translated into the positions of the single-elec
current peaks on theVg-B plane, which are shown in Fig. 4
Figure 4 displays the dependence of the gate voltage, w
corresponds to the boundaries of the transport windows
the magnetic field for the small drain-source voltage (Vds
50.1 mV). At this bias, the Coulomb blockade occurs in t
major part of theVg-B plane. In Fig. 4, we have marke
numberN of the electrons confined in the QD and the orbi
configurations of theN-electron ground states. The on
electron orbitals are labeled as follows: symbolss, p, d, f,
andg correspond to quantum numbersm50, 1, 2, 3, and 4,

FIG. 4. Transport windows as functions of the gate voltage
magnetic field forVds50.1 mV. Solid ~dashed! curves show the
calculated~measured! values of the gate voltage and magnetic fie
for which the single electrons tunnel through the QD.N denotes the
number of the QD-confined electrons. In the Coulomb-blocka
regions,N is fixed, while in the transport windows, the number
the electrons in the QD fluctuates as follows:N21→N→N
21¯ . The ground-state orbital configurations are labeled by sy
bols s, p, d, f, andg, which denote the quantum numbersm50, 1,
2, 3, and 4, respectively, the sign~6! in the subscript is the sign o
the z component of the angular momentum. The regions co
sponding to the different ground-state orbital configurations
separated by the thin solid lines. All the states possess the maxi
allowed value of thez component of the total spin. The dotted cur
shows the results for the tunneling of the first electron via the
obtained under the hypothesis that the Fermi level is identified w
the GaAs lowest energy Landau level.
03531
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respectively, and the sign in the subscript denotes the sig
the z component of the angular momentum. The grou
states correspond to the maximal value of thez component of
the total spin that is allowed for a given spatial configuratio
Since theN-electron ground-state energyEN appears twice in
single-electron tunneling condition~3!, each ground-state
transformation can be observed two times on the boundar
the transport window, that corresponds to the tunneling
theN- and (N11)-electron state. In Fig. 4, the points corr
sponding to the same ground-state transformation are
nected by the thin straight lines. If the gate voltage increa
the same ground-state transformation appears at the lo
magnetic field~the slope of the thin lines is negative!. This
effect results from the change of the lateral confinement
tential with the gate voltage.14,15If the gate voltage increases
the confinement potential flattens and the electron sys
becomes more weakly localized in the QD. For the wea
localized electron system the relative influence of the m
netic field is stronger, which shifts the ground-state trans
mation towards the weaker magnetic field. This effect is
perimentally observed,4,5 but cannot be explained in th
framework of the models, that assume the fixed, gate-volt
independent, confinement potential.8–12 The low-field shift
of the ground-state transformation for the same numbe
electrons can only be understood, if we take into account
influence of the gate voltage on the confineme
potential.14,15

For B50 the N-electron ground-state spin-orbital con
figuration can be predicted by Hund’s rule. In the oppos
limit, i.e., for the strong magnetic field, the ground state
completely spin polarized. For the intermediate magne
field the ground-state transformations~‘‘phase transitions’’!
appear. The magnetic-field-induced phase transitions re
from the competition between the Coulomb interaction,

FIG. 5. Donor energy (ED), GaAs lowest Landau level (EL),
and chemical potential (m1) as functions of magnetic fieldB. Each
quantity is measured with respect to its value taken atB50.
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B. SZAFRAN, S. BEDNAREK, AND J. ADAMOWSKI PHYSICAL REVIEW B65 035316
netic energy, and orbital Zeeman interaction. If the magn
field increases, the phase transition leads to a maximiza
of the z components of both the total spin and total angu
momentum. With the exception of the first~low-field! trans-
formation forN54, in all the transformations marked in Fig
4, the Coulomb-interaction contribution is decreased. Dur
the ground-state transformation in the four-electron system
B.1 T, Hund’s rule is broken and the Coulomb repulsi
between thep electrons increases.

In Fig. 4, the dashed curves display the experimen
data.5 The present theoretical results well reproduce
shapes of the experimental curves. However, the value
the critical fields, for which the ground state transforms in
the high-spin state with the lower Coulomb interaction, a
underestimated by about 30–40%. On the other hand,
critical field, at which the Hund-rule breaking transformati
appears for the four electrons, is slightly overestimated
this transformation, in the four-electron system, thez com-
ponent of the total spin decreases and the Coulomb inte
tion increases. We ascribe these deviations to the inaccu
of the Hartree-Fock method used in the present paper.
have found22 that the Hartree-Fock method yields more a
curate results for the spin-polarized states than for the s
unpolarized states. Therefore, the Hartree-Fock approac
03531
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vors the spin polarization of the ground state, which leads
too small values predicted for the corresponding criti
fields. A better agreement between the calculated and m
sured values of the critical magnetic fields should be
tained, if the energy of the Coulomb interaction in the co
fined electron system was smaller. In our previous pape14

we have presented the results of the calculations with
electron-electron interaction screened by low-frequency
electric constant«s513.2, which is larger than high
frequency constant«` used in the present paper. Howeve
the interaction between the weakly localized electrons sho
rather be screened by the high-frequency dielec
constant.23 Moreover, we have checked15 that the application
of the static dielectric constant to the screening of the in
action between the electrons confined in the QD does
allow for a description of the electrostatics of the nanodev
for the higher number of electrons (N.6). This description
is possible, if we apply the screening via the high-frequen
dielectric constant.15 Therefore, in this work, we have
adopted«` as well as all the other material and nanodev
parameters given in Ref. 15 without any change.

The external magnetic field shifts the Fermi level. In t
leads, this shift is consistent with the shift of the Land
level in the metal and—for the magnetic fields considered
d

nfigu-
FIG. 6. Chemical potential ofN electrons confined in the QD forN54 ~a! and N55 ~b! as a function of the magnetic field an
gate-voltageVg for drain-source voltageVds53 mV. The gate voltage changes from21.7 to 21.5 V in ~a! and from21.45 to21.6 V in
~b! with step 0.05 V. The horizontal dashed lines show the electrochemical potentials of the source and drain. The white~shaded! areas
correspond to the open~closed! transport windows. The thin solid lines separate the regions with the different ground-state orbital co
rations.
6-6
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FIG. 7. Transport windows~white areas! and Coulomb-blockade regions~shaded areas! as functions of the gate voltage and magne
field for drain-source voltageVds51 mV ~a! andVds53 mV ~b!. Solid ~dotted! lines show the values of the gate voltage and magnetic fi
for which the chemical potential of theN-electron system confined in the QD is aligned with the electrochemical potentials of the
~source!. The values corresponding to the same ground-state transformation in theN-electron system confined in the QD are connected w
the thin solid lines. In plot~a!, the N-electron ground-state orbital configurations are given. In plot~b!, the vertical thin lines connect the
boundaries of the subsequent transport windows. The symbols in the transport windows show how the number of electrons i
fluctuates during the single-electron tunneling.
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the present paper—is negligibly small due to the much lar
effective electron mass24 in comparison to the conduction
band electron mass in GaAs. In the Ohmic contacts betw
the leads and then-GaAs layers, the Fermi levels in the met
and semiconductor equalize with each other. We assume
the semiconductor Fermi level is aligned with the donor i
purity level, which changes with the magnetic field acco
ing to parabolic formula~5!. We note that—in the vertica
QD with the double-barrier heterostructure4,5 the Fermi level
cannot be identified with the lowest Landau level (EL) in
GaAs, which is a linear function of the magnetic field, i.
EL5\eB/2m* . For GaAs the coefficient in this formula i
relatively large; namely,\e/2m* 50.87 meV/T. Therefore,
the lowest Landau level grows with the magnetic field mu
faster than the donor impurity level and also faster that
chemical potentials of the electrons confined in the QD~Fig.
5!. If the Fermi level were identified with the lowest Landa
level, the fulfillment of single-electron tunneling conditio
~3! would require the considerable decrease of the gate v
age, i.e., the gate voltage should be more negative. Th
fore, the gate voltage corresponding to all the current pe
03531
r

en

at
-
-

,

h
e

lt-
re-
ks

would rapidly drop towards more negative values with t
increasing magnetic field. This hypothetical effect is illu
trated for the first peak by the dotted curve in Fig. 4. We s
that the magnetic-field dependence of the current pe
would be completely different from that observed by Taruc
et al.4 and Kouwenhovenet al.5 The results of Figs. 4 and 5
support the present identification of the Fermi level with t
donor impurity level.

The magnetic-field dependence of the chemical poten
for N54 and 5 electrons in the QD is displayed in Figs. 6~a!
and 6~b! for Vds53 mV and for the values of the gate vol
age, which changes with the 50-mV step. In Figs. 6,
horizontal dashed lines correspond to the electrochemical
tentials of the source and drain. The regions correspondin
different ground-state orbital configurations are separated
the thin straight lines. The gate-voltage dependence of
critical magnetic field for the phase transitions is appro
mately linear. In Figs. 6~a! and 6~b!, the white areas corre
spond to the transport windows for the single-electron t
neling via the four-electron QD states and the gray ar
correspond to the values of the gate voltage and magn
6-7
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field, for which the transport windows are closed. We s
that the magnetic field not only changes the ground-st
symmetry, but also causes the opening and closing of
transport windows and in this way changes the number of
electrons confined in the QD. Moreover, the gate voltage t
also controls the number of the confined electrons c
change the ground state of the confined system due to
influence on the lateral confinement potential. In particul
the gate voltage can change the spin of the system of e
trons confined in the QD.25

The boundaries between the Coulomb-blockade regi
and transport windows are plotted on theVg-B plane in Figs.
7~a! and 7~b! for Vds51 and 3 mV, respectively. The solid
~dotted! curves correspond to the values of the gate volta
and magnetic field, for which chemical potentialmN is
aligned with the electrochemical potential of the dra
~source!. In the white~gray! areas of Figs. 7~a! and 7~b!, the
transport windows are opened~closed!. In the Coulomb-
blockade regime, the number of the electrons confined in
QD is fixed. The transport windows are labeled as follow
N21→N→N21, which shows how the number of the ele
trons in the QD oscillates when the single electrons tun
via the QD. For Vds53 mV @Fig. 7~b!# the Coulomb-
blockade regions are thin, which results from the overlap
the transport windows@cf., Fig. 2~b!#. The results of Fig. 7~b!
compared with the experimental data~Fig. 4 in Ref. 5! show
a reasonable agreement with experiment. However, the
culated Coulomb-blockade region forN54 is somewhat
larger than that measured. This discrepancy results from
overestimation of the size of the fourth diamond~cf., Fig. 1!
discussed in Sec. III.A.
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IV. SUMMARY

The self-consistent method for the solution of t
Poisson-Schro¨dinger problem, elaborated in our previo
papers,14,15has been applied to a description of the evolut
of the windows of transport through the vertical gated QD
the external electric and magnetic fields. To the best of
knowledge, this is the first complete study of the joint eff
of the gate voltage, the drain-source voltage, and the m
netic field on the few-electron system confined in the vert
gated QD. We have determined the conditions under whi
single electron can tunnel through the QD and calculated
positions of the single-electron tunneling current peaks
functions of the gate voltage and the magnetic field. T
present results are in a good agreement with the experim
data. We have also obtained magnetic-field-induced p
transitions in the electron system confined in the QD. Ho
ever, the critical magnetic fields, at which the ground-s
transformations into the states with the higher total spin
cur, are underestimated. We have ascribed these deviatio
the neglect of the electron-electron correlation in the Hart
Fock method. The problem of the identification of the Fe
level in the vertical gated QD has been discussed.
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