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Electric- and magnetic-field-induced evolution of transport windows in a vertical quantum dot
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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 Poissadirgenrproblem,
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
guantum 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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. INTRODUCTION tally measure®® current-voltage characteristics of the verti-
cal QD and obtained only a qualitative interpretation of the
In a semiconductor quantum d@D),! the movement of experimental dat&® The confinement potential was calcu-
charge carriers is limited in all the three dimensions. As dated from the Poisson equation in Ref. 12 for a model nano-
consequence, the energy of electrons confined in the QBtructure with the different shape and geometry than the nan-
takes on discrete values. The confined states can be studiedevice studied by Taruchet al* and Kouwenhovert al>
by the transport spectroscopyyhich measures the current In the recent paper, Matagret al® investigated the elec-
resulting from the single-electron tunneling via the QD. Thetronic properties of the QD’s with a geometry similar to the
flow of the single-electron current through the QD is blockeddevice of Taruch&by solving the Schidinger-Poisson prob-
if there appears a mismatch between the electrochemical ptem self-consistently for zero source-drain voltage in the ab-
tential of the leads and the chemical potential of the QDsence of external magnetic field.
This effect, called the Coulomb blockatlén large QD’s In our previous papéef we have solved the Poisson-
(with size of several hundreds nanometeman be explained Schralinger problem for the entire nanodevi@nd obtained
by a classical-capacitor model, as a consequence of a discrederery good quantitative agreement of calculated results with
character of the electron charge. In small QD’s the energyhe experimental date® Namely, we have calculated the val-
spacings between the size-quantized levels are lgsgeeral  ues of the gate voltage, which correspond to the subsequent
meV) and are comparable with the energy of the Coulombcurrent peaks for the zero drain-source voltage, and deter-
interaction between the confined electrons. In this case, theined their evolution in the external magnetic field. More-
guantum effects, e.g., the discrete spectrum of electron emver, we have reproduced the shape of the six lowest Cou-
ergy levels, are observed as an unequal spacing between tloenb diamonds, i.e., the regions of the Coulomb blockade, as
current peaks and are interpreted in terms of the shell fifling.functions of the gate voltage and drain-source voltage. In a
The shell filling has been first observed by Taruetal®  recent developmet of the modef:* we have included the
and Kouwenhovert al® in the current-voltage characteris- nominal values of the material parameters of the nano-
tics of the vertical gated QD’s. The nanodevice used in thesstructure’ As a result, we have obtainEtthe shapes, posi-
experiments was fabricateéfom the planar heterostructure tions, and sizes of the 12 Coulomb diamonds in a very good
made of n-GaAs/AlGaAs/InGaAs/AlGaAs-GaAs layers, agreement with experiment.
which were etched to form a pillar and surrounded by a In the present paper, we study the Coulomb blockade in
ring-shaped Schottky gate. The application of the gated vetthe vertical QD subjected to external electric and magnetic
tical QD allowed the authofs to perform very accurate fields. In particular, we perform the calculations for the non-
measurements and discover the quantum phenomena in tkhero drain-source voltage. The application of the drain-
electron transport. source voltage creates in the QD the component of electric
The fascinating properties of the vertical @ have in-  field parallel to the axis of the device. The reaction of the
spired several attempits-® of theoretical interpretation of the confined electron system on this electric field gives informa-
experimental data. The auth®T$' used confinement poten- tion about the voltage-to-energy conversion faét@m the
tials, which were assumed to be independent of the voltagesther hand, the measuremétsf the current-voltage char-
applied to the gate, source, and drain electrodes, and thacteristics in the external magnetic field yield an information
number of electrons confined in the QD. In fact, because ofbout the symmetry of the confined electron states, the local-
the complex electrostatics of the nanodevice, the confineization of the confined charge, and the relative strength of the
ment potential of the QD depends on the applied voltageglectron-electron interaction. Therefore, the joint effect of the
and the number of the confined electrdf$® Due to the  source-drain voltage and the external magnetic field on the
neglect of this dependence, the autfiotswere unable to electron system confined in the QD is one of the most inter-
compare directly their theoretical results with the experimen-esting characteristics of the nanodevice, which—to the best
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of our knowledge, has not been studied until now in theoret- In the vertical QDf® a single electron can tunnel from the
ical papers. The calculations of these effects presented in thsurce to the drain via the-electron state if chemical po-
paper have been performed in the framework of the theory ofential wy falls into the transport window, which is defined
the vertical QD described in Refs. 14 and 15 with the nomi-as the energy interval determined by the electrochemical po-
nal values of the nanostructure parameteghe present pa- tentials of both the electron reservoirs, i.e.,

per is organized as follows: in Sec. Il, we present the theo-

retical model, Sec. Il contains results of calculations and Msource™ MNZ Mdrain- ()]

their discussion, and Sec. IV contains a summary. The chemical potential of thid-electron system is calculated

as follows: uy=En—En_1. The electrochemical potential
Il. THEORY of the contact is defined as the highest occupied energy level

The theoretical approach elaborated in Refs. 14, 15 iof the corresponding electron reseryoir. In the nanodétice,
based on the self-consistent solution of the Poisson ant€ source and drain contacts, which are connected to the
Schralinger equations which takes into account the moduStrongly dopedh-GaAs layers, possess the Ohmic character.
lated doping, the coupling between the electrons confined if e measuremerftS were performed at the very low tem-
the dot and the ionized donors and all the applied voltage€rature0.2 K). In this case, the electrochemical potential of
The Hamiltonian foN electrons confined in the QD is taken the contacts can be identified with the donor energy level in

on in the form then-GaAs layers. The difference between the electrochemi-
cal potentials of the two reservoirs is controlled by the drain-
N e2 Noq source voltage, i.e.,
H=2 h(r)+—— 2 —, (1)
=3 Ameges ij=1 i tsourcs— Mdrain= € Vds- (4)
i>] source drain ds

where If condition (3) is not fulfilled for any N, the flow of the
2 source-drain current is blocked and the number of the elec-
h(r)=-— S V2+Uyy(z)—eo(r) trons confined in the QD is fixed, which means that the Cou-

lomb blockade appears. The energetic position of chemical
1 1 potential uy of the confined electron system with respect to

+§ m* wﬁ(x2+y2)+§ hwel,, (2 the drain and source electrochemical potentials can be tuned

by the gate voltage. Thus, the number of electrons confined

is the one-electron Hamiltoniaf\ is the number of excess in the QD can be intentionally changed.

electrons confined in the QM is the elementary charge ( The magnetic field affects not only the energy of the QD

>0), m* is the electron effective band mass, is the high ~ confined electron system, but also enekgy of the electron

frequency dielectric constant of the QD materia|, is the bound to a donor impurity, e.g., the electrochemical potential

interelectron distancew.=eB/m* is the cyclotron fre- of the corresponding contact. In the range of the magnetic

quency for magnetic field8, and |, is the zcomponent field applied, i.e.Be[0,8T], this dependence is weak and

angular-momentum operator. We adopt the effective mass dfas been taken into account by the perturbation method,

the Iy 0Ga o5AS alloy, i.e.,m* =0.064ny,,® wheremyy is ~ Which leads to

the electron rest mass, and the dielectric constant of GaAs )

e,=11. The spin Zeeman effect, which in GaAs is much Ep(B)=Ep(0)+AB%, ®)

smaller than the magnetic orbital effects, was neglected. Th\?/hereED(O)z —5.8meV is the Si energy at zero magnetic

electrons are confined in the QD by the double-barrietie|y measured with respect to the conduction-band minimum
AlGaAs/InGaAs heterostructure with potential energy 4\ —g 2gx 10-3[meV/T?]. Let us note that even at low
Uar(2) and by the external electrostatic field with potential o neratures the electrons are not frozen out on the donor
¢(r), which is the solution of the Poisson equa-centers due to the considerable overlap between the weakly
tion.” Potentiale(r) leads to the lateral confinement of the |y.ajized donor states in the doped GaAs layérherefore,

electrons in the QD. _ _ .. the small currents are possible via the overlapping donor
The electrons confined in the QD interact with the 'On'zedimpurity states.

donors in then-GaAs layers. We take this coupling into ac-  tne”schidinger equation for the confined electron was

count by solving the Poisson-Schiinger problem with use  go1yad with the unrestricted Hartree-Fock method with the

of the self-consistent procedure. As a result, we obtain pogne._glectron wave-functions expanded in a variational basis
tential ¢(r), which depends on the voltages applied to the

gate {/4) and drain {49 as well as on the numbéN) and 3 i+j=4

the density of the electrons confined in the QD. We have p(N=exp(—B2%) >, X cyXyl

solved the Poisson equation by the finite-difference relax- k=110.j=0

ation method**® and the Schidinger equation by the unre- x exd — (alk)(x3+y?)] ©)

stricted Hartree-Fock methdd!’ The solution of the

Poisson-Schidinger problem vyields the realistic three- where « and g are the nonlinear variational parameters,
dimensional profile of potentiap(r) andN-electron ground- which describe the localization of the wave functions in the
state energ¥y . lateral and vertical directions, respectively. In this paper, we
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consider the QD’s confining up to five electrons and the
magnetic-field range up to 8 T. The last value corresponds to 4.5 —
a maximum-density droplet phas&?! In this phase, the
electrons are fully spin polarized and occupy subsequent
states with the definite component of the angular momen-
tum. The upper bounds on summationsi @mdj in basis(6)

has been chosen sufficiently large in order to construct the
angular momentum eigenstates with|<4, wheremis the
guantum number of the component of the angular momen-
tum. The iterations in the self-consistent Hartree-Fock calcu-
lations are carried out in a manner, which ensures that the
one-electron wave functions are the eigenstates of the
z-component angular-momentum operator. The formation of
Wigner molecules, which can occur at higher magnetic
field *°-2tis not considered here.

In the present paper, the drain-soufbéas voltage has
been included via the boundary conditions put on the elec-
trostatic potential on the drain and source electrodes when FIG. 1. Stability diagram with Coulomb diamonds and transport
calculating the electrostatic potential profile from the Poissorwindows. Solid (dotted curves show the calculate@neasurep
equation:> Due to the small voltage drop across the QD boundaries of the regions of the single-electron tunneling via the
region, we assume that the charge density of the electron@D as functions of the gate voltage and drain-source voltage. The
confined in the QD is not deformed by the bias volt@ger-  calculated chemical potentialy of the N-electron system is aligned
tical electric field [cf, Eq.(6)]. Let us estimate the potential- with the electrochemical potentials of the sourge,.d and drain
energy contribution originating from the bias-voltage drop(xain @long the solid curves. The shaded areas are the regions of
across the QD for the considered bias regime, i.esVQs the Coulomb blockade, in which the number of the electrons con-
<3 meV. For this purpose, we consider the electrostatics oﬁined in the QD is fixed and equal t. The white areas correspond
the nanodevice. In the-GaAs layers attached to the source to the transport windows. Th_e thin vertical _Iine_s mark the drain-
and drain, the donor center becomes ionized if the potentiaource voltage values, for which the results in Figs. 2, 6, and 7 are

energy of the electrostatic field exceeds the donor energ§fisPlayed.

i.e., the electrochemical potential of the corresponding lead,qom enables us to present the details of small deviations of
This leads to a formation of the positive space charge assqne calculatetf and measurdd data that are essential for the
ciated with the ionized dono_ﬂé. _ discussion of the results of the present paper. In Fig. 1, the
_In such the way, the drain-source voltage is transferredoiq jines correspond to the values of the gate and drain-
into the ne|ghborhqod Qf the double-barrier het_erostructgresource voltages, for which the chemical potentiaNoélec-

As aresult, the entire bias-voltage drop occurs in the regionyons s aligned with the electrochemical potential of one of
that consists of the ionized part of teGaAs layers, the he contacts, i.e., single-electron tunneling conditi8h is
undoped GaAs spacer, and the AlGaAs/InGaAs doubleyfilled (with the equality sigh If the voltages are swept
barrier heterostructure. The estimated minimal thickness 0fyoss these lines, the transport windows are opéwaen

this region is equal to the sum of the thicknesses pf the tW?)assing into the white areas in Fig) and closed(when
GaAs spacers and the AIGaA%InGaAs double-barrier hetergs,ssing into the shaded argaEhe shaded areas located near
structure, which gives-35 nm: Hence, we have estimated o V,=0 show the calculated Coulomb diamonds. The
that the change of the electron potential energy, which resultgpjte areas correspond to the voltages, for which a transport
from the voltage drop across the 12-nm-thick InGaAs QDyindow is opened for at least omé The thick dotted curves

layer, is ~1 meV. For comparison, the energy spacing be-orrespond to the borders of the Coulomb diamonds mea-
tween the ground state and the first excited state of the quagy, eq by Kouwenhoveat al’

gate voltage [V]
1

n
o
|

-10 -5 0 5 10
drain-source voltage [mV]

tized motion of the electron in the direction is~80 meV. The positions, sizes, and shapes of the calculated Cou-
This justifies the neglect of the influence of the bias voltaggymp diamonds agree well with the experimental datie
on the electron wave functions inside the QD. largest deviations from the experimental data occur for the
first and fourth diamond, which are slightly larger than the
Ill. RESULTS AND DISCUSSION measured Coulomb diamondsf., Fig. 1). These deviations

can be attributed to the neglect of the electron-electron cor-
relation in the Hartree-Fock method applied in the present
In order to understand the influence of the external magpaper. The electron-electron correlation appears for the sec-
netic field on the single-electron transport, we begin with theond electron confined in the QD. We have estim#tede
results for the zero-field limit. These results will also servecorrelation energy of the two-electron system in the vertical
us for explaining the concept of a transport window, which isQD to be of the order of 1 meV. Therefore, chemical poten-
the main subject of the present work. Figure 1 shows theial u,, that determines the upper boundary of the first Cou-
enlargement of the lower parNE1,...,6) of the stability lomb diamond, is slightly overestimated. It seems that the
diagram, which is fully shown in Fig. 12Ref. 15. This  neglect of the correlation is directly responsible for the small

A. Zero magnetic field
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FIG. 3. Chemical potentigk of the N-electron QD as a func-
tion of magnetic-fieldB, gate voltageV,, and numbeiN of elec-
trons confined in the QD for drain-source voltagg=0. Zero on
the energy scale corresponds to the Fermi energy of the source and
drain.

peak$ and the corresponding transport windows are narrow.
If the drain-source voltage increases, the transport windows
become wider and the Coulomb-blockade regions shrink.
The dependence of the chemical potentials on the gate volt-
age forN=1,...,6 electrons is shown in Fig(& for V4
=1mV and in Fig. 2b) for V4=3 mV. These voltages are
gate voltage [V] ' marked by the vertical dashed lines on Fig. 1. The electro-
chemical potentials of the source and drain are marked by the
FIG. 2. Chemical potentialg.y (solid lineg of the N-electron  horizontal dashed lines on Figga2and 2b). The values of
system confined in the QD as functions of the gate voltage fothe gate voltage, for whicuy falls in between these lines,
drain-source voltag¥qs=1 mV (&) andVgs=3 mV (b). The hori- = corresponds to the transport windawhite areaswith the
zontal dashed lines show the electrochemical potentials of th%ingle-electron tunneling via ths-electron state of the QD.
source and drain. The shaded aré@sulomb-blockade regions For Vg=1 mV the transport windows are rather tHifig.
correspond to the gate-voltage regimes, for which all the transporé(a)] and do not overlap. Therefore, fof=1 mV the Cou-

windows are closed\N is the number of the electrons confined in . .
the QD. The white areas correspond to the voltages, for which altomb blockade(shaded areas in Fig) 2an be observed for

: : eachN. For V4=3 mV [Fig. 2(b)] the transport windows
least one transport window is opened. . -
become thicker and start to overlap. For example, there is an

: ) _overlap between the transport windows correspondindy to
discrepancy between the theory and experiment for the first 5 ;4 4, which leads to a disappearance of the Coulomb

Coulomb diamond in Fig. 1. It is knov%ﬁthgt the Hartree- 100ade for the three-electron QD ¥Wi=3 mV. Due the
Fock method works better for the states with the higher valginiiar reason, the Coulomb-blockade electrons is not ob-
ues of_the .total sp!n.'ln the case of the fourth Cpulomb d'a'served for the five electrons in the gBig. 2(b)].
mond in Fig. 1, this is the four-electron state, in which the
second electronic shell is half filled and the total spin takes L
on the maximal value. The boundaries of the fourth Coulomb B. Effect of magnetic field
diamond are determined hy, and us, which are evaluated The application of the external magnetic field shifts the
with use of ground-state energi€s, E,, andEs. In the  current peaks on the gate-voltage scale and leads to the
Hartree-Fock approach, enerdy, is calculated with the magnetic-field-induced transformations of thdelectron
higher precision thaik; andEs, which leads to an enlarge- ground state. For the small bias these effects are illustrated in
ment of the fourth Coulomb diamond calculated by thisFigs. 3 and 4. Figure 3 shows the number of electrons, which
method. Therefore, we can ascribe the obtained overestiméifl the QD, and their chemical potential calculated at zero
tion of the area of the fourth Coulomb diamond to the ne-bias as functions of the magnetic field and gate voltage. For
glect of the correlation in the Hartree-Fock method. V4= 0 the QD states are filled by the excess electrons up to
For the small drain-source voltage conditi@d) is ful-  the common electrochemical potential of the source and
filled in narrow intervals oV, only. Then, the current-gate drain, i.e., the Fermi leve{zero on the energy scaleThe
voltage characteristics possesses a form of a series of shasteps in Fig. 3 correspond to the change of the number of

chemical potential [meV]
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FIG. 5. Donor energy Kp), GaAs lowest Landau levelH),
2.0 and chemical potentialy(;) as functions of magnetic field. Each

0 4 8 quantity is measured with respect to its value takeBat0.
magnetic field [T]
respectively, and the sign in the subscript denotes the sign of
FIG. 4. Transport windows as functions of the gate voltage angpe component of the angular momentum. The ground
magnetic field forV4=0.1mV. Solid (dashed curves show the  giates correspond to the maximal value ofltemponent of
calculatedmeasureglvalues of the gate voltage and magnetic field, 6 (o] spin that is allowed for a given spatial configuration.

for which the single electrons tunnel through the Qdenotes the Si o

. ince theN-electron ground-state energy, appears twice in
number of the QD-confined electrons. In the Coulomb-blockade;; 1o o actron tunngelin conditiofd) &)élacﬁ]p round-state
regions,N is fixed, while in the transport windows, the number of 9 g ! 9

the electrons in the QD fluctuates as followi—1—N—N transformation can be observed two times on the boundary of

—1---. The ground-state orbital configurations are labeled by sym-the transport window, that corresponds to the tunneling via

bolss, p, d, f, andg, which denote the quantum numbens=0, 1, the N- _and (N+1)-electron state. In Fig. 4, the pojnts corre-
2, 3, and 4, respectively, the sigr) in the subscript is the sign of sponding to the. same grognd-state transformatlop are con-
the z component of the angular momentum. The regions correnected by the thin straight lines. If thg gate voltage increases,
sponding to the different ground-state orbital configurations aréh€ same ground-state transformation appears at the lower
separated by the thin solid lines. All the states possess the maximufagnetic field(the slope of the thin lines is negativ&his
allowed value of the component of the total spin. The dotted curve effect results from the change of the lateral confinement po-
shows the results for the tunneling of the first electron via the QDtential with the gate voltag¥:*°If the gate voltage increases,
obtained under the hypothesis that the Fermi level is identified witthe confinement potential flattens and the electron system
the GaAs lowest energy Landau level. becomes more weakly localized in the QD. For the weakly
localized electron system the relative influence of the mag-
electrons confined in the QD by one, i.e., the single-electrometic field is stronger, which shifts the ground-state transfor-
charging(or discharging of the QD. The cusps visible along mation towards the weaker magnetic field. This effect is ex-
the steps appear for the fixed number of the QD confinegherimentally observell> but cannot be explained in the
electrons and correspond to the magnetic-field-induced trangramework of the models, that assume the fixed, gate-voltage
formations of theN-electron ground state. The results of Fig. independent, confinement potenflat? The low-field shift
3 can be translated into the positions of the single-electronf the ground-state transformation for the same number of
current peaks on th¥,-B plane, which are shown in Fig. 4. electrons can only be understood, if we take into account the
Figure 4 displays the dependence of the gate voltage, whicimfluence of the gate voltage on the confinement
corresponds to the boundaries of the transport windows, opotential'**°
the magnetic field for the small drain-source voltadé;( For B=0 the N-electron ground-state spin-orbital con-
=0.1mV). At this bias, the Coulomb blockade occurs in thefiguration can be predicted by Hund’s rule. In the opposite
major part of theVy-B plane. In Fig. 4, we have marked limit, i.e., for the strong magnetic field, the ground state is
numberN of the electrons confined in the QD and the orbitalcompletely spin polarized. For the intermediate magnetic
configurations of theN-electron ground states. The one- field the ground-state transformatioffphase transitions)
electron orbitals are labeled as follows: symbslsp, d, f  appear. The magnetic-field-induced phase transitions result
andg correspond to quantum numbers=0, 1, 2, 3, and 4, from the competition between the Coulomb interaction, ki-
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netic energy, and orbital Zeeman interaction. If the magnetivors the spin polarization of the ground state, which leads to
field increases, the phase transition leads to a maximizatiomo small values predicted for the corresponding critical
of the z components of both the total spin and total angularfields. A better agreement between the calculated and mea-
momentum. With the exception of the firdow-field) trans-  sured values of the critical magnetic fields should be ob-
formation forN=4, in all the transformations marked in Fig. tained, if the energy of the Coulomb interaction in the con-
4, the Coulomb-interaction contribution is decreased. Durindined electron system was smaller. In our previous p&per,
the ground-state transformation in the four-electron system atie have presented the results of the calculations with the
B=1T, Hund’s rule is broken and the Coulomb repulsionelectron-electron interaction screened by low-frequency di-
between the electrons increases. electric constanteg=13.2, which is larger than high-

In Fig. 4, the dashed curves display the experimentafrequency constant,, used in the present paper. However,
data®> The present theoretical results well reproduce thethe interaction between the weakly localized electrons should
shapes of the experimental curves. However, the values gather be screened by the high-frequency dielectric
the critical fields, for which the ground state transforms intoconstant® Moreover, we have check&tthat the application
the high-spin state with the lower Coulomb interaction, areof the static dielectric constant to the screening of the inter-
underestimated by about 30—40%. On the other hand, thaction between the electrons confined in the QD does not
critical field, at which the Hund-rule breaking transformation allow for a description of the electrostatics of the nanodevice
appears for the four electrons, is slightly overestimated. Irfor the higher number of electron®l&6). This description
this transformation, in the four-electron system, theom- is possible, if we apply the screening via the high-frequency
ponent of the total spin decreases and the Coulomb interackelectric constant’ Therefore, in this work, we have
tion increases. We ascribe these deviations to the inaccura@dopteds., as well as all the other material and nanodevice
of the Hartree-Fock method used in the present paper. Wparameters given in Ref. 15 without any change.
have found? that the Hartree-Fock method yields more ac- The external magnetic field shifts the Fermi level. In the
curate results for the spin-polarized states than for the spirleads, this shift is consistent with the shift of the Landau
unpolarized states. Therefore, the Hartree-Fock approach féevel in the metal and—for the magnetic fields considered in

3
(b)

3
> >
(] [b]
E E,
5t 0 - - T

0
= :'f \/ source
o «
E = Q‘If spdfg
2 2 |-
© ‘©
= o
£
© 3 GE.) \/
= g =
(&) (&

3 e
-6
0 8 0 8
magnetic field [T] magnetic field [T]

FIG. 6. Chemical potential oN electrons confined in the QD fdd=4 (a) and N=5 (b) as a function of the magnetic field and
gate-voltageV for drain-source voltag¥ 4= 3 mV. The gate voltage changes fronl.7 to—1.5 Vin (a) and from—1.45t0o—1.6 V in
(b) with step 0.05 V. The horizontal dashed lines show the electrochemical potentials of the source and drain. Ttehadegbareas
correspond to the opefelosed transport windows. The thin solid lines separate the regions with the different ground-state orbital configu-
rations.
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gate voltage [V]
gate voltage [V]

2.0 I -2.0
0 4 8 0 8

magnetic field [T] magnetic field [T]

FIG. 7. Transport windows$white areasand Coulomb-blockade regiorishaded areasas functions of the gate voltage and magnetic
field for drain-source voltag€,,=1 mV (a) andV4=3 mV (b). Solid (dotted lines show the values of the gate voltage and magnetic field,
for which the chemical potential of thi-electron system confined in the QD is aligned with the electrochemical potentials of the drain
(source. The values corresponding to the same ground-state transformationNheleetron system confined in the QD are connected with
the thin solid lines. In plota), the N-electron ground-state orbital configurations are given. In (iiptthe vertical thin lines connect the
boundaries of the subsequent transport windows. The symbols in the transport windows show how the number of electrons in the QD
fluctuates during the single-electron tunneling.

the present paper—is negligibly small due to the much largewould rapidly drop towards more negative values with the
effective electron mad$in comparison to the conduction- increasing magnetic field. This hypothetical effect is illus-
band electron mass in GaAs. In the Ohmic contacts betweetnated for the first peak by the dotted curve in Fig. 4. We see
the leads and the-GaAs layers, the Fermi levels in the metal that the magnetic-field dependence of the current peaks
and semiconductor equalize with each other. We assume thaiould be completely different from that observed by Tarucha
the semiconductor Fermi level is aligned with the donor im-et al* and Kouwenhoveet al® The results of Figs. 4 and 5
purity level, which changes with the magnetic field accord-support the present identification of the Fermi level with the
ing to parabolic formula5). We note that—in the vertical donor impurity level.

QD with the double-barrier heterostructfiéghe Fermi level The magnetic-field dependence of the chemical potential
cannot be identified with the lowest Landau lev&,J in  for N=4 and 5 electrons in the QD is displayed in Fig&)6
GaAs, which is a linear function of the magnetic field, i.e.,and Gb) for V4=3 mV and for the values of the gate volt-
E, =fheB/2m*. For GaAs the coefficient in this formula is age, which changes with the 50-mV step. In Figs. 6, the
relatively large; namelyse/2m* =0.87 meV/T. Therefore, horizontal dashed lines correspond to the electrochemical po-
the lowest Landau level grows with the magnetic field muchtentials of the source and drain. The regions corresponding to
faster than the donor impurity level and also faster that thelifferent ground-state orbital configurations are separated by
chemical potentials of the electrons confined in the @@.  the thin straight lines. The gate-voltage dependence of the
5). If the Fermi level were identified with the lowest Landau critical magnetic field for the phase transitions is approxi-
level, the fulfillment of single-electron tunneling condition mately linear. In Figs. @ and Gb), the white areas corre-
(3) would require the considerable decrease of the gate volspond to the transport windows for the single-electron tun-
age, i.e., the gate voltage should be more negative. Thereeling via the four-electron QD states and the gray areas
fore, the gate voltage corresponding to all the current peaksorrespond to the values of the gate voltage and magnetic
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field, for which the transport windows are closed. We see IV. SUMMARY
that the magnetic field not only changes the ground-state
symmetry, but also causes the opening and closing of th
transport windows and in this way changes the number of th

electrons confined in the QD. Moreover, the gate voltage th ﬁ)f the windows of transport through the vertical gated QD in

also controls the number of the confined elecirons Catge external electric and magnetic fields. To the best of our

change the ground state of the confined system due to i g . s
influence on the lateral confinement potential. In particulari,k??rv]\geggg f/r;ﬁéz;h?h]lrsér;?ﬂ'ﬁ‘g;i&ist;‘gﬁ’a%fethg r{gl?rt\sﬁrﬁ;tg-

the gate voltage can change the spin of the system of eled N€ : : .
trons confined in the QF? netic field on the few-electron system confined in the vertical

The boundaries between the Coulomb-blockade regiongated QD. We have determined the conditions under which a
and transport windows are plotted on #g B plane in Figs Single electron can tunnel through the QD and calculated the

= . . . positions of the single-electron tunneling current peaks as
7(a) and b) for V=1 and 3 mV, respectively. The solid functions of the gate voltage and the magnetic field. The
(dotted curves correspond to the values of the gate voltage | . d ith th . |
and magnetic field, for which chemical potentiak, is present results are in a good agreement with the experimenta
aligned with the électrochemical otential of thg draindata' We have also obtained magnetic-field-induced phase
(sgurce In the white(gray) areas of F‘? s. (@ and 7b), the transitions in the electron system confined in the QD. How-
transpo.rt windows a?e opene(«tlosedg I.n the Coulé)mb— ever, the critical magnetic fields, at which the ground-state

blockade reaime. the number of the electrons confined in thtransformations into the states with the higher total spin oc-
xage regime, . cur, are underestimated. We have ascribed these deviations to
QD is fixed. The transport windows are labeled as follows

. ‘the neglect of the electron-electron correlation in the Hartree-
N—1—N—N—1, which shows how the number of the elec- Fock method. The problem of the identification of the Fermi
trons in the QD oscillates when the single electrons tunne,

via the QD. ForVy=3mV [Fig. 7(b)] the Coulomb- level in the vertical gated QD has been discussed.
blockade regions are thin, which results from the overlap of
the transport windowgcf., Fig. 2b)]. The results of Fig. (b)
compared with the experimental ddfg. 4 in Ref. 3 show
a reasonable agreement with experiment. However, the cal- This paper has been partly supported by the Polish State
culated Coulomb-blockade region fdt=4 is somewhat Committee for Scientific Resear¢dKkBN) under Grant No.
larger than that measured. This discrepancy results from thgP03B 4920. One of the authofB.S) gratefully acknowl-
overestimation of the size of the fourth diamogefl, Fig. 1) edges the financial support from the Foundation for Polish

The self-consistent method for the solution of the
oisson-Schidinger problem, elaborated in our previous
apersi*1Shas been applied to a description of the evolution
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