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Self-consistent simulations of a four-gated vertical quantum dot
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Beckman Institute for Advanced Science & Technology and Department of Electrical and Computer Engineering,
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We present three-dimensional~3D! finite-element simulations of symmetric and asymmetric chargings of a
four-gated vertical quantum dot~4GVQD! structure. Emphasis is placed on 3D device effects with noa priori
assumption about, the shape of the electron confining potential~CP!. We show that, by acting asymmetrically
on the electric gates, small elliptic deformations in the electron CP are induced with little changes in the
addition energy spectrum of the 4GVQD. Charging spin sequences are, however, strongly modified by small
deformations, and can therefore be controlled electrostatically by tuning the gates accordingly.
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I. INTRODUCTION

The electronic properties of quantum dots~QD’s! recently
became a topic of major interest, since QD’s show ba
properties of a few electron systems, and are promising c
didates for future device applications.1 A significant experi-
mental and theoretical effort has been devoted to the stud
highly symmetric cylindrical structures, which demonstrat
the existence of atomiclike properties of the confined el
trons such as orbital motion, three-dimensional~3D! energy
quantization, shell structure, and the Hund’s rule.2–9 How-
ever, these ideal features are very sensitive to the elec
static potential confining the electrons.10–12 In particular, a
disruption of the potential symmetry can alter the electro
configuration of the dot. Recently, Austing and co-worke
investigated a square vertical quantum dot~VQD! with four
independent gates,13,14 that causes a deformation of the la
eral potential by acting differently on each gate. The inter
in this study was to analyze the influence of the spatial d
tortion of the lateral confinement on the atomiclike prop
ties of the VQD. Evidence of the deformation of the confi
ing potential~CP! was deduced from measurements of t
source-drain current peak spacing, which arises from sin
electron tunneling between Coulomb blockade regimes,
function of the gate voltages. In particular, it was found th
the peak spacings were more separated when fewer g
were operated, evidencing different CP’s for different g
voltage sequences. Later on, Austinget al. experimentally
and theoretically studied the charging of rectangular Q
with aspect ratios (d) varying from 1 to 3.2.11 A similar
theoretical study was also performed by Lee, Kim, a
Ahn,10 for 1<d<2. Both works assume ana priori, lateral
CP given byVext5

1
2 v2@dx21(y2/d)#, and show that, for an

ellipticity factor d.1.2, the shell structure is almost com
pletely destroyed and the total spin sequence is strongly
tered.

In this paper, we perform a 3D analysis of a four-gat
QD where the CP is not assumeda prior but directly de-
duced from the boundary conditions in the nanostruct
varying with applied gate biases. For this purpose, we ca
out a 3D self-consistent computer simulation of the VQD
taking into account the full device structure, the effect of t
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equipotential, and many-body interactions. We use finite
ement solutions of the coupled Poisson- and Schro¨dinger-
like ~Kohn-Sham! 3D equations within the density
functional theory suitable to simulate an arbitrary number
electrons in the VQD. This approach allows us to predict
strength of the deformation in the dot by manipulating t
CP electrostatically. Specifically, we show that the deform
tions induced electrostatically are much weaker (d'1.1)
than those obtained in rectangular QD’s with large asp
ratios.10,11 Hence four-gated structures provide a very fi
electrostatic control of the deformation on the orbitals and
particular, on the total spin of the system. However, unl
previous findings on large QD ellipticity,7,11we show that the
addition energy spectrumEa(N), i.e., the chemical potentia
difference betweenN11 and N electrons@Ea5m(N11)
2m(N)#, as a function of the number of electronsN in the
dot, is not very sensitive to small deformations.

II. FOUR-GATED SQUARE VERTICAL QUANTUM DOT
„4GVQD… STRUCTURE

Figure 1~a! shows a schematic view of a 4GVQD with a
0.8m side length similar to the device investigated by Au
ing, Honda, and Tarucha.13 It consists of an undoped
12-nm In0.05Ga0.95As well and undoped Al0.22Ga0.78As barri-
ers of thicknesses 9 and 7.5 nm. The lead on the side of
thinner~thicker! tunnel barrier is made ofn1-type GaAs, and
is referred to as the source~drain!. In this paper, we focus
exclusively on a regime close to equilibrium, so that t
electronic structure of the QD is unaffected by the dra
source bias. The doping is gradually reduced fromND
52 1018/cm3 at the source~drain! to ND51017/cm3 at the
double-barrier heterostructure over a distance of 4000
The top view @Fig. 1~b!# reveals the four independen
Schottky gatesA, B, C, andD with corresponding voltages
VA , VB , VC , and VD . Sweeping the gates continuous
leads to an alternation of Coulomb blockade and sing
electron tunneling events.15 In the former regime, the numbe
of electrons in the dotN is fixed, while in the latter the
number of electrons fluctuates betweenN andN11. By cal-
culating the equilibrium configurations of the QD, we dete
mine the most favorable number of electrons in the dot fo
©2002 The American Physical Society11-1
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PHILIPPE MATAGNE AND JEAN-PIERRE LEBURTON PHYSICAL REVIEW B65 155311
given bias. Therefore, we can obtain the various biase
which a transitionN→N11 occurs.

III. NUMERICAL MODEL

The electron density in the QD is obtained by solving tw
Kohn-Sham equations in order to take into account the s
dependence on the electron-electron interaction. The Ha
tonians read

H↑(↓)~r !52
\2

2
¹F 1

m* ~r !
¹G2qf~r !1DEc1fxc

↑(↓)~n!

~1!

where m* (r ) is the position-dependent effective mas
f(r )5fext1f ion1fH is the electrostatic potential whic
consists of three contributions:fext is the potential due to an
external applied bias,f ion is the potential resulting from
ionized donors in the vertical structure, andfH is the Hartree
potential accounting for repulsive electron-electron inter
tions. DEc is the conduction-band offset between differe
materials, i.e., 181 meV for Al0.22Ga0.78As/GaAs and
35 meV for GaAs/In0.05Ga0.95As, andfxc

↑(↓) is the exchange

FIG. 1. ~a! Schematic diagram of a vertical quantum dot tunn
ing heterostructure showing the different semiconductor layers.
quantum dot, represented by the oval, lies in a 12-nm wide quan
well (In0.05Ga0.95As) surrounded by two potential barrie
(Al0.22Ga0.78As) whose thicknesses are 7.5 nm on the source
and 9 nm on the drain side.~b! Top view showing the four inde-
pendent gates with applied voltagesVA , VB , VC , andVD .
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and correlation potential energy for spin up (↑) and down
(↓) that is computed within the local-spin-density appro
mation ~LSDA! according to Perdew and Wang
formulation.16 The LSDA approach to the study of the ele
tronic structure of quantum dots has been well tested
many authors.17–20 It successfully explains the quasi two
dimensional shell structures and spin configurations of QD
and is in good agreement with 2D quantum Monte Ca
simulations.21,22Moreover, applications of the LSDA to few
electron atoms has shown an accuracy on the order of 1%
the calculations of the atom’s ionization energy.23 The elec-
trostatic potentialf(r ) is computed by solving Poisson’
equation. In the leads,n(r ) is assumed to be semi-classic
and described by the Thomas-Fermi model. Kohn-Sham
Poisson equations are discretized by the finite-elem
method, and solved with appropriate boundary conditions
which a detailed formulation was published elsewhere.6

Finally, in order to determineN, we use the Slater
formula24

ET~N11,VG!2ET~N,VG!5E
0

1

«LUO~n!dn

'«LUO~1/2!2EF ,

N50,1, . . . ~2!

whereET(N) is the total energy forN electrons in the dot,
eLUO is the lowest unoccupied orbital eigenvalue,EF is the
Fermi energy, andVG is the gate voltage for a particular bia
between theA, B, C, andD electrodes. Hence the most fa
vorable configuration, i.e., the lowest in energy, consists
the configuration withN electrons inside the dot if the inte
gral of Eq. ~2! is positive, N11 electrons otherwise. The
procedure consists in starting with an empty dot and cha
ing it successively with electrons by increasing the gate v
age~s!. At eachVG step, Eq.~2! checks the most favorabl
number of electrons in the dot.

IV. RESULTS

Figure 2 shows the source-drain current peak spacing
function of the gate voltageVG and the number of electrons
N, inside the dot for two different gate voltage sequenc
Each peak, schematically represented by a vertical arr
corresponds to an additional electron in the dot. The arr
orientation indicates the spin polarity. The peak height
arbitrary, since our model does not compute the transp
properties. For each sequence, the total spinS as a function
of N in the dot is shown on the inset. In Fig. 2~a!, the VQD
is pinched off with the four gates atVG522.98 V. Then the
four gates are interconnected and swept continuously f
22.98 V to 22.73 V to charge 13 electrons in the d
~symmetric charging!. If DVG

i denotes the incremental ga
voltage required to add thei th electron in the dot, the large
gapsDVG

3 , DVG
7 , andDVG

13 reflect the shell structure of th
orbitals proper to the quasiparabolic confining potential o
symmetrical structure.2,7,6For N54 and 9 andS51 and 3/2,
respectively, e.g., the dot is fully polarized at half occupi
shells because these configurations are more favorable
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SELF-CONSISTENT SIMULATIONS OF A FOUR-GATED . . . PHYSICAL REVIEW B65 155311
electrons of parallel spins~exchange energy is maximized!
and orthogonal orbitals~Hartree energy is minimized!.12 In
Fig. 2~b!, the two opposite gatesA andB are kept at a con-
stant voltageVA5VB522.73 V, andVC andVD are swept
backward until the dot is again empty atVG523.24 V
~asymmetric charging!. We first note that the gate voltag
swing with two acting gates is almost exactly twice the g
voltage swing for four acting gates, reflecting the fact th
the strength of four gates is twice that of two gates, wh
confirms the experiments. This effect can also be noted
observing that the separation between individual peak
larger when only two gates are swept. In this respect, i
interesting to compareDVG

j and DVG
k , where the (j 21)th

and j th electrons belong to the same shell, whereas thek
21)th andkth electrons belong to different shells. In bo
Figs. 2~a! and 2~b!, DVG

k .DVG
j , i.e., the shell structure is

preserved even in the asymmetric charging. However,
ratio DVG

k /DVG
j is smaller in the asymmetric configuratio

which indicates that the shell structure is weaker when
CP loses symmetry. As seen in the inset of Fig. 2~b!, the total
spin of the dot reveals orbitals filling successively with ele
trons of antiparallel spins. Indeed, due to the CP deform
tion, the degeneracies inside a shell are gradually lifted a
at some point, sequential state filling with antiparallel sp
electrons becomes more favorable because an exchang
tween electrons no longer compensates for the degene
lifting between occupied levels.

Figure 3 shows the equipotential contours in theX-Y
plane of the dot, forN512 at VG522.73 V @Fig. 3~a!#,
when the dot is still uniformly biased, and forN50 and
VC5VD523.25 V @Fig. 3~b!#, after the asymmetric bia
has been applied. In both cases, the very dense equipote

FIG. 2. Source-drain current peak spacing as a function of
gate voltageVG and the number of electronsN ~a! when the four
gates are swept uniformly, and~b! when onlyVC andVD are swept
while VA andVB are held atVG522.73 V. Inset: total spinS of
the QD as a function ofN.
15531
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on the four sides of the plots denote the proximity of t
gates. In Fig. 3~a!, the contours are circular at the center, a
become square at the periphery, while in Fig. 3~b!, they be-
come slightly elliptic in the center, which reflects the fa
that the electric field is now stronger in thex direction than
in the y direction. However, the deformation is weak,
shown in Fig. 3~c!, where the equipotential is drawn at th
Fermi level before~solid line,N512) and after deformation
~dashed line,N50). The area spanned by the Fermi contou
reflects the effective size of the QD. Since the solid~dashed!
contour corresponds toN512 (N50), it simply shows that
the QD expands while filled with electrons. It is also wor
noting that, atT50 K, the electronic properties are main
determined by the confining potential at the Fermi lev
which explains why large square and circular QD’s have
most identical electronic properties, as already reported
Kumar et al.25 The aspect ratio of the dot after deformatio
is d51.08, for a gate voltage swing ratio ofDVG
50.49/0.2551.96, which shows that we cannot expect
obtain large deformations in electrostatic deformable dots
opposed to rectangular dots, whered, determined by the geo
metric aspect ratio, is arbitrarily fixed.

Figure 4 shows the contour plots of the first six eigenfun
tions as a function of the number of electrons in the case
asymmetric voltage sweep. The uppermost row correspo
to N512, before deformation (VA5VB5VC5VD
522.73 V), and the lowermost row corresponds toN50
(VA5VB522.73 V and VC5VD523.24 V), i.e., the
strongest deformation. Intermediate rows show the prog
sive transformation from circularly confined orbitals to elli
tically confined orbitals asN varies from 12 to 0. Before
deformation, the first orbital is ans-like state according to
atomic physics, and constitutes the first shell. The sec

e FIG. 3. X-Y potential contour plots~a! for N512 andVA5VB

5VC5VD522.8 V, and ~b! for N50, VA5VB522.73 V and
VC5VD523.24 V. ~c! potential contour atf5EF /q for N512
~solid line! andN50 ~dashed line!.
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PHILIPPE MATAGNE AND JEAN-PIERRE LEBURTON PHYSICAL REVIEW B65 155311
and third orbitals arep like, and form the second shell. Th
fourth and fifthd-like orbitals, and the sixths-like orbital,
form the third shell. In general, all the orbitals are less spr
out for N50 than forN512 because, as mentioned abov
the dot has shrunk.

The first orbital is very weakly affected by the deform
tion. From N512 to 8, the twop states do not show an
particular favored orientation. Physically, as long as they
degenerate, all linear combinations of the original eigenfu
tions are equally valid solutions. Numerically, the orientati
of the two degenerate wave functions is mainly influenced
the mesh. Conversely, fromN57 to 0, VA andVB are now
substantially different thanVC andVD , so that the states ar
no longer degenerate and align according to the symm
axis of the dot. The third-shell orbitals~last three columns!
show the most spectacular transformations, i.e., from circ
state symmetry with principal and azimuthal quantum nu
bers (n,l )5(0,2), (0,22), and (1,0) to rectangular sta
symmetry with quantum numbers (nx ,ny)5(0,2), (1,1), and
(2,0) states, respectively. One also notes the crossing
tween the fourth and fifth eigenlevels at the transitionN
57→6.

Various addition energy spectra~AES’s!, i.e., the chemical
potential difference betweenN11 and N electrons @Ea
5m(N11)2m(N)#, as a function of the number of elec
tronsN, are shown in Fig. 5. Figure 5~a! shows a comparison
between the theoretical AES corresponding to the symme
charging ~dashed line! and the AES corresponding to th
asymmetric charging~solid line!. The symmetric and asym
metric AES’s have similar global features. First there a
large peaks atN52, 6, and 12 due to the shell structur
which reflects the energy contribution needed to lower

FIG. 4. Wave-function contour plots for the first three she
~first shell: first column; second shell: second and third colum
third shell: fourth, fifth, and sixth columns! of a 4GVQD. From the
top row to the bottom row,N varies from 12 to 0,VC andVD are
swept from22.8 to 23.24 V. VA andVB are help at22.73 V.
15531
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next orbital below the Fermi level for admitting the ne
electron, in addition to the energy required to overcome
electrostatic repulsion of the electrons already present in
dot. These peaks are approximately 0.5 meV lower in
asymmetric AES, however, since the intershell spacing
reduced in this configuration. Second, there are secon
peaks atN54, which was explained so far in terms o
Hund’s rule~HR! ~Refs. 2 and 7!: the third and fourth elec-
trons, with parallel spins (↑), access emptyp-like orbitals,
maximizeExc , and minimizeEH , inducing a minimum for
N53. ForN54, the fifth electron with antiparallel spin sit
on an already occupied state, which increasesEH . Moreover,
this electron is the only↓ electron in the second shell, wit
no additional exchange interaction; thusEa(4).Ea(3). For
N55, the sixth electron sits on an already occupied orbi
sharing an exchange interaction with the fifth electron, wh
lowers Ea(5),E(4), leading to a peak forN54. This ex-
planation applies, of course, to the symmetric AES@solid
curve, Fig. 5~a!#, which demonstrates that HR is a necess
condition for observing a peak atN54. However, it is not a
sufficient condition, since the asymmetric AES@dashed
curve, Fig. 5~a!# also exhibits a peak atN54, and, as shown
before, HR is not fulfilled for asymmetric charging@inset of
Fig. 2~b!#. The peak is weaker, however, since there is
exchange between the third~fifth! and fourth~sixth! peaks,

;

FIG. 5. ~a! Theoretical addition energy spectra of 4GVQD f
symmetric charging~dashed! and asymmetric charging~solid! as
functions of the number of electrons.~b! Comparison between com
puted addition energy spectrum~solid! of the asymmetric 4GVQD
and the experimental spectrum~Ref. 2! of a symmetric VQD
~dashed! as a function of the number of electrons. Note that,
definition,Ea(N)5EF(N11)2EF(N), so that a value forN5 j in
this figure refers to the energy needed to add the (j 11)th electron
in the dot.
1-4
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SELF-CONSISTENT SIMULATIONS OF A FOUR-GATED . . . PHYSICAL REVIEW B65 155311
which increases the addition energy forN53 and 5. More-
over, the fifth electron now sits on an unoccupied orbi
which reduces the addition energy forN54. For the sym-
metric charging, there is also a secondary peak forN59
which, with a dip atN57, reflects three parallel spins in th
third shell.26,27 This peak is not present in the asymmet
AES, which shows that, due to symmetry breaking, lev
are more randomly distributed inside the third shell. In su
mary, a secondary peak in the energy spectrum is not ne
sarily the signature of parallel spin alignment.

Figure 5~b! shows a comparison between the theoreti
asymmetric charging~solid! and experimental AES’s of a
circular device.2 The striking feature here is that the asym
metric AES very closely follows the experimental AES of t
cylindrical structure. The asymmetric AES is actually clos
to the experimental AES than the symmetric AES, in parti
lar for third-shell charging. This agreement is not fortuitou
since it was recently demonstrated that the peak structur
the experimental curve2 reflects a sequence of alternate sp
in the filling of the third shell,26 similar to the sequence
achieved in the theoretical asymmetric charging. This ob
vation leads us to conclude that real VQD’s are proba
never completely symmetric.

Based on the observations above, and on the fact tha
total energy of the dot is spin dependent, we investigate
possibility of changing the spin polarization by deformin
the dot electrostatically~Fig. 6!.28 Here we assume that th
first shell is completely filled, and we exclusively focus o
filling the second shell, which consists of two degener
p-like states, each of them being twofold spin degener
Let us call thesecx

↑ , cx
↓ , cy

↑ , andcy
↓ with eigenvalues«x

↑ ,
«x

↓ , «y
↑ , and «y

↓ , respectively. Let us assume that, withN

FIG. 6. Variation of the single-particle eigenlevels of the seco
shell ex

↑ , ey
↑ , andey

↓ as a function ofDVG[VX2VY (X5A,B; Y
5C,D). A solid ~dashed! eigenlevel is connected to an occupie
~empty! orbital. For DVG,DVG

S55.8 meV, two parallel electron
spins! sit on the orbitals associated withex

↑ and ey
↑ , so that the

favored configuration is shown in the top left inset, i.e., a trip
state. ForDVG.DVG

S , two antiparallel electron spins sit on th
orbitals associated withey

↑ andey
↓ , so that the favored configuratio

is shown on the top right inset, i.e, a singlet state (S50).
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53, «x
↑ is occupied. Now let us increase the four gates po

tively until the fourth electron enters the dot. By using t
same argument as above, as long as the orbitals are de
erate, the energetically most favorable configuration forN
54 is achieved with the occupation of«y

↑ with the fourth
electron, as predicted by HR. As soon as the fourth elec
is in the dot,VC5VD[VY is made more negative andVA

5VB[VX more positive to confine electrons more strong
along thex-direction than they direction, while keepingN
54 constant. Figure 6 shows the evolution of«x

↑ , «y
↑ , and«y

↓

with respect toDVG[VX2VY . When DVG50, the dot is
spatially symmetric; hence«x

↑5«y
↑ and «x

↓5«y
↓ . The dot is

spin polarized, however, and the exchange energy betwe↑
electrons lowers«x

↑ and «y
↑ with respect to«x

↓ and «y
↓ . An-

other interpretation of the gap between«x
↑ ,«y

↑ and «x
↓ ,«y

↓ is
given by the Coulomb blockade, that should be overcome
populate the empty orbitals. Let us mention that«x

↓ , which is
equal to«y

↓ for DVG50 and runs parallel to«x
↑ , is not shown

for clarity, since it is never occupied. AsVX(VY) is made
more positive~negative!, the confining potential alongy(x)
is weaker~stronger!, «y («x) are shifted down~up!, and the
energy separation«x

↑2«y
↑ grows linearly. It must be noted

that the rate of decrease of«y is larger than the rate of in
crease of«x becauseDVY should be smaller thanDVX in
order to maintain four electrons inside the dot. Otherwise
DVY5DVX , the three-electron configuration is more favo
able. ForVG,VG

S , «x
↑ is smaller than«y

↓ , and the parallel
spin configuration, schematically shown in Fig. 6~a!, is fa-
vored with respect to the configuration shown in Fig. 6~b!,
because the attractive exchange interaction between elec
sitting oncx

↑ andcy
↑ is larger than the energy separation«x

↑

2«y
↑ . At VG5VG

S , «x
↑2«y

↑50.15 meV exactly offsets the
exchange energy between the two parallel spin electrons
wave functionscx

↑ and cy
↑ . For VG.VG

S , «x
↑ is larger than

«y
↓ , i.e., the exchange interaction between parallel spin e

trons is no longer capable of overcoming the energy sep
tion «x

↑2«y
↑ , and thecy

↓ state becomes energetically mo
favorable than thecx

↑ state. Thus, through electrostatic defo
mation, it is possible to control the spin polarization of
4VGQD. This effect could be exploited for spin injection o
detection in quantum information processing in a sche
involving VQD’s in spin-qubit circuits.29,30

V. CONCLUSION

We have performed a self-consistent 3D simulation
4GVQD’s, and have shown that, by acting asymmetrica
on the electric gates, it is possible to alter the electron
although the deformation is relatively small (d51.08). How-
ever, while the addition energy spectrum is relatively u
changed, the spin configuration in the QD is very sensitive
small CP deformations. Hence spin alignment cannot
solely deduced from the addition energy spectrum. Fina
we have shown that it is possible to control the total s
configuration electrostatically, without changing the electr
numberN.
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