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J. Kim, D. V. Melnikov, and J. P. Leburton

Beckman Institute for Advanced Science & Technology and Department of Electrical and Computer Engineering,
University of lllinois at Urbana-Champaign, 405 N. Mathews Avenue, Urbana, Illinois 61801, USA

D. G. Austing

Institute for Microstructural Sciences, National Research Council of Canada, 1191 Montreal Road, Ottawa, Ontario, Canada KIA OR6

S. Tarucha
Department of Applied Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
(Received 22 November 2005; revised manuscript received 15 March 2006; published 11 July 2006)

The electronic properties of three colinear and laterally coupled vertical quantum dots are investigated by
three-dimensional self-consistent simulations based on the density functional theory within the local spin
density approximation. From a simulation viewpoint, it is shown that the physical dimensions of experimen-
tally realizable mesa structures should be optimized to produce equal size quantum dots. Single electron
charging sequences are studied as a function of two sets of gate voltage configurations, i.e., center gate
variation on the center dot mesa and side gate variation on the two outer dot mesas, separately. In the former,
electrons are shown to relocalize from the outer dots to the center dot with the onset of a spin-density wavelike
profile for three and four electrons, respectively. In the latter, double charging is seen to take place with the
onset of localization in each of the outer dots for N=3 and N=4 electrons. Finally, we obtain the stability

diagram of the system, showing features specific to the colinear triple quantum dots (TQD) coupling.
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I. INTRODUCTION

As the size of electronic device dimensions decreases,
quantum effects become more prominent and interfere with
conventional device operation.! With these phenomena
looming ahead in the near future, there is a growing interest
in exploiting quantum effects in new paradigms for informa-
tion processing, for which classes of problems previously
deemed to be intractable can be solved expediently with a
quantum computer.>® In quantum computing, the basic unit
of information is a quantum bit or qubit (i.e., a quantum
object, such as the electron spin), which can be represented
by a superposition of two unit vectors in the two-dimensional
(2D) Hilbert space. At the hardware level, it has been dem-
onstrated that a Controlled-NOT (CNOT) gate and a single
qubit gate are the universal building blocks to obtain all
quantum logical functions.* Coupled quantum dots (QDs) are
promising systems for realizing CNOT gates and moreover,
entanglement between two electron spin qubits can be ma-
nipulated by external electric and magnetic fields.’

Beyond two coupled QDs, the next obvious step, three
coupled QDs arranged either in a linear array or in a trian-
gular formation can give extra functionality. Such devices,
such as a solid-state entangler,® a charging rectifier,” a coded
qubit,® and quantum gates,’ have recently been proposed to
utilize triple QD structures, providing incentives to investi-
gate these systems. Moreover, from a fundamental physical
viewpoint, the triple QD system presents great interest as an
artificial triatomic molecule where the interplay between
geometrical confinement, interdot coupling, and many-body
effects offers a rich variety of phenomena, which have not
yet been investigated extensively.

In this paper, we study theoretically the few-electron
properties of three laterally coupled vertical quantum dots
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(TQDs). This structure offers the advantage of the modula-
tion of the interdot coupling potential with tuning gates, and
the control of electron confinement within each of the three
dots with a separate set of gates. We use density functional
theory within a self-consistent local spin density approxima-
tion (LSDA) to model the electronic properties of TQDs. In
this context, we provide design guidelines for optimizing the
structure for operation with realistic sets of voltage values,
which for the few-electron regime are often difficult to ac-
cess experimentally. We then obtain the spin configurations
of a few electrons for different combinations of interdot cou-
pling and intradot confinement. We also derive the charging
diagrams for two potential configurations resulting from the
interplay between the three sets of gates. In particular, we
show that cross capacitances between tuning and confining
gates that are often theoretically neglected'” impose impor-
tant conditions on the charging and electron spin configura-
tions in the TQD system. We finally show that the charge
stability diagram obtained with this kind of TQD structures
is totally different from those observed in double quantum
dot systems.

In Sec. II we describe the vertical TQD structures cur-
rently being pursued experimentally. The self-consistent
computational approach based on the multiscale, spin density
functional theory,'' used to simulate the TQD structure and
for which the electrostatic potential is obtained by the device
boundary conditions from the Poisson equation is presented
in Sec. III. In Sec. IV we provide the results of our simula-
tions. Finally, in Sec. V we summarize the important points
mentioned in the paper and discuss future work.

II. VERTICAL TRIPLE QUANTUM DOT STRUCTURE

A scanning electron microscope image of a typical colin-
ear TQD structure under investigation is shown in Fig.
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FIG. 1. (a) Scanning electron microscope image of a typical
three laterally coupled vertical quantum dot structure under inves-
tigation (scale bar 1 um). A QD is located in each of the three
square mesas. The ten thin line mesas radiating from the central
three-mesa structure carry metal contact wires and keep separate
each of the gates. (b) Also shown is a schematic top view of the
TQD structure modeled. The four confining gates (represented by
thick lines) are numbered (1)—(4), and the four tuning gates (repre-
sented by gray-shaded rectangles) are numbered (5)—(8).

1(a).'? This structure builds on the recent successful fabrica-
tion and operation of its two dot cousin,'? which, in turn,
arose out of a new approach for multiple gating of single
vertical dots.'* Figure 1(b) shows the top view of the TQD
structure in the x-y plane. Numbers (1)—(4) in Fig. 1 indicate
the location of the four confining gates. Starting from top of
the TQD structure, these gates protrude all the way down
almost to the Ing 455Gag g45As semiconductor layer along the
z direction (see Fig. 2 for the vertical cross section). The
confining gates on the three square mesas primarily provide
the electrostatic fields that create the quantum dots and also
control the number of electrons in each of the dots.!> Voltage
variations on these gates determine the conditions for single
electron charging in each QD. The size of the three square
dot mesas is initially taken to be 0.6 um X 0.6 um in the x
and y directions. Located in the middle of the device struc-
ture, in between adjacent dot mesas, are four tuning gates
[numbers (5)—(8) in Fig. 1] also protruding down toward the
Ing gs5GagossAs layer. These gates effectively separate the
individual QDs from each other by inducing energy barriers
between the QDs. Hence, exchange coupling between elec-
trons in each QD can be controlled by changing the voltage
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FIG. 2. Cross-sectional view of the vertical TQD structure
showing the layered structure. The confining and the tuning gates
are shown in solid black. The location of the Inj (55Gaj 945As quan-
tum well is indicated by the shaded region.

bias on the tuning gates. The tuning gates were initially de-
signed to be 0.1 um X 0.2 um in the x and y directions, but
as seen in the results section (IV), these sizes have been
changed in order to optimize the structure. The ten thin line
mesas emerging from the central three-mesa structure con-
taining the TQDs carry metal contact wires from the top of
the semiconductor (for Ohmic contacts) to large bonding
pads (not shown) and keep separate each of the gates
(1)—(8).2 In our model, we essentially ignore these thin line
mesas, and the bonding pads, as well as the Ohmic contacts,
and this makes the overall simulation region rectangular.

Figure 2 shows a vertical cross section of the layered
structure cut across the tuning gates along the x direc-
tion. The total depth of the simulated structure is 1.084 um
along the z direction as obtained from the success-
ion of the various layer thicknesses in the designed semi-
conductor material. At the bottom (the substrate side)
of the simulated structure, there are four n-doped GaAs
layers  (n+=2X10"%cm™, »n=2X10"cm™, n=14
X 107 em™3, and n=1.0% 10" cm™3), each of them 2000,
1800, 1500, and 700 A wide, respectively. Next there is a
30 A undoped GaAs layer, and then there is the
A10'20GaO'SQAS-In0.05sGao_945AS-Alo_zoGaO'goAS double barrier
structure with layer thicknesses of 75, 120, and 90 A, respec-
tively. Our main interest is in this central quantum well re-
gion, since electron charging and localization in the three
QDs occurs in the Ingo55Gagg45As layer in the presence of
the lateral confinement imposed by gates (1)—(8). Above this
double barrier structure, there is another undoped 30 A GaAs
layer, and above that four doped GaAs layers with the same
dopant densities as the doped layers below the double barrier
structure. Note the upper n+ layer on top of the layered struc-
ture facilitates Ohmic contacts.

III. COMPUTATIONAL MODEL

Owing to the three-dimensional (3D) geometry of the
TQD structure, we use a 3D self-consistent quantum device
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computational model to describe the experimental system as
realistically as possible. Since it is well known that 2D mod-
els overestimate electron-electron interaction due to the re-
duction of the electron motion in a plane instead of in a
volume, the 3D Kohn-Sham equations coupled with the 3D
Poisson’s equation are well suited to obtain the self-
consistent electrostatic potential as well as the stable electron
charge and spin density distributions as a function of the
applied gate voltages.'® Our approach is based on the spin
density functional theory (SDFT) within the effective mass
approximation to describe the many-body effects among the
conduction electrons in the TQD structure. The Kohn-Sham
equations, one for spin up and the other for spin down, read
as follows:

H (Al (D =Lyl (D, HOY @ =ekyt(®), (1)

where the respective Hamiltonians are expressed as

CE {% v } — (D) + AE.+ 61 ().
)

m’(r) is the position-dependent effective mass, and the elec-
trostatic potential ¢(7)= @y + Pion+ Pp» Where ¢y, is the po-
tential due to externally applied bias, ¢;,, the potential re-
sulting from the ionized donors, and ¢ the Hartree potential
accounting for the repulsive electron-electron interactions.
AE, is the conduction band offset resulting from the bound-
aries between two different materials. ¢,. is the exchange-
correlation potential for spin up and spin down electrons,
computed within the local spin density approximation
(LSDA).'7 The electrostatic potential ¢(7) is obtained by
solving the Poisson’s equation

V[e(r) V ¢(r)]=-p(r), A3)

where £(7) is the position-dependent permittivity and p(7) is
the total charge density given by the following:

p(r) = g[p(F) — n(F) + N(r) = N; (9], (4)

where Nj,(r) and N,(r) represent the ionized donor and ac-
ceptor concentrations in the device layers, p(7) is the total
hole concentration level, and n(r) is the total electron density
in the TQD region

N|

NT
n(A)=n' (A +nt A =2 Y AP+ 24O ©)
i=1 i=1

with NT+N | =N being the total number of electrons in the
dot. Since we are dealing with n-type semiconductor layers
at low temperature, we set both N;(r) and p(r) to be zero.
The TQD simulation region is divided into two separate
regions: the QD region in which quantum mechanical effects
predominate and a larger scale bulk region in which the free
electron concentrations are described by semiclassical statis-
tics. This multiscale approach provides a realistic description
of the confining potential, while relating directly gate voltage
variations with the stable charge and spin configurations in
the TQD system. The temperature is 7=0 K in the QD re-
gion, while it is set to be 1.5 K in the semiclassical regions
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for numerical convergence purposes. This temperature
difference between the two regions is inconsequential for the
accuracy of the computation. We impose the zero-normal
field Neumann boundary conditions on the top of the TQD
structure as well as on the sides below the confining
and tuning gates. The Schottky barrier CIDg value is taken
into account and added to the applied gate bias for the
boundary conditions on the metal-semiconductor interfaces
(~qd3—qV) with ¢3=—0.8 V and Vj; as the applied gate
bias. Finally, we set the potential to be zero on the bottom
surface of the simulated structure. We assume the electron
wavefunctions vanish outside the QD region and accordingly
restrict our simulation domain for solving the KS equations.
(155X 41X 77) grid points are used to discretize the nonuni-
form mesh with the majority of these points assigned to the
TQD region.

In our simulations, the system of Egs. (1)—(4) is solved
iteratively until the self-consistent solution of the single par-
ticle orbitals and eigenvalues are obtained. Although the fi-
nite difference method is the most popular method to dis-
cretize the Kohn-Sham and Poisson’s equations, we use the
finite element method (FEM) with trilinear polynomials to
perform the self-consistent process!'® because it is more con-
venient for complex geometries.!” The discretized Poisson
equation is solved using the damped Newton-Raphson
method?®?! while the generalized eigenvalue problem ob-
tained as a result of Kohn-Sham equation discretization is
approached by means of a subspace iteration method based
on a simple Rayleigh-Ritz analysis.??

In order to determine the stable electron and spin configu-
rations, one can use Slater’s Formula,?? which is also useful
in determining the QD charging voltages from N-1 to N
electrons. However, in our case the Slater’s Formula ulti-
mately gives unphysical results for N=1. As a result, we
chose to calculate the total energy of the system, which con-
sists of the following components:

N

N
€H
ETolal = 2 Sjl’lj + 2 Szlnzl - ? + & — ch_pot’ (6)
i=1 i=1

where s}l is the eigenenergy value for state i,ey is the Har-
tree energy, &, is the exchange-correlation energy, and &, o
is the exchange-correlation potential energy. By comparing
the total DFT energy of the system for different number of
electrons, the charging of the TQD from N—1 to N electrons
can be determined by looking for crossing points in the dif-
ferent energy curves. In our simulations, the Fermi energy is
taken to be zero.

IV. RESULTS
A. TQD structure optimization

The conduction energy band along the x direction for the
original TQD structure described in Sec. II is shown in Fig. 3
(lower trace). The confining gates are set to —1.7 V and the
tuning gates to 0 V for this particular plot. Analyzing the
plot, we identify three potential problems: (i) The calculated
ground-state energy level is found to be 28 meV below the
Fermi energy level, which implies that for this gate bias con-
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FIG. 3. Conduction energy band along the x direction for the
original structure (lower trace) and the optimized structure (upper
trace). For the optimized structure: (i) the length of the tuning gates
along the y direction has been reduced to 0.1 wm; (ii) the center dot
mesa size has been reduced to 0.3 wm in the x direction, and the
two outer dot mesas have been increased in size by 0.05 um along
the x direction; and (3) the dopant concentration of the first 700 A
of the n-GaAs layer located just above and below the central un-
doped layers has been reduced from 10'7 to 10'® cm™.

figuration the QDs already contain many electrons. In order
to start the charging process from the first electron, the
ground-state energy level should be within a few millielec-
tron volts of the Fermi energy level. By making the confining
gate biases more negative, the energy levels move up, which
can potentially fix our problems. However, due to the pos-
sible presence of reverse-biased leakage currents at gate bi-
ases around —3.0 to —2.5 V, this option should be avoided.'?
(ii) The energy barrier separating adjacent quantum dots
(around 40 meV) is too high in the initial gate bias configu-
ration, which prevents significant quantum mechanical cou-
pling between the dots. Ideally, we would like the barrier
height to be around 5—10 meV. To remedy this situation, the
bias of the tuning gates should be made more positive. Since
the tuning gates are already set at 0 V, the Schottky barrier at
the metal-semiconductor interfaces of the tuning gates will
be forward biased, and this too can eventually induce unde-
sirable current leakage through the gates.!? (iii) Lastly, the
three dots have unequal sizes due to an inherent asymmetry
unintentionally built into the design of this particular TQD
structure. Indeed, examining the conduction energy band
edge in Fig. 3, the two side dots appear smaller along the x
direction compared to the center dot. This is due to the
overly strong confining effect of the large side gates [num-
bers (1) and (4) in Fig. 1(b)], while the center dot is only
controlled by the relatively short center gates [numbers (2)
and (3) in Fig. 1(b)]. In some device proposals for linear
TQD structures, the center dot is made relatively small to
create a large spacing between the different energy levels.?*
For instance, in a solid-state entangler,® a spin-singlet state is
first prepared in the center dot, for each electron to be then
transported to the two side dots without loss of entangle-
ment. However, if the energy spacing in the center dot is too
small due to its large size, it could be very difficult in prac-
tice to maintain the electrons in their ground state since small
thermal energy excitations could destroy the ground state.
Because of the aforementioned problems arising in the
original structure design, the structure should be changed in
an optimal way to remedy these shortcomings. The length of
the four tuning gates along the y direction has been reduced
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from 0.2 to 0.1 um, which reduces the overall effect of the
tuning gates, resulting in a decrease in the interdot barrier
height. We have also decreased the nominal width of the
center mesa to 0.3 uwm, while increasing the nominal width
of the two outer mesas by 0.05 um in order to equalize the
size of the dots. Finally, we have decreased the dopant con-
centration in the two adjacent n-doped GaAs layers, located
just above and below the central undoped layers, from
10'7 to 10'® cm™ in order to raise the ground-state eigenen-
ergy levels closer to the Fermi energy level. The conduction
energy band of the newly modified optimized structure along
the x direction is shown in Fig. 3 (upper trace). The left and
the right confining side gates are set at —2.4 V, the upper and
the lower confining gates at —2.1 V, and the tuning gates at
—0.05 V. For this particular configuration, the barrier height
level between the dots is ~5 meV.

B. Single electron charging

Single electron charging in the TQD structure can be
achieved by bias variation of either the center confining gates
or the side confining gates.

1. Center gate charging

Figure 4(a) shows the electron charging diagram for the
first four electrons added to the TQD structure where the
total energy of the N-electron system is plotted with respect
to the bias on gates (2) and (3). For these simulations, the
upper and the lower center confining gates are jointly varied,
making the overall system symmetric. The side confining
gates (1) and (4) are set to a constant —2.4 V, and the four
tuning gates are maintained at —0.05 V throughout the charg-
ing process. The dashed line indicates the Fermi energy
level, which as mentioned earlier is set to 0 meV. We com-
pute four different curves corresponding to N=1, 2, 3, and 4
electrons in the TQD.

All four curves in Fig. 4(a) are characterized by two re-
gimes: when the gate bias on (2) and (3) is most negative, the
curves are nearly flat with the total energy value increasing
with the number N of electrons, except for N=1, which is
between the N=2 and N=3 curves, while at more positive
gate bias, the slopes become strongly negative and the order
of the curves with respect to N reverses, with an abrupt tran-
sition at intermediate voltages. This latter feature can be at-
tributed to a relocalization of electrons from the two side
dots to the center dot under the influence of the bias on the
two center gates [see Fig. 4(b)]. At very negative bias the
electrons are localized in the two side dots, which are at
lower potential energy (Vecg=-2.4 V) than the center dot
(Veeg<=2.4 V); therefore changes of the two center gate
voltages do not exert much influence on the total energy of
the system in this regime since these gates are more physi-
cally decoupled from the electrons located in the two side
dots. As a result, the total energy curves are characterized by
only a slight negative slope. As the bias on gates (2) and (3)
is made more positive than Voeg=-2.4 V (fixed side gate
voltage), there is a point where the potential well of the
center dot becomes lower than the potential wells of the side
dots, and electrons relocalize into the center dot, resulting in
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FIG. 4. (a) Electron charging diagram for the first four electrons.
The Fermi energy is indicated by the horizontal dashed line at
0 meV. The four curves represent the total energy of the whole QD
system containing N=1 to N=4 electrons at different upper/lower
gate biases. The two arrows indicate points in which electrons are
added to the system (N=2—N=3) and (N=3—N=4). (b) Sche-
matic representation of two different configurations for the ground
state of the two-electron wave functions. For center confining gate
(CCG) biases Vocg<-2.24 V, the electrons are localized in the
two outer dots (1). Upon making the voltage of these gates more
positive, the electrons relocalize into the center dot (2).

their closer physical proximity to the two center gates. Hence
in this new arrangement, the total energy of the system be-
comes much more sensitive to changes made to the center
gate biases, so reflecting in more negatively sloped curves.
Hence, for N=1 and for Vcg<-2.2 V, the electron wave
function is localized separately in the two side dots, which is
simply interpreted as meaning a 50% probability of localiz-
ing the electron in either the left side dot or the right side dot,
while the electron occupies the center dot for Vcg>
—2.2 V. For N=2 one electron is localized in one of the two
outer dots, whereas at a bias more positive than —2.15 V,
they both occupy the center dot where their energy is a
strong function of Vg [see Fig. 4(b)]. Transitions occur
between —2.24 and -2.15 V, where wave function hybridiza-
tion between the side dots and center dots occurs. From a
numerical point of view, our simulations did not converge in
this range as in the self-consistent approach: the two elec-
trons just oscillate back and forth from the side dots to the
center dot at each iteration.

For N=3 and for biases more negative than —2.35 V, all
electrons are in the side dots (the two T electrons are located
one in each of the side dots in degenerate single-particle
states and the | electron is shared between the two side dots
with an energy level about 0.4 meV above the degenerate
state). Between —2.35 and —2.15 V, the | electron occupies
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FIG. 5. Ground-state electron densities for (a) N=2, (b) N=3,
and (c) N=4 electrons. The arrows indicate the spin orientation. (a)
Veeg=-2.35 V: the two electrons are localized in the two outer
dots. (b) Veeg=-2.3 V: two spin up electrons and one spin down
electron form the ground-state configuration. (¢) Vecg=—-2.25 V:
for four electrons, a two-electron singlet is formed in the center dot.

the center dot while the two T electrons remain in the side
dots. For biases Vcg>—-2.15 V, all three electrons eventu-
ally fall into the center dot with a s>p! configuration.

For N=4 and for biases more negative than —2.35 V, two-
electron singlets occupy the two side dots. Above Vicg=
-2.35 V, two electrons occupy the center dot and two elec-
trons remain in the side dots, one in each. For Vicg>
—2.35 V, all four electrons enter the center dot.

In the diagram of Fig. 4(a), we observe that the transition
voltage for electron relocalization into the center dot shifts to
lower bias as N increases except for N=3 and N=4, which
occurs at about —2.35 V. However, single electron charging
occurs when the total energy for N+1 electrons Ep(N+1)
becomes lower than the total energy for N electrons Ez(N),
which is indicated by the vertical arrows on the diagram. At
Veeg=—2.35 V and Vcg=—-2.2 V, the third and fourth elec-
trons, respectively, enter into the TQD system, by occupying
the center dot, while the initial two electrons remain in the
two side dots. Extrapolating from our simulation data, we
infer that the addition of the first two electrons occurs at —3.6
and —3.165 V, respectively, which is outside the investigated
voltage range.

In Fig. 5, we show 2D color plots of the ground-state
electron densities for N=2, N=3, and N=4 configurations
for various biases more negative than —2.2 V. As expected,
in the stable configuration the first two electrons in the QDs
form a singlet state [Fig. 5(a)]. Because the two electrons are
physically decoupled (the separation of the density peaks
between the two electrons is ~0.6—0.7 um), the singlet and
triplet energies are very close to one another (JAEg.]
<0.1 meV). When the third electron enters the system at
Veeg=-2.3 V it occupies the center dot, forming a “spin
density wavelike” state with two | electrons in the two outer
dots and a | electron in the center dot [Fig. 5(b)].?> Finally,
when the fourth electron enters the system at Vicg=
—2.25V, it is localized in the center dot to form a two-
electron singlet state. We note that the center of mass of the
two center electrons is now separated. The outer two QDs
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FIG. 6. Same as in Fig. 4(a) but with variation of the side gate
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contain a spin T (right dot) and a spin | (left dot) electron,
and there is a singlet in the center dot. However, wave func-
tions in the center and side QDs do not overlap much here,
so that the parallel spin configuration in the two side dots
would result in practically the same energy [see Fig. 5(c)].

2. Side gate charging

Figure 6 shows the electron charging diagram for the first
four electrons obtained by varying the voltage on the side
confining gates (1) and (4) while keeping the center gates (2)
and (3) constant, fixed at —2.4 V, and the tuning gates are set
at —0.05 V throughout the simulations. Unlike the charging
diagram in Fig. 4(a), here the total energy of the system is
plotted against the two side confining gate biases (instead of
the center gate biases). The confining gates are jointly varied,
making the overall system again symmetric. Comparing our
data now with the previous situation shown in Fig. 4(a), two
differences emerge: (i) The “kinks” (very abrupt change in
the slopes) associated with the relocalization of electrons
from the side dots to the center dot are not present in this
diagram since, because of the fixed negative center gate bias,
all of the electrons just enter into the two side dots. In fact,
this configuration is similar to a decoupled double quantum
dot system since the uncharged center dot merely increases
the separation between the two side dots. (ii) Instead of
single-electron charging, we now observe double charging
events for the third and fourth electrons. Let us mention that
the occurrence of double charging for N=3 and N=4 is spe-
cific to the particular bias configuration of the center gates,
which is within the range over which the side gate bias is
swept.

The three charging points are again indicated by arrows in
Fig. 6. At around Vgcg=-2.44 V, the curves E{N=1), and
E;(N=2) intersect each other just below the Fermi level at a
single point. For Vgc<-2.46 V, there are no electrons in
the TQD as all curves for N=1, 2, 3, and 4 are above E. But
at Vgog=—2.46 V and Vgcg=-2.44 V the E; curve for
N=1 and N=2 become lowest, indicating the addition of the
first and second electrons, respectively. As seen in Fig. 7(a),
these nearly simultaneous charging events lead to one elec-
tron being in each of the two side dots, thereby making the
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FIG. 7. Ground-state electron densities for (a) N=2 and (b)
N=4 electrons. The arrows indicate the spin orientation. (SCG
=side confining gate) (a) Vggg=—2.4 V: the two electrons are local-
ized in the two outer dots. (b) Vgcg=—2.25 V: two spin up electrons
and two spin down electrons all localize in the side dots.

Coulomb interactions between them negligible, below the
numerical threshold of our model. At —=2.34 V, three differ-
ent total energy curves Ef(N=2), Ef(N=3), and E;(N=4)
intersect one another at a single voltage value so that double
charging (from N=2 to N=4) occurs here in the side dots
[Fig. 7(b)], with the Coulomb interaction between the elec-
trons in different dots remaining negligible. Hence, the TQD
behaves as if the two side dots are decoupled. For the N=2
case, a spin T electron and a spin | electron occupy the two
side dots, one in each dot, while for the N=4 case, two
singlet state electrons occupy each of the side dots. In the
latter configuration, the spin | and the spin | electrons over-
lap with one another in each of the side dots. But again, for
this configuration a “broken-symmetry” state is seen in the
separation of the center of mass of the spin density in each
side dot.

C. Stability diagram

In Fig. 8, we show the stability diagram obtained from our
simulation data by varying the biases on the two side (Vgcg)
and the two center (V) confining gates and by keeping the
tuning gate voltages constant. Four different curves can be
seen, which distinguish regions with different numbers of
electrons in the TQD system. An overlap of two different
curves indicates electron double charging regions.

Overall, the stability diagram can be divided into two dif-
ferent regions. In the first region (-2.4 V<Vcg<-2.3 V),
the charging points are determined largely by the side gate
voltages since all the electrons occupy the two outer dots.
The weak Vgcg dependence is reflected in the slopes of the
four curves (~]0.07 V/V|) in this region. Thus, the TQD
system is largely indifferent to small changes in the Vcg. In
principle, we expect the electrons to double charge into the
TQD if they enter into the side dots due to the structural
symmetry. However, our simulation results show that this is
not the case for the first two electrons since there exist a
10 mV separation between the first (solid dots) and second
(solid square) electron curves. We attribute this artifact to the
overestimated calculation of self-interaction energy for the
first electron within the DFT formulation. However, for
higher number of electrons, the self-interaction effects be-
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FIG. 8. Stability diagram for the first four electrons in the TQD.
The solid dots, solid squares, solid triangles, and crosses depict
curves separating stable charge regions between N=0 and N=1,
N=1 and N=2, N=2 and N=3, and N=3 and N=4 electrons, re-
spectively. Near the dotted segment in the "solid square” curve re-
gion, numerical nonconvergence occurs.

come negligible. Thus, we observe overlap of the third (solid
triangle) and fourth (cross) electron curves in the first region.

In the second region (Vcg=>—2.3 V), the charging points
are determined by both the Vg and the Vg since the
electrons can now occupy all three dots. The absolute value
of the slopes for all four curves is large and, in fact, becomes
even larger for increasing positive values of Vcg. Because
of the absence of numerical convergence, the exact behavior
of the second electron curve remains unknown and as such,
is indicated by a dotted line. The separation between the
third and fourth electron curves at Vocg=-2.3 V indicates
that the sole third electron enters into the central dot because
of more favorable energy conditions, thereby moving away
from the double-charging process. However, for higher Vicg
biases, the two curves merge again at a single voltage
Veeg™>—2.23 V. At this point, the first two electrons are lo-
cated in the central dot, leaving the side dots empty for
double-charging.
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V. CONCLUSION

We have provided a computer analysis of quantum con-
finement in, and orbital coupling between, three dots in a
TQD structure for potential applications in quantum informa-
tion processing. First, we showed that owing to the intrinsic
nature of the colinearly coupled TQDs, the center dot is es-
sentially different in character from the two side dots, requir-
ing optimization of the whole mesa structure by eliminating
unwanted effects that can be detrimental to practical device
operation, in the few-electron or few-spin regime. Two dif-
ferent charging schemes have been investigated in order to
provide a comprehensive analysis of the TQD electronic
properties. At constant number of electrons, our simulations
show electron onset of localization as a function of gate bias,
which influences to various degrees the behavior of the total
energy of the electron system with applied gate bias. Of par-
ticular interest are the onset of spin density wave-like state
for N=3 electrons, and onset of localization in the center dot
and two side dots for N=4 electrons, depending on the
charging scheme, i.e., center gate charging or side gate
charging. Finally, the stability diagram as a function of gate
voltages Vcg and Vgcg indicates a sizeable region within
which “quasi” double charging occurs for 0—2 electrons
and double charging for 2—4, with distinct features from
the double dot system.
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