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Electronic properties and spin polarization in coupled quantum dots
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Electronic structure and charging properties of an electrostatically defined double quantum dot system are
investigated within the local spin density approximation under the density functional theory. Characteristics of
electron charging of the double dot system is influenced by quantum-mechanical as well as electrostatic
coupling between the individual dots. In the case of weak coupling, the double dot system is shown to exhibit
double electron charging in agreement with the observations of Waughet al. @Phys. Rev. Lett.75, 705~1995!#.
Also, the coupled dot system shows spin polarization for higher number of electrons in the dotN due to Hund’s
rule. For strong coupling, we show that coherentbondingandantibondingstates are formed which produce a
reordering of the single-particle energy levels and revert the double dot system into a spin unpolarized state for
sameN. @S0163-1829~99!05435-1#
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I. INTRODUCTION

Physical properties such as three-dimensional elec
confinement, energy quantization, and shell structures, t
cal of atoms, can now be realized in ultrasmall semicond
tor structures called quantum dots~QD’s!. The ability to ob-
serve such atomic phenomena that occur naturally on
scale of a few Å in manmade nanostructures with feature
of a few hundreds or thousands of angstroms has resulte
a flurry of experimental and theoretical investigations
QDs in recent years. Motivation for such studies has ri
largely from a need to study fundamental electronic prop
ties, but also increasingly from the possibility of making u
trasmall memories1 and high efficiency lasers.2 Lately, atten-
tion has been focussed on arrays of quantum dots cou
through tunnel junctions.3–5 Their appeal stems form th
many features they share with molecules. Just as in m
ecules electron states can couple forming covalent states
are delocalized over the entire array making possible for
occupying electron to tunnel between the various dots w
out being localized to any.6,7 Thesebonding statesare lower
in energy than the constituent dot states by an amount th
equivalent to the binding energy of the molecule. Henc
two-dot system may be compared to a diatomic molec
Such artificial molecules provide an advantage in that
number of electrons in the coupled dot, equivalently the c
stituent ‘‘atoms’’ in the periodic table, may be varied b
varying an external potential. Different molecular analo
can be realized by varying the size of the dots, simu
neously or independently, and their number of electro
Furthermore, the vibrational motion of a molecule may
simulated by driving such an array between weak and str
tunneling regimes.

The volume of experimental8,9,4 and theoretical
work3,10–14 on coupled dots has been growing in rece
times. In particular, Ruzinet al.11 studied the Coulomb
blockade structure for two nonidentical dots using t
PRB 600163-1829/99/60~12!/8759~8!/$15.00
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activation-energy approach. Staffordet al.12 and Klimeck
et al.13 have used a Mott-Hubbard approach with and wi
out interdot capacitances to determine the many-body w
function for an array of dots. More recently Goldenet al.14

have studied the problem of Coulomb blockade peak sp
ting in the weak and strong coupling limits to explain th
experimental data in Ref. 5. The present work is motiva
by the following factors.

~1! The need to treat the problem self-consistently sin
the distortion of the confining potential and the weakening
confinement are both significant as the charge in the
increases.15,16 The latter effect is particularly critical in elec
trostatically confined dots.

~2! The need to consider explicitly the electron spin. Th
is necessitated by the findings of Taruchaet al. in gated ver-
tical quantum dots which established that shell filling in Q
is governed by Hund’s rules just as in atoms. Some rec
theoritical investigations of Leeet al.,17 Fonsecaet al.,18

Wojs et al.,19 and Koskinenet al.20 have studied spin effect
in LSDA in single QDs. To our knowledge, rigorous calc
lations based on a spin dependent model of double QDs h
not been done so far.

~3! The experimental results of Waughet al.5 on the con-
ductance of electrostatically confined double and triple d
in the weak and strong tunneling regimes. The splitting
conductance peaks that increased with the interdot tunne
strength coupling, establishes the fact that the splitting
proportional to the energy of interaction between the do
Another feature though weak but clearly visible in their r
sults @Figs. 2~a!, 2~b!, and 2~c! in Ref. 5# is the increase in
the separation of the successive split peaks for a cons
tunnel conductance.

In the present work, we focus on a system of two simi
dots whose dimensions are such that the electron-elec
interaction energy is comparable to the single-particle ene
level spacingDE. The number of electrons in the dot, N,
8759 ©1999 The American Physical Society
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8760 PRB 60NAGARAJA, LEBURTON, AND MARTIN
restricted to very low values, a situation comparable to
light molecule such as H-H or Be-Be. We investigate t
electronic properties of the coupled-dot system by solv
self-consistently the Schro¨dinger and Poisson equations on
three dimensional grid. The electron spin has been con
ered explicitly under the local spin density approximati
~LSDA! in the density functional theory.21 From our inves-
tigations we find that in the weak tunneling regime, charg
of the two dots can occur simultaneously, but asN increases
this simultaneous charging is terminated because of the
crease in the Coulomb repulsion energy. We also find
for eight-electrons in the double-dot—a situation similar to
Be-Be molecule—the ground state of the system is spin
larized in the weak tunneling regime while it is unpolariz
in the strong tunneling regime.

In the following section we state the motivations a
scope of the present work. In Sec. II we describe the
structure. In Sec. III we describe briefly the methods used
solve the Schro¨dinger and Poisson equations, and the cr
rion used to determine the charge degeneracy points. In
IV we present our results on the electronic properties of
system and show qualitative agreements with the exp
ments of Waughet al.5 We also show that for weak interdo
coupling with eight electrons in the artificial diatomic mo
ecule, the system favors a spin polarized state which rev
to an unpolarized state as the coupling is increased. Fin
in Sec. V we summarize our findings.

II. DOT STRUCTURES

The layered structure, shown in Fig. 1~a!, consists of an
inverted GaAs/Al0.3Ga0.7As heterostructure which confine
the electrons to a 2D gas at the interface. In our model,
simulated structure consists of a 22.5-nm layer of undo

FIG. 1. The double dot system.~a! Layer structure of the double
dot, ~b! Schematic representation along thex-z plane. The gate stub
voltage521.2 V; gate pad voltage520.40 V.
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Al0.3Ga0.7As followed by a 125-nm layer of undoped GaA
and finally an 18 nm GaAs cap layer. The cap layer is u
formly doped to 531018cm23 so that the conduction ban
edge is just above the Fermi level at the GaAs-cap lay
undoped GaAs boundary. The inverted heterostructure
grown on a GaAs substrate and charge control is achieve
varying the voltage on the back gateVback. We assume a
negligible voltage drop across the substrate, hence we a
Vback directly to the bottom of the Al0.3Ga0.7As layer. The
two dots are defined by energizing the ten metallic ga
shown in Fig. 1~b!, with the coupling between them varie
by means of the voltageVt on the tuning gates. Electro
charging of the two dots is possible through tunnel inject
from the adjacent two-dimensional regions through
35-nm opening between the opposite stubs.

III. MODEL

We solve the single-particle effective-mass Schro¨dinger
and Poisson equations self-consistently in the entire
structure. The Schro¨dinger equation is three dimensional
the central double-dot region and one dimensional in
adjacent source and drain. The many-body effects are
cluded under the spin-dependent LSDA. This method, wh
is an improvement over the previous spin independent L
approaches,16,22–24has been used successfully to investig
spin dependent effects in QDs such as Hund’s rules in s
filling.17,18 Hence the implementation of a spin-depende
scheme involves solution of the Schro¨dinger equation
twice—once for each of the spins, up (↑) and down (↓). The
respective Hamiltonians are identical in all respects exc
for the exchange-correlation potentialmxc

↑(↓) which as param-
etrized by Ceperley and Alder25 is given by

mxc
↑(↓)5

d~nexc@n,z#!

dn↑(↓)
, ~1!

whereexc@n,z# is the exchange-correlation energy as a fun
tion of the total electron densityn(r ) @5n↑(r )1n↓(r )# and
the fractional spin polarizationz5(n↑2n↓)/n. The ex-
change portion ofexc@n,z# is simply a sum of terms for up
and down spins

ex@n,z#52
3

4 S 3

p
n~r ! D 1/3

@11 f ~z!#, ~2!

where

f ~z!5
~11z!4/31~12z!4/322

2
. ~3!

The correlation term is calculated using the same param
zation as the LDA~Ref. 16! but interpolating between the
results of a spin-polarized and unpolarized free electron g26

depending on the spin polarization in the dot.
Therefore, the HamiltonianH↑(↓) for the spin↑(↓) elec-

trons,

Ĥ↑(↓)52
\2

2
¹F 1

m* ~r !
¹G1Ec~r !1mxc

↑(↓)@n#, ~4!



he

e

d

e
f
io

al

ax
er
er

a
ob
,
t
si
h
se
th

io
ns
ru

to
a

n
ld

o-

ti
p
er
u
tio
l
ig

-
th
r

x-

ate
r.

for
ult-

n’s
ain
r of
pu-

m-

he
ne,
n-

ec-
ow
tes
u-

i.e.,
en-
n-

on
an

-

able
r

he

xi-

m

e

s in

een

of
k-

-

PRB 60 8761ELECTRONIC PROPERTIES AND SPIN POLARIZATION . . .
wherem* (r ) is the position dependent effective mass of t
electron in the different materials,Ec(r )5f(r )1DEos , is
the effective conduction band edge, wheref(r ) is the elec-
trostatic potential,DEos is the conduction band offset. Th
3D Poisson equation for the electrostatic potentialf(r )
reads

¹@e~r !¹f~r !#52r~r !, ~5!

where the charge densityr(r ) is given by e@p(r )2n(r )
1ND

1(r )2NA
2(r )#. Here,e(r ) is the permittivity of the ma-

terial and is a function ofy2 only throughout this work,
p(r ) is the hole concentration,n(r ), the total electron con-
centration andND

1(r ) andNA
2(r ) are the ionized donor an

acceptor concentrations, respectively.ND
1~r ! is relevant only

in the region outside the quantum dot—the dot region its
being undoped or very slightlyp doped—and is a function o
the position of the Fermi level with respect to the conduct
band.NA

2~r ! is neglected as we have onlyn-type regions in
our structure. In reality, though, the undoped regions usu
contain a residual acceptor concentration of about 1015cm23

when structures are grown by molecular beam epit
~MBE!. However, this can be neglected as it is many ord
of magnitute smaller than the electron densities encount
in this problem. For similar reasons, the hole densityp~r !
may also be neglected. The electron concentrations for e
spin in the dot are calculated from the wave functions
tained from the respective Schro¨dinger equations, i.e.
n↑(↓)(r )5( i uc i

↑(↓)(r )u2, while for the region outside the do
a Thomas-Fermi distribution is used, i.e., the electron den
is locally a function of the position of the Fermi level wit
respect to the conduction band edge as opposed to tho
the dot which are calculated from the occupation of
quantized 0D eigenstates. The relevant expressions forn~r !
andND

1 may be found in Ref. 27.
The various gate voltages—Vback, Vt and those on the

metallic pads and stubs—determine the boundary condit
for the Poisson equation. Specifically, Dirichlet conditio
are imposed on the top and bottom surfaces of the dot st
ture by defining the potentialf~r ! to befm~ r !1Vext, where
fm~r ! denotes the Fermi level pinning at the semiconduc
surface andVext the external gate potential. For the later
surfaces (xy plane in Fig. 1! vanishing electric fields are
assumed. This is justified by the fact that these lateral bou
ary surfaces are far enough from the dot for the electric fie
to have vanished.

Solution of the Schro¨dinger and Poisson equations pr
ceeds by solving the Schro¨dinger for both spins, calculating
the respective electron densities and exchange correla
potentials, solving the Poisson equation to determine the
tential f(r ) and repeating the sequence until the conv
gence criterion is satisfied. This occurs when the maxim
difference in eigenenergies between two successive itera
~for both spins! is less than 1026 eV, and the global residua
of the Poisson’s equation, the difference between the r
and left hand terms of Eq.~5! summed over all grid points, is
less than 105 V cm22. The latter criterion results in a poten
tial whose variation between successive iterations is less
1026 V, which is of sufficient accuracy as it is much lowe
than kBT(5231025 eV!.
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The Schro¨dinger equation is solved using the iterative e
traction orthogonalization method~IEOM!, wherein a func-
tional of the Hamiltonian is applied to a guess eigenst
iteratively to extract the ground state of the operato22

Higher states are extracted by repeating the procedure
several initial guess states and orthogonalizing all the res
ing states after each iteration of the Schro¨dinger equation.
The Poisson equation is solved by combining a Newto
technique with successive over relaxation method. The m
advantage of using this method is that an arbitrary numbe
eigenstates can be obtained without involving huge com
tation time and memory resources.

Single-electron charging. A QD system that is in diffu-
sive isolation from its environment contains an integer nu
ber of electrons at equilibrium. The exact numberNeq, for a
given external potential minimizes the total energy of t
system. Electrostatically confined dots, like the present o
cannot be in diffusive isolation since they have to be co
nected to their outside environment to facilitate charge inj
tion into the system. However, at low temperature and l
Neq the electrons occupy the lowest single particle sta
which are well confined to the dot thereby achieving diff
sive isolation.

The determination ofNeq can be done by minimizing the
Gibbs free energyF(N) for various values ofN.16 This re-
quires the computation of the partition functionZ(N) from
the grand canonical ensemble for the whole system,
electrons and their environment—a computationally exp
sive method. Due to its elegance and simplicity in impleme
tation we prefer to use Slater’s transition rule28

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

1

eLAO~n!dn.eLAOS 1

2D , ~6!

whereET(N) is the total energy of the dot forN electrons
andeLAO is the lowest available orbital. The above equati
gives the addition energy, i.e. the energy required to add
electron to a dot containingN electrons, in terms of a tran
sition state which is defined as a state containingN10.5
electrons. While theN electrons occupy the lowestN single
particle states, the 0.5 electron occupies the lowest avail
single particle stateeLAO . Neq is determined by whethe

eLAO( 1
2 ) is positive (Neq5N) or negative (Neq5N11). The

N→N11 transition points are determined by populating t
system with N10.5 electrons and varyingVback until

eLAO( 1
2 ) is just negative. It must be noted that the appro

mation made in Eq.~6! is valid only if eLAO varies linearly
with N. Calculations of Fonsecaet al.18 have established the
validity of the approximation in self-assembled quantu
dots.

IV. RESULTS

Figure 2~a! shows the total electrostatic potential for th
empty double-dot in the plane of the hetero-interface forVt
520.67 V. The two dot regions are visible as depression
the region 4000 Å<z<8000 Å and 2500 Å<x<4200 Å .
The potential in the dots are parabolic at low energy as s
more clearly in Fig. 2~b!, which shows the potential alongz,
the direction of coupling of the two dots for two values
Vt. For Vt520.67 V, therafter referred to as the wea
coupling regime, the interdot barrier (D67 in Fig. 2! is 4
meV, while for Vt520.60 V, i.e., the strong coupling re
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8762 PRB 60NAGARAJA, LEBURTON, AND MARTIN
FIG. 2. Potential profile for the empty double dot~a! in the
plane of the heterointerface~b! along z in the weak~dashed line!,
Vt520.67 V, and strong~solid line!, Vt 520.60 V, coupling re-
gimes. The corresponding interdot barriers,D67 andD60, are seen
to be 4 and 3 meV, respectively.
gime, the interdot barrier (D60 in Fig. 2! is reduced to 3
meV. The entire double-dot, as seen, is bounded by 14 m
tunnel barriers at the source and drain ends. Confinem
along the vertical,y, direction is provided by a combinatio
of the band offset of 255 meV between the GaAs a
Al0.3Ga0.7As and a large vertical electrostatic field,Fy.35
kV/cm, in GaAs. This results in the separation between
ergy levels alongy of 30–40 meV, much greater than that
thex-z plane which is of the order of 1 meV. This large lev
separation results in only the ground state~along they direc-
tion! to be occupied at low temperatures. All the resu
present correspond toT50.25 K.

Figure 3 shows the schematic of the lowest four sta
with their wave functions in the double dot forVt520.67 V
andVt520.60 V. For both values ofVt the ground state in
the individual dots is 1s type, and form a degenerate pa
However, the first excited states, which arepx and pz like,
are degenerate for weak coupling, i.e.,Vt520.67 V,
whereas for strong coupling (Vt520.60 V!, the pz-like
states couple to form symmetric~bonding! and antisymmet-
ric ~antibonding! states which are lower in energy than th
px-like states as seen in Fig. 3. This reordering of the sta
has an important bearing on the spin-polarization of
double-dot system, as shall be fully explained later.

Figure 4~a! shows theCoulomb staircaseindicating the
variation of the number of electrons in the dot withVback at
Vt520.67 V. ForVback50.9769 V,eLAO(0.5) is just nega-
tive, implying that the dot can accept one electron in t
lowermost 1s state. At this point no distinction is made as
whether dot 1 or dot 2 or both are occupied since, in o
model, the two dots are identical from the electrostatic a
quantum mechanical points of view. The dots are decoup
quantum mechanically since the leakage of the 1s wave
h dot
ed interdot
of the wave
FIG. 3. Schematic representation of the lowest six states in the empty double dot in the weak (Vt520.67 V! and the strong (Vt

520.60 V! interdot coupling regimes. In the former thepz andpx-like states are shown together since they are degenerate within eac
and are decoupled from the corresponding states in the other dot. The reordering of these single-particle states due to increas
coupling is also seen. The shaded areas denote the positive portion of the wave functions. Shaded areas indicate a positive value
functions.
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PRB 60 8763ELECTRONIC PROPERTIES AND SPIN POLARIZATION . . .
functions into the adjacent dot is negligible, and electrost
cally since the distance between the two electron distri
tions is large. The resulting Coulomb repulsion, screened
the high dielectric constant of GaAs (eGaAs513.2), is negli-
gible, or at least weak enough to be overcome by less t
0.1 mV change inVback ~which is the minimum increment in
Vback considered in this work!. Thus both dots can be
charged simultaneously with an electron each, resulting iN
jumping from zero to two. Also, the orientation of the ind
vidual spins of the two electrons does not matter; we cho
both electrons to be↑. This simultaneous~double! charging
persists as long as the two dots are isolated. However
Vback is increased to 0.9804 V, when the next charge deg
eracy point occurs, even though dots 1 and 2 are identica
all respects only one of them can be charged~with a ↓ elec-
tron! but not both. This is due to the fact that charging, s
dot 1 first increases the total Coulomb repulsion experien
by the incoming electron to dot 2, i.e., electrostatic coupl
is established between the dots prior to any apprecia
quantum mechanical coupling. Overcoming this repulsion
quires a 0.1 mV increment inVback resulting in the termina-
tion of double charging, and is evident as a narrow step
N53. At Vback50.9805 V, dot 2 also can be charged with
↓ electron increasingN to 4. At this point the double-dot is
spin unpolarized and the 1s ground states of both the do
are completely filled with two electrons (↑↓) each.

The next available state for occupation are thepz andpx
states in each of the dots which are above the ground sta
. 1 meV. These states are almost degenerate; the s

FIG. 4. Coulomb staircase diagram for~a! Vt520.67 V. The
transitions that do not follow Hund’s rule are shown in dashe
lines. ~b! Vt520.60 V.
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splitting of the states caused by the nonisotropicity of
two-dimensional parabolic confining potential in thex-z
plane is very small (.1026 eV!. Though either of the two
states could be occupied we choose to occupy thepz state
since it is slightly lower in energy than thepx state by
.1026 eV. Even though the leakage of thepz state into the
interdot barrier is greater than that of the 1s state, it is still
not coupled to the correspondingpz state of the adjacent do
to form a bonding state. Consequently, charging of the t
pz states proceeds in the same manner as done for thN
52 to N53 andN53 to N54 electrons. The charging o
the dot with the fifth electron occurs atVback50.9832 V,
where we choose to occupy thepz state of dot 1 with an↑
electron. Subsequent occupation of thepz state of dot 2 with
an ↑ electron (N55 to N56 transition! occurs atVback

50.9833 V, the 0.1 mV increment inVback being required to
overcome the Coulomb repulsion due the fifth electron
must be noted that the sixth electron occupyingpz state in
dot 2 is also of↑ spin, which makes the double-dot sp
polarized. This configuration is energetically favorable d
to the attractive nature of the exchange interaction betw
the two ↑ electrons in thepz states of dots 1 and 2. Th
unpolarized configuration, where the sixth electron~in thepz
state of dot 2! is of spin↓ is less favorable and occurs at
slightly higher valueVback ~0.98335 V! @dashed curve in Fig.
4~a!#. Likewise, occupying thepx state of dot 1 with a spin↑
electron, thereby increasingN to 7, occurs at a lower voltage
than occupyingpx state of dot 1 with a↓ electron or com-
pletely filling thepz state of dot 1. This is a demonstration
the familiar Hund’s rule whose applicability has been r
ported in single quantum dots.29,17 Similarly the eighth elec-
tron of ↑ spin occupies thepx state of dot 2 atVback
50.9848 V, requiring a 0.1 mV increment inVback after px
state in dot 1 has been occupied. As before, this 0.1
increase inVback is required to overcome the Coulomb repu
sion due to thepx electron in dot 1. The double dot at th
state is spin polarized with 6↑ and 2↓ electrons. The ninth
through twelfth electrons~of ↓ spins! now complete the par-
tially occupied px and pz states in dots 1 and 2, atVback
50.9868 V, 0.9870 V, 0.9881 V, and 0.9883 V, there
reverting the double dot to a zero spin state. A feature tha
conspicuous over theN59 to N512 range is the increasin
interaction between the electrons occupying similar sing
particle states in the two dots, as evident in the 0.2 m
increment inVback for N59→N510 (↓ electrons in thepz
states of dots 1 and 2! andN511→N512 transitions, com-
pared to the 0.1 mV increment for theN55→N56 andN
57→N58 transitions. This is a consequence of increas
leakage of the wave functions into the adjacent dot and
center of the charge distributions in the two dots movi
towards each other.

Experimental investigations of Waughet al.5 on arrays of
two and three coupled dots confirm our findings. At very lo
values of the interdot tunneling conductanceGdd , they ob-
serve thedouble chargingeffect which is terminated asGdd
increases~Fig. 2 in Ref. 5!. This is manifested as a splittin
of each conductance peak in two~for a double dot! with the
separation between them being proportional to the inte
tion energyd and increasing withGdd . Another feature that
is clear in their results@Figs. 2~a!, 2~b!, and 2~c! in Ref. 5! is
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8764 PRB 60NAGARAJA, LEBURTON, AND MARTIN
that even for a fixedGdd the splitting of peak pair increase
for largerN. From our investigations we attribute this beha
ior to the increased electrostatic interaction between the
dots asN increases, as explained in connection with t
charging ofN53 andN54 electrons. However, asGdd is
increased quantum mechanical coupling also contribute
the increased splitting as shall be explained below in rela
with Fig. 4~b!. For instance, in Fig. 2~a! of Ref. 5, the split-
ting of the peak is barely discernible about the gate volt
of 21.07 V , but is more pronounced at21.05–21.04 V.

Figure 4~b! shows the Coulomb staircase diagram forVt
520.60 V. The interdot coupling in this case is strong
than in the previous one (Vt 520.67 V!, which enhances
the leakage of the 1s states into the interdot barrier, thereb
increasing quantum mechanical as well as electrostatic
plings between the dots. The increase in electrostatic c
pling between the dots~quantum-mechanical coupling, a
though present is still negligible fors states!, expectedly,
terminates double charging and charging proceeds seq
tially from N51 (Vback50.9752 V! to N52 (Vback
50.9754 V!. The increase in interdot electrostatic interacti
is evident from the 0.2 mV increment required to charge
2 with ↓ electron after dot 1 has been charged with an↑
electron. This increment inVback, as may be observed from
Fig. 4~a!, is more than the interaction between the third a
fourth electrons that go to complete the 1s states in dots 1
and 2 forVt520.67 V. TheN52→N53 transition occurs
at Vback50.7586 V and theN53→N54 transition, at
Vback50.9788 V. The four electrons occupy the two 1s
states in dots 1 and 2. Thepz states which are the lowes
available for occupation couple strongly to form symmet
and antisymmetric states akin tobonding and antibonding
states in molecules. A consequence of strong interdot c
pling is that for states includingpz and higher states, th
double dot appears as a single dot about twice as long a
the z direction as along thex direction. These lead to a reo
dering of states in the eigenenergy spectrum, as the s
with increasingnz ~number of nodes along thez direction!
get closer and move below thepx state. Thus, the fifth
through eighth electrons occupy sequentially thepz bonding
and antibonding states. This is to be contrasted with the
tial filling of px and pz states, forVt520.67 V, by fifth
through eighth electrons which create a spin polarized s
with a net polarizationS52\. It is thus clear that an increas
in the interdot coupling drives the double dot from a sp
polarized to an unpolarized state. Also the Coulomb stairc
steps assume a more uniform width forN.4 as charging
proceeds similar to a single QD.

A complete transformation of the two-dot system into
single large dot requires a de-energizing of the tuning ga
i.e., Vt50 V, a case that has not been considered in
work. However, from the cases considered so far, it can
extrapolated that the separation of the peaks would be m
mum and equal toe/CT , whereCT is the capacitance of th
single large dot. This corresponds to the case in Fig. 2~d! in
the work of Waughet al.5

Figure 5 shows the variation of the spin↑ and↓ electron
densities at the GaAs/Al0.27Ga0.73As interface for Vt
5V20.60 V, along thez direction forN53, 5, and 8. Figure
5~a! shows the variation forN53, a spin polarized state with
two ↑ and one↓ electrons. The two↑ electrons occupy the
-
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1s sates in dots 1 and 2, respectively, while the↓ electron
occupies the 1s state in dot 1. Consequently, the two electr
densities have a 1s type distribution in the two dots. The
electron densities in the interdot barrier region (z.6000 Å!
is small as the coupling of the 1s states is weak for this value
of Vt. However, asN increases the stronger electron-electr
interaction induces a lowering of the barrier, an increase
the leakage of the wave functions, and an increase in
electron densities, in the barrier. This is seen in Fig. 5~b! for
N55; the dot is still spin polarized with three↑ and two↓
electrons. The two↓ and two ↑ electrons occupy the 1s
states of dot 1 and 2, respectively, while the third↓ electron,
occupies thepz-bonding state that gives the jagged profile
the↓ electron concentration as seen in the figure. Figure 5~c!
shows the variation forN58. This is a spin unpolarized stat
with four ↑ and four↓ electrons. These fill completely th
two 1s states in dots A and B and thepz state. Hence, the
two (↑ and↓) distributions look identical.

FIG. 5. The variation of the electron spin↑ ~solid! and ↓
~dashed! densities at the GaAs/Al0.27Ga0.73As interface along the
length of the double dot for~a! N53, Vback50.9786 V, ~b! N
55, Vback50.9808 V, and~c! N58, Vback 50.9839 V. Resolution
of spin is confined to the dot region only, i.e., 3000 Å<z< 9000
Å. The tuning voltageVt520.60 V.
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It is also seen in Fig. 5 that the peak electron densi
decrease with increasingN. This apparent anomaly is cause
by an increase in the volume of the dot that accompanie
increase inN. As a result, the width of the electron densi
peaks broadens while the peaks lower which is seen m
clearly where the electron density~along they direction!
peaks about 400 Å away from~not shown! rather than at the
heterointerface.

Figure 6 shows the variation of the effective potent
energy for the up and down spin electrons at
GaAs/Al0.27Ga0.73As interface forVt520.60 V, along thez
direction, forN53, 5, and 8. The profile forN50 is similar
to that shown in Fig. 2 but the height of the interdot barrie
lower at 3 meV. In a spin polarized state the effective pot
tial for ↑ electrons is different from that for the↓ electrons,
sincemxc(r ) for each of them is different. In theN53 case
shown in Fig. 6~a! the higher↑ density leads to a large
mxc

↑ (r ), which, being attractive, lowers the net electro
electron interaction energy. This also leads to the inter

FIG. 6. The variation, alongz, of the effective potential energy
at the GaAs/Al0.27Ga0.73As interface for the spin↑ ~solid! and the↓
~dashed! electrons for~a! N53, Vback50.9786 V,~b! N55, Vback

50.9808 V, and~c! N58, Vback50.9839 V. The tuning voltage
Vt520.60 V.
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barrier seen by the↑ electrons to be slightly higher than tha
seen by the↓ ones. WhenN increases to 5, as in Fig. 6~b!,
the large↑ density in the barrier region and the resultin
mxc

↑ (r ) leads to a drastic reduction in the barrier height. T
potential energy profile for the↑ electrons then resembles
single large dot, instead of a coupled dot. In contrast, for
↓ electrons whose density in the barrier is small the poten
energy is characteristic of a coupled-dot system. With a f
ther increase inN to 8 ~four each of↑ and↓ electrons!, as in
Fig. 6~c!, the profiles for the↑ and↓ electrons are identical
The interdot barrier separation is extremely small and
barely noticeable in the figure. A feature that is evident
Figs. 6, typical of electrostatically defined dots, is the d
crease in confinement with increasingN. The effective bar-
rier at the source and drain ends decreases from. 15 meV
for N50 to about 9 meV forN58.

The variation of interdot coupling by varyingVt is com-
parable to the vibration of a diatomic molecule. Weak co
pling ~a large negativeVt! is comparable to the situatio
wherein the distance between the atoms is large, and st
coupling when the distance is a minimum. Thus by varyi
Vt the level crossing as a function of separation between
artificial atoms in the molecule can be studied. From
Coulomb staircase diagrams of Figs. 4~a! and 4~b! and the
ensuing discussions it is seen that a lowering of the inter
barrier results in a reordering of the single-particle leve
thereby transforming the doubledot~for N58) from a spin
polarized to an unpolarized state. The variation of total s
with the number of electrons in the dot in the weak (Vt

520.67 V! and strong (Vt520.60 V! coupling regimes is
illustrated in Fig. 7. For weak coupling the total spin of th
dot increases in steps of\/2 betweenN55 andN58 as the
px andpz states in dots 1 and 2 get charged with an elect
each of↑ spin, which is an illustration of the familiar Hund’
rule in atomic shell filling. For strong coupling such a sp
polarization of the dot is precluded by a lifting of degenera
of the px and pz states, and the total spin is never grea
than\/2. We would like to draw attention to the fact that fo
Vt 520.67 V the total spin is seen to be\ for N52 ~Fig.
7!. This, however, does not imply that the double dot is s
polarized, but rather that since the dots are electrostatic
decoupled the spins of the two electrons are not correlate
any way. Though in reality there may be a weak interact
between the two electrons, such an interaction is not obs
able within the resolution of our model, and our choice of t
two electrons being of parallel spin is incidental.

FIG. 7. Variation of the total electron spinS in the double dot
with N for Vt520.67 V ~solid line! Vt520.60 V ~dashed line!.
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V. CONCLUSIONS

We have investigated the electronic properties of
double-dot system by considering a spin dependent m
under the local spin density approximation~LSDA!. We ob-
serve that an increase in the interdot interaction caused b
increase in the coupling strength leads to a splitting of
conductance peaks. We also observe that for a fixed inte
coupling strength, an increase in the number of electron
the system leads to an increase in the separation betwee
split peaks due to an increase in electrostatic coupling; th
are in good agreement with experiments. Furthermore,
have demonstrated the possibility of changing the total s
of the double-dot system by varying the interdot coupli
N.
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strength. For an eight electron system, we observe that in
weak interdot tunneling regime the system prefers a s
polarized ground state with four electrons occupying deg
erate single particle states; but as the tunneling strength
creases the reordering of energy levels removes the de
eracy and the system switches to a spin unpolarized sta
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