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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 Wetugh[Phys. Rev. Lett75, 705(1995)].

Also, the coupled dot system shows spin polarization for higher number of electrons in theldeto Hund’s

rule. For strong coupling, we show that coherbahdingandantibondingstates 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. [S0163-182809)05435-1]

. INTRODUCTION activation-energy approach. Staffoet al'? and Klimeck

Physical properties such as three-dimensional electrost al® have used a Mott-Hubbard approach with and with-
confinement, energy quantization, and shell structures, typieut interdot capacitances to determine the many-body wave
cal of atoms, can now be realized in ultrasmall semiconducfunction for an array of dots. More recently Goldenal 4
tor structures called quantum ddt3D’s). The ability to ob-  have studied the problem of Coulomb blockade peak split-
serve such atomic phenomena that occur naturally on théng in the weak and strong coupling limits to explain the
scale of a few A in manmade nanostructures with feature sizexperimental data in Ref. 5. The present work is motivated
of a few hundreds or thousands of angstroms has resulted by the following factors.

a flurry of experimental and theoretical investigations of (1) The need to treat the problem self-consistently since
QDs in recent years. Motivation for such studies has riserthe distortion of the confining potential and the weakening of
largely from a need to study fundamental electronic properconfinement are both significant as the charge in the dot
ties, but also increasingly from the possibility of making ul- increase$>* The latter effect is particularly critical in elec-
trasmall memoriésand high efficiency laserfsLately, atten-  trostatically confined dots.

tion has been focussed on arrays of quantum dots coupled (2) The need to consider explicitly the electron spin. This
through tunnel junction®=® Their appeal stems form the is necessitated by the findings of Taruataal. in gated ver-
many features they share with molecules. Just as in moltical quantum dots which established that shell filling in QDs
ecules electron states can couple forming covalent states thiat governed by Hund’s rules just as in atoms. Some recent
are delocalized over the entire array making possible for atheoritical investigations of Leet al,!’ Fonsecaet al.'®
occupying electron to tunnel between the various dots withWojs et al.'® and Koskineret al?® have studied spin effects
out being localized to any’ Thesebonding statesire lower  in LSDA in single QDs. To our knowledge, rigorous calcu-
in energy than the constituent dot states by an amount that lgtions based on a spin dependent model of double QDs have
equivalent to the binding energy of the molecule. Hence aot been done so far.

two-dot system may be compared to a diatomic molecule. (3) The experimental results of Waugt al® on the con-
Such artificial molecules provide an advantage in that theluctance of electrostatically confined double and triple dots
number of electrons in the coupled dot, equivalently the conin the weak and strong tunneling regimes. The splitting of
stituent “atoms” in the periodic table, may be varied by conductance peaks that increased with the interdot tunneling
varying an external potential. Different molecular analogsstrength coupling, establishes the fact that the splitting is
can be realized by varying the size of the dots, simultaproportional to the energy of interaction between the dots.
neously or independently, and their number of electronsAnother feature though weak but clearly visible in their re-
Furthermore, the vibrational motion of a molecule may besults[Figs. 2a), 2(b), and Zc) in Ref. 5 is the increase in
simulated by driving such an array between weak and stronthe separation of the successive split peaks for a constant
tunneling regimes. tunnel conductance.

The volume of experimenta® and theoretical In the present work, we focus on a system of two similar
work®19- on coupled dots has been growing in recentdots whose dimensions are such that the electron-electron
times. In particular, Ruzinet al!' studied the Coulomb interaction energy is comparable to the single-particle energy
blockade structure for two nonidentical dots using thelevel spacingAE. The number of electrons in the dot, N, is
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Al .Ga 7As followed by a 125-nm layer of undoped GaAs
and finally an 18 nm GaAs cap layer. The cap layer is uni-
formly doped to 5<10%m 2 so that the conduction band
A edge is just above the Fermi level at the GaAs-cap layer-
undoped GaAs boundary. The inverted heterostructure is
grown on a GaAs substrate and charge control is achieved by

Viack v varying the voltage on the back gatg,,. We assume a
s Metal Gate negligible voltage drop across the substrate, hence we apply
s undoped Al,Gar_,As Vpack directly to the bottom of the Al:Ga,/As layer. The
— ::dg';:’s Galls two dots are defined by energizing the ten metallic gates

shown in Fig. 1b), with the coupling between them varied

by means of the voltag¥; on the tuning gates. Electron

b) Tuning Stubs V; charging of the two dots is possible through tunnel injection

X from the adjacent two-dimensional regions through the
35-nm opening between the opposite stubs.

1850 A
z I1l. MODEL

We solve the single-particle effective-mass Sclimger
and Poisson equations self-consistently in the entire dot
structure. The Schrobinger equation is three dimensional in
the central double-dot region and one dimensional in the
adjacent source and drain. The many-body effects are in-

FIG. 1. The double dot systerta) Layer structure of the double ~cluded under the spin-dependent LSDA. This method, which
dot, (b) Schematic representation along the plane. The gate stub iS an improvement over the previous spin independent LDA
voltage= — 1.2 V; gate pad voltage —0.40 V. approache$®?2-24has been used successfully to investigate

spin dependent effects in QDs such as Hund'’s rules in shell
restricted to very low values, a situation comparable to dilling.*"*® Hence the implementation of a spin-dependent
light molecule such as H-H or Be-Be. We investigate thescheme involves solution of the Schinger equation
electronic properties of the coupled-dot system by solvingwice—once for each of the spins, up)(and down (). The
self-consistently the Schdinger and Poisson equations on arespective Hamiltonians are identical in all respects except
three dimensional grid. The electron spin has been consider the exchange-correlation potentjaj{" which as param-
ered explicitly under the local spin density approximationetrized by Ceperley and Ald€ris given by
(LSDA) in the density functional theo’}. From our inves-
tigations we find that in the _vveak tunneling regime, charging T(U_d(nexc[n,g])
of the two dots can occur simultaneously, but\agcreases Mxc —W
this simultaneous charging is terminated because of the in-

crease in the Coulomb repulsion energy. We also find thafheree, [n, ¢] is the exchange-correlation energy as a func-
for eight-electrons in the double-dot—a situation similar to &y, of the total electron density(r) [=n'(r)+n’(r)] and

Be-Be molecule—the ground state of the system is spin pPOga fractional spin polarizationr=(n'—n')/n. The ex-

!ariﬁed in the Weakl_tunneling regime while it is unpolarized change portion ok, [n,¢] is simply a sum of terms for up
In the strong tunneling regime. and down spins

In the following section we state the motivations and
scope of the present work. In Sec. Il we describe the dot 3/3 3
structure. In Sec. Il we describe briefly the methods used to &[n,]=- —(—n(r)) [1+f())], 2
solve the Schmdinger and Poisson equations, and the crite- 4\m
rion used to determine the charge degeneracy points. In Se\?rhere
IV we present our results on the electronic properties of the
system and show qualitative agreements with the experi-
ments of Wauglet al> We also show that for weak interdot f()=
coupling with eight electrons in the artificial diatomic mol- 2
ecule, the system favors a spin polarized state which rever
to an unpolarized state as the coupling is increased. Finall
in Sec. V we summarize our findings.

2350 A 2350 A
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che correlation term is calculated using the same parametri-
Yation as the LDA(Ref. 16 but interpolating between the
results of a spin-polarized and unpolarized free electroffgas
depending on the spin polarization in the dot.

Il. DOT STRUCTURES Therefore, the Hamiltoniakl () for the spin(]) elec-

— . trons,
The layered structure, shown in Fig@al, consists of an

inverted GaAs/A Ga, -As heterostructure which confines 52
the electrons to a 2D gas at the interface. In our model, the AT =— —
simulated structure consists of a 22.5-nm layer of undoped 2

VI+EdN+u PNl @

m*(r)
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wherem* (r) is the position dependent effective mass of the The Schrdinger equation is solved using the iterative ex-
electron in the different material&.(r)= ¢(r)+AE,s, is  traction orthogonalization methadEOM), wherein a func-
the effective conduction band edge, whef) is the elec- tional of the Hamiltonian is applied to a guess eigenstate
trostatic potential AE, is the conduction band offset. The iteratively to extract the ground state of the operafor.

3D Poisson equation for the electrostatic potengigr)  Higher states are extracted by repeating the procedure for
reads several initial guess states and orthogonalizing all the result-

ing states after each iteration of the Salirmer equation.
The Poisson equation is solved by combining a Newton’s
VIe(r)Ve(r)]=—p(r), (5 technique with successive over relaxation method. The main
advantage of using this method is that an arbitrary number of
where the charge density(r) is given by e[p(r)—n(r) eigenstates can be obtained without involving huge compu-
+Ng(r)—Nx(r)]. Here,e(r) is the permittivity of the ma- tation time and memory resources. S
terial and is a function ofy— only throughout this work, Single-electron chargingA QD system that is in diffu-
p(r) is the hole concentratiom(r), the total electron con- SIV€ isolation from its environment contains an integer num-
centration ancN;(r) and Ny () are the ionized donor and ber of electrons at equilibrium. The exact numbgy, for a

. . . iven external potential minimizes the total energy of the
acceptor concentrations, respectivel (r) is relevant only g b gy

. X . T ystem. Electrostatically confined dots, like the present one,
in the region outside the quantum dot—the dot region ItseI@annot be in diffusive isolation since they have to be con-

being undoped or very slightly doped—and is a function of nected to their outside environment to facilitate charge injec-

the position of the Fermi level with respect to the conductionijon into the system. However, at low temperature and low

band.N, (r) is neglected as we have onfytype regions in N, the electrons occupy the lowest single particle states

our structure. In reality, though, the undoped regions usuallyvhich are well confined to the dot thereby achieving diffu-

contain a residual acceptor concentration of abodtchd 2 sive isolation.

when structures are grown by molecular beam epitaxy The determination oN., can be done by minimizing the

(MBE). However, this can be neglected as it is many order$ibbs free energy (N) for various values oN.!® This re-

of magnitute smaller than the electron densities encountereguires the computation of the partition functi@giN) from

in this problem. For similar reasons, the hole dengity) the grand canonical ensemble for the whole system, i.e.,

may also be neglected. The electron concentrations for eadiectrons and their environment—a computationally expen-

spin in the dot are calculated from the wave functions ob-Sive method. Due to its elegance and simplicity in implemen-

tained from the respective Scldinger equations, i.e., tation we prefer to use Slater's transition fiile

n'A(ry=2| ¢! (r)|2, while for the region outside the dot 1 1

a Thomas-Fermi distribution is used, i.e., the electron density Eq(N+1)—E{(N)= f € ao(N)dn= 6LAO(§> , (6

is locally a function of the position of the Fermi level with 0

respect to the conduction band edge as opposed to thosewhere E1(N) is the total energy of the dot fd¥ electrons

the dot which are calculated from the occupation of theande o is the lowest available orbital. The above equation

quantized 0D eigenstates. The relevant expressions(for  gives the addition energy, i.e. the energy required to add an

andNy may be found in Ref. 27. electron to a dot containiniyl electrons, in terms of a tran-
The various gate voltages¥g.e Vi and those on the sition state which is defined as a state containihg 0.5

metallic pads and stubs—determine the boundary conditionslectrons. While théN electrons occupy the lowebt single

for the Poisson equation. Specifically, Dirichlet conditionsparticle states, the 0.5 electron occupies the lowest available

are imposed on the top and bottom surfaces of the dot strusingle particle states po. Ngq is determined by whether

ture by defining the poteptiazt(r) to pe¢m( r)+Veyt .where €Lao(3) is positive Noq=N) or negative Neg=N+1). The

ém(r) denotes the Fermi level pinning at the semiconductoly _, N+ 1 transition points are determined by populating the

surface andV,,; the external gate potential. For the lateral system with N+0.5 electrons and varying/pae until
surfaces Xy plane in Fig. 1 vanishing electric fields are

assumed. This is justified by the fact that these lateral boun
ary surfaces are far enough from the dot for the electric field
to have vanished.

Solution of the Schidinger and Poisson equations pro-
ceeds by solving the Schitimger for both spins, calculating
the respective electron densities and exchange correlation
potentials, solving the Poisson equation to determine the po-
tential ¢(r) and repeating the sequence until the conver- Figure Za) shows the total electrostatic potential for the
gence criterion is satisfied. This occurs when the maximunempty double-dot in the plane of the hetero-interfaceVor
difference in eigenenergies between two successive iterations —0.67 V. The two dot regions are visible as depressions in
(for both sping is less than 10° eV, and the global residual the region 4000 A<z<8000 A and 2500 A<x<4200 A .
of the Poisson’s equation, the difference between the righThe potential in the dots are parabolic at low energy as seen
and left hand terms of E45) summed over all grid points, is more clearly in Fig. &), which shows the potential alormy
less than 10 Vcm™2. The latter criterion results in a poten- the direction of coupling of the two dots for two values of
tial whose variation between successive iterations is less thaw,. For V,=—0.67 V, therafter referred to as the weak-
10 ® V, which is of sufficient accuracy as it is much lower coupling regime, the interdot barried\§; in Fig. 2) is 4
than kkT(=2Xx107° eV). meV, while forV;=-0.60 V, i.e., the strong coupling re-

OE_LAO(%) is just negative. It must be noted that the approxi-
fnation made in Eq(6) is valid only if €, 5o Vvaries linearly
with N. Calculations of Fonseazt al® have established the
validity of the approximation in self-assembled quantum
dots.

IV. RESULTS
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gime, the interdot barrierXgg in Fig. 2) is reduced to 3
meV. The entire double-dot, as seen, is bounded by 14 meV
tunnel barriers at the source and drain ends. Confinement
along the verticaly, direction is provided by a combination

AR

_ QO of the band offset of 255 meV between the GaAs and
E’-ﬂm o §\\\\\\\§\\\\\\\\\\§ Alp Ga 7As and a large vertical electrostatic field, =35
pETANS ’ii;/; ¢ kV/cm, in GaAs. This results in the separation between en-
5-000 0'////////"' . ergy levels along of 30—40 meV, much greater than that in
i’ 1000 %&gll//}}” i L thex-z plane which is of the order of 1 meV. This large level
2000 %%f/,fﬁ/ﬁ/l/////}'// o0 separation results in only the ground sté&itong they direc-
3000 ///?/Z,::’//:;Z//,/Zl'# o0 tion) to be occupied at low temperatures. All the results
000 //'o:o" - present correspond t6=0.25 K.
q Figure 3 shows the schematic of the lowest four states
. o with their wave functions in the double dot fof=—0.67 V
(@) X (A) o o0 zZA) andV,=—0.60 V. For both values 0¥, the ground state in
: : : : the individual dots is & type, and form a degenerate pair.
2 L Agr = 4.0 meV i However, the first excited states, which grgand p, like,
Ago = 3.0 meV are degenerate for weak coupling, i.e/,=—0.67 V,
16 whereas for strong couplingV(=—0.60 V), the p,-like

states couple to form symmetribonding and antisymmet-
ric (antibonding states which are lower in energy than the
p,-like states as seen in Fig. 3. This reordering of the states
has an important bearing on the spin-polarization of the
double-dot system, as shall be fully explained later.
Figure 4a) shows theCoulomb staircasendicating the
variation of the number of electrons in the dot witl,. at
0 2000 4000 6000 8000 10000 12000 \./t=—.0.67. V. FOrVpaa=0.9769 V, € 40(0.5) is just nega-
tive, implying that the dot can accept one electron in the
(b} Z(A) lowermost 1s state. At this point no distinction is made as to
FIG. 2. Potential profile for the empty double d@b in the =~ Whether dot 1 or dot 2 or both are occupied since, in our
plane of the heterointerfad®) alongz in the weak(dashed ling model, the two dots are identical from the electrostatic and
V,=—0.67 V, and strongsolid line), V, =—0.60 V, coupling re- quantum mechanical points of view. The dots are decoupled
gimes. The corresponding interdot barriets; and A4y, are seen quantum mechanically since the leakage of the vlave
to be 4 and 3 meV, respectively.

Energy (meV)
n
=

X
Z

Energy Levels Dot 1 Dot 2 Energy Levels Dot 1 Dot 2

Eo,Eo . . 1s Eo, Eo . . 1s
— E2 Ce® @<  pz Bonding State
Ei,Eq (%. (%. Pz;Px — E3 C@® Ce® pz Anti-Bonding State

E4 8 8 px

Weak Coupling V;=-0.67V Strong Coupling V;=-0.60V

FIG. 3. Schematic representation of the lowest six states in the empty double dot in the Weak Q.67 V) and the strong \(;
=—0.60 V) interdot coupling regimes. In the former thg andp,-like states are shown together since they are degenerate within each dot
and are decoupled from the corresponding states in the other dot. The reordering of these single-particle states due to increased interdot
coupling is also seen. The shaded areas denote the positive portion of the wave functions. Shaded areas indicate a positive value of the wave
functions.
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14 splitting of the states caused by the nonisotropicity of the

two-dimensional parabolic confining potential in thez

] plane is very small £10°° eV). Though either of the two

states could be occupied we choose to occupypthstate

since it is slightly lower in energy than the, state by

] =10"° eV. Even though the leakage of tpe state into the

interdot barrier is greater than that of the &tate, it is still

not coupled to the correspondiipg state of the adjacent dot

7 to form a bonding state. Consequently, charging of the two

p, states proceeds in the same manner as done foNthe
=2 toN=3 andN=3 to N=4 electrons. The charging of

0 ) ) ) ' ' the dot with the fifth electron occurs &ft,,q=0.9832 V,

10 0976 01‘978 0‘9|8 0’98? o.gstt 0.986 ‘ 0988 099 where we choose to occupy tipg state of dot 1 with arf

electron. Subsequent occupation of thestate of dot 2 with

12 |

10 L

Number of electrons (N)

8l b) i an 7 electron N=5 to N=6 transition occurs atVpa
=0.9833 V, the 0.1 mV increment M, being required to

6L i overcome the Coulomb repulsion due the fifth electron. It
must be noted that the sixth electron occupymgstate in
dot 2 is also of] spin, which makes the double-dot spin

41 . . . . T X
polarized. This configuration is energetically favorable due
to the attractive nature of the exchange interaction between

2r i the two T electrons in thep, states of dots 1 and 2. The
unpolarized configuration, where the sixth electtonthe p,

0 : : : ’ : state of dot 2is of spin| is less favorable and occurs at a

0974 0976 0978 0.98 0.982 0.984 0.9 slightly higher valueVy,e (0.98335 \f [dashed curve in Fig.

Viaer (V) 4(a)]. Likewise, occupying the, state of dot 1 with a spif
electron, thereby increasingito 7, occurs at a lower voltage
FIG. 4. Coulomb staircase diagram f@ V,=—0.67 V. The than occupyingp, state of dot 1 with @ electron or com-
transitions that do not follow Hund's rule are shown in dashed pletely filling thep, state of dot 1. This is a demonstration of
lines. (b) V;=—0.60 V. the familiar Hund’s rule whose applicability has been re-
ported in single quantum dot&!’ Similarly the eighth elec-
functions into the adjacent dot is negligible, and electrostatitron of T spin occupies thep, state of dot 2 atV,q
cally since the distance between the two electron distribu=0.9848 V, requiring a 0.1 mV increment W, after p,
tions is large. The resulting Coulomb repulsion, screened bgtate in dot 1 has been occupied. As before, this 0.1 mV
the high dielectric constant of GaAgd.as— 13.2), is negli-  increase iV, is required to overcome the Coulomb repul-
gible, or at least weak enough to be overcome by less thasion due to thep, electron in dot 1. The double dot at this
0.1 mV change iV, (which is the minimum increment in  state is spin polarized with 6 and 2| electrons. The ninth
Vpack considered in this wopk Thus both dots can be through twelfth electrongof | sping now complete the par-
charged simultaneously with an electron each, resulting in tially occupiedp, and p, states in dots 1 and 2, &,
jumping from zero to two. Also, the orientation of the indi- =0.9868 V, 0.9870 V, 0.9881 V, and 0.9883 V, thereby
vidual spins of the two electrons does not matter; we chooseeverting the double dot to a zero spin state. A feature that is
both electrons to bé. This simultaneougdouble charging  conspicuous over thd=9 to N=12 range is the increasing
persists as long as the two dots are isolated. However, anteraction between the electrons occupying similar single-
VypackiS increased to 0.9804 V, when the next charge degerparticle states in the two dots, as evident in the 0.2 mV
eracy point occurs, even though dots 1 and 2 are identical imcrement inVpaq for N=9—N=10 (| electrons in thep,
all respects only one of them can be chargeidh a | elec- states of dots 1 and)2ndN=11—N=12 transitions, com-
tron) but not both. This is due to the fact that charging, saypared to the 0.1 mV increment for tié=5—N=6 andN
dot 1 first increases the total Coulomb repulsion experiencee: 7— N=8 transitions. This is a consequence of increasing
by the incoming electron to dot 2, i.e., electrostatic couplingleakage of the wave functions into the adjacent dot and the
is established between the dots prior to any appreciableenter of the charge distributions in the two dots moving
guantum mechanical coupling. Overcoming this repulsion retowards each other.
quires a 0.1 mV increment ¥y, resulting in the termina- Experimental investigations of Waugt al® on arrays of
tion of double charging, and is evident as a narrow step fotwo and three coupled dots confirm our findings. At very low
N=3. At V= 0.9805 V, dot 2 also can be charged with avalues of the interdot tunneling conductar®g,, they ob-
| electron increasin@\ to 4. At this point the double-dot is serve thedouble chargingeffect which is terminated a5 g4
spin unpolarized and theslground states of both the dots increasegFig. 2 in Ref. §. This is manifested as a splitting
are completely filled with two electrong () each. of each conductance peak in tWfor a double datwith the
The next available state for occupation are pheand py separation between them being proportional to the interac-
states in each of the dots which are above the ground state lipn energys and increasing witlG,4. Another feature that
= 1 meV. These states are almost degenerate; the slighg clear in their resultfFigs. Z2a), 2(b), and Zc) in Ref. 5 is
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that even for a fixeds 44 the splitting of peak pair increases 9
for largerN. From our investigations we attribute this behav- A a)
ior to the increased electrostatic interaction between the two 6 L

dots asN increases, as explained in connection with the
charging ofN=3 andN=4 electrons. However, a5 44 is
increased quantum mechanical coupling also contributes to
the increased splitting as shall be explained below in relation
with Fig. 4(b). For instance, in Fig. @) of Ref. 5, the split- 3r
ting of the peak is barely discernible about the gate voltage r ]
of —1.07 V, but is more pronounced at1.05—1.04 V. TF 1
Figure 4b) shows the Coulomb staircase diagram ¥qr
=—0.60 V. The interdot coupling in this case is stronger
than in the previous oneV{ =—0.67 V), which enhances
the leakage of the d states into the interdot barrier, thereby
increasing quantum mechanical as well as electrostatic cou-
plings between the dots. The increase in electrostatic cou-
pling between the dotgsquantum-mechanical coupling, al-
though present is still negligible fos state$, expectedly,
terminates double charging and charging proceeds sequen-
tially from N=1 (Vp,q=0.9752 Vj to N=2 (Vpaek
=0.9754 \j. The increase in interdot electrostatic interaction
is evident from the 0.2 mV increment required to charge dot
2 with | electron after dot 1 has been charged withfan
electron. This increment iV, as may be observed from
Fig. 4(a), is more than the interaction between the third and
fourth electrons that go to complete the 4tates in dots 1
and 2 forV,= —0.67 V. TheN=2—N=3 transition occurs
at Vpaa=0.7586 V and theN=3—N=4 transition, at
Vpaa=0.9788 V. The four electrons occupy the twe 1
states in dots 1 and 2. The, states which are the lowest
available for occupation couple strongly to form symmetric
and antisymmetric states akin twnding and antibonding
states in molecules. A consequence of strong interdot cou- ‘ . . .
pling is that for states including, and higher states, the 4000 8000 12000
double dot appears as a single dot about twice as long along Z (R
the z direction as along thg direction. These lead to a reor-
dering of states in the eigenenergy spectrum, as the states FIG. 5. The variation of the electron spih (solid) and |
with increasingn, (number of nodes along thedirection  (dashed densities at the GaAs/fb/Ga s As interface along the
get closer and move below the, state. Thus, the fifth length of the double dot fofa) N=3, V,=0.9786 V, (b) N
through eighth electrons occupy sequentially phéoonding =9+ Voack=0-9808 V, andc) N=8, Vi, =0.9839 V. Resolution
and antibonding states. This is to be contrasted with the pa@ SPin is confined to the dot region only, i.e., 3000<fz= 9000
tial filling of p, and p, states, forV,=—0.67 V, by fifth A. The tuning voltage/; = —0.60 V.
through eighth electrons which create a spin polarized state
with a net polarizatiors= 24%. It is thus clear that an increase 1s sates in dots 1 and 2, respectively, while thelectron
in the interdot coupling drives the double dot from a spinoccupies the 4 state in dot 1. Consequently, the two electron
polarized to an unpolarized state. Also the Coulomb staircaséensities have asltype distribution in the two dots. The
steps assume a more uniform width fdt>4 as charging electron densities in the interdot barrier regiaa=G000 A)
proceeds similar to a single QD. is small as the coupling of theslstates is weak for this value
A complete transformation of the two-dot system into aof V,. However, as\ increases the stronger electron-electron
single large dot requires a de-energizing of the tuning gatesnteraction induces a lowering of the barrier, an increase in
i.e., V;=0 V, a case that has not been considered in thishe leakage of the wave functions, and an increase in the
work. However, from the cases considered so far, it can belectron densities, in the barrier. This is seen in Fig) for
extrapolated that the separation of the peaks would be maxN=>5; the dot is still spin polarized with three and two |
mum and equal te/C+, whereCy is the capacitance of the electrons. The two and two 1 electrons occupy the sl
single large dot. This corresponds to the case in Fid). & states of dot 1 and 2, respectively, while the thjrdlectron,
the work of Waugtet al® occupies the,-bonding state that gives the jagged profile to
Figure 5 shows the variation of the sginand | electron  the| electron concentration as seen in the figure. Figcg 5
densities at the GaAs/fMGa7As interface for V, shows the variation foN = 8. This is a spin unpolarized state
=V—-0.60 V, along the direction forN=3, 5, and 8. Figure with four T and four| electrons. These fill completely the
5(a) shows the variation fo = 3, a spin polarized state with two 1s states in dots A and B and thg, state. Hence, the
two T and one| electrons. The twd electrons occupy the two (T and|) distributions look identical.
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.26 Number of electrons, N
0 ' '4000 ' Laooo ‘ 12000 FIG. 7. Variation of the total electron sp®in the double dot
-14 . . . . with N for V,=—0.67 V (solid line) V,;= —0.60 V (dashed ling
% -18 barrier seen by thé electrons to be slightly higher than that
E seen by thel ones. WherN increases to 5, as in Fig(l§,
% the largeT density in the barrier region and the resulting
§ -22 ,uj(c(r) leads to a drastic reduction in the barrier height. The
W potential energy profile for thé electrons then resembles a
single large dot, instead of a coupled dot. In contrast, for the
26 | electrons whose density in the barrier is small the potential
: : : : : energy is characteristic of a coupled-dot system. With a fur-
0 4000 8000 12000 . . .
A7 . . K ‘ , ther increase i to 8 (four each off and| electrons, as in
L ) Fig. 6(c), the profiles for thel and| electrons are identical.
i | The interdot barrier separation is extremely small and is
20 | ] barely noticeable in the figure. A feature that is evident in
. Figs. 6, typical of electrostatically defined dots, is the de-
3 crease in confinement with increasihg The effective bar-
23 | 1 rier at the source and drain ends decreases froitb meV
for N=0 to about 9 meV foN=8.
- ] The variation of interdot coupling by varying; is com-
26 1 ] parable to the vibration of a diatomic molecule. Weak cou-

pling (a large negativeV;) is comparable to the situation
wherein the distance between the atoms is large, and strong
coupling when the distance is a minimum. Thus by varying

FIG. 6. The variation, along, of the effective potential energy Vi the level Cros,smg as a function of separatiqn between the
at the GaAs/A| ,Ga, -As interface for the spift (solid) and the| artificial atoms in thg molecule can be studied. From the
(dashedl electrons for(@) N=3, V.= 0.9786 V,(b) N=5, V,.c  COUlOMD staircase diagrams of Figsayand 4b) and the
=0.9808 V, and(c) N=8, V,,4=0.9839 V. The tuning voltage €nsuing discussions it is seen that a lowering of the interdot
V,=—-0.60 V. barrier results in a reordering of the single-particle levels,

thereby transforming the doubledgdor N=8) from a spin

It is also seen in Fig. 5 that the peak electron densitie®olarized to an unpolarized state. The variation of total spin
decrease with increasirg This apparent anomaly is caused With the number of electrons in the dot in the wea¥ (
by an increase in the volume of the dot that accompanies aff —0.67 V) and strong V;= —0.60 V) coupling regimes is
increase inN. As a result, the width of the electron density illustrated in Fig. 7. For weak coupling the total spin of the
peaks broadens while the peaks lower which is seen morgot increases in steps 612 betweerN=5 andN=8 as the
clearly where the electron densitplong they direction px andp, states in dots 1 and 2 get charged with an electron
peaks about 400 A away frofmot shown rather than at the each of{ spin, which is an illustration of the familiar Hund'’s
heterointerface. rule in atomic shell filling. For strong coupling such a spin

Figure 6 shows the variation of the effective potentialpolarization of the dot is precluded by a liting of degeneracy
energy for the up and down spin electrons at theof the p, andp, states, and the total spin is never greater
GaAs/Ab 2/Ga 7As interface forVi=—0.60 V, along the  than#/2. We would like to draw attention to the fact that for
direction, forN=3, 5, and 8. The profile foN=0 is similar v, = —0.67 V the total spin is seen to Befor N=2 (Fig.
to that shown in Fig. 2 but the height of the interdot barrier is7). This, however, does not imply that the double dot is spin
lower at 3 meV. In a spin polarized state the effective potenpolarized, but rather that since the dots are electrostatically
tial for 1 electrons is different from that for thg electrons,  decoupled the spins of the two electrons are not correlated in
sinceu,(r) for each of them is different. In th=3 case  any way. Though in reality there may be a weak interaction
shown in Fig. @a) the higher] density leads to a larger between the two electrons, such an interaction is not observ-
wi(r), which, being attractive, lowers the net electron-able within the resolution of our model, and our choice of the
electron interaction energy. This also leads to the interdotwo electrons being of parallel spin is incidental.

0 4000 8000 12000

Z (A
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V. CONCLUSIONS strength. For an eight electron system, we observe that in the
weak interdot tunneling regime the system prefers a spin
olarized ground state with four electrons occupying degen-
rate single particle states; but as the tunneling strength in-
creases the reordering of energy levels removes the degen-
2enracy and the system switches to a spin unpolarized state.

We have investigated the electronic properties of
double-dot system by considering a spin dependent mod
under the local spin density approximatittSDA). We ob-
serve that an increase in the interdot interaction caused by
increase in the coupling strength leads to a splitting of th
conductance peaks. We also observe that for a fixed interdot
coupling strength, an increase in the number of electrons in
the system leads to an increase in the separation between theWe would like to thank L. Fonseca and |. H. Lee for
split peaks due to an increase in electrostatic coupling; thesealuable discussions, and Y. H. Kim for making available
are in good agreement with experiments. Furthermore, wéhe LSDA subroutines. This work was supported by NSF
have demonstrated the possibility of changing the total spitiGrant No. ECS 95-09751. One of ¢S.N,) would like to
of the double-dot system by varying the interdot couplingacknowledge support from the Beckman Institute.
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