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A theoreti al study of
pair

orrelation has been performed for an ele tron

onned in a verti ally

oupled double quantum dot by a method,

whi h transforms the three-dimensional two-ele tron problem into the effe tive one-dimensional two-ele tron problem. We have found that the ele tron

orrelation

annot be negle ted at any interdot distan e and be omes

strong at large interdot distan es.
PACS numbers: 73.21.b

A quantum dot (QD) is a physi al obje t of the nanos ale size, in whi h
we

an manipulate with the ele troni

properties.

orrelation is an example of su h ee t, whi h
by

The ele tronele tron

an be arti ially

hanged

hanging the QD parameters, e.g., the dot size and interdot separation.

The present paper is devoted to a theoreti al study of the
two-ele tron system
We

onned in the

onsider the verti ally

ylindri al shape, whi h
two QD's are

orrelation in the

oupled QD's.

oupled double QD in the nanodevi e [1℄ with a

onsists of GaAs, AlGaAs, and InGaAs layers. The

reated within the InGaAs layers. The

orresponding quantum

wells of 12 nm height and 300 meV depth are separated by by the barrier
with the varying thi kness
the

b.

In our previous paper [2℄, we have determined

onnement potential by solving the Poisson equation for the single

verti al QD [3℄. Based on the results of Ref. [2℄, we approximate the lateral
onnement potential in the QD by the harmoni
where

=

m! =

:

=

2 2 = 0 05 meV nm2 . The total

potential

V (r)

r2 ,

=

onnement potential is

z
x; y)

the sum of the double-well (triple-barrier) re tangular potential in the
dire tion ( ylinder axis) and the harmoni



potential in the transverse (
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dire tions. Thus, the one-ele tron wave fun tion

x; y; z ) =

an be separated as follows:

x; y)'(z ), where '(z ) is the solution of the one-dimensional
eigenproblem in the z dire tion and
1=2
2
2
(x; y ) = (2 = )
exp[
(x + y )℄
(1)
is the solution of the eigenproblem in the x
y plane, where = m!=2~.
(

(

If the two potential wells are separated by a su iently thi k barrier, i.e.,
the tunnel

oupling between the QD's is weak, the ele trons

with a high probability in dierent QD's.

Therefore, the

an be found

x; y-dependent

part of the wave fun tion is only slightly perturbed by the ele tronele tron
intera tion and the two-ele tron wave fun tion takes on the approximate

x ; y1 ; z1 ; x2 ; y2 ; z2 ) =

( 1

form

x ; y1 ) (x2 ; y2 )(z1 ; z2 ), where (z1 ; z2 ) is

( 1

the the eigenfun tion of the ee tive one-dimensional Hamiltonian

H (z1 ; z2 ) = T + V (z1 ) + V (z2 ) + U (z1
where

z2 ) + 2~! ;

(2)

T is the kineti -energy operator for the motion of two ele trons in the z
V (z ) is the double-well onnement potential. We have found a

dire tion and

useful one-dimensional approximation for the Coulomb intera tion between
the ele trons.
has been

For this purpose, the ee tive potential energy

U (z1

z2 )

al ulated as the average value of the three-dimensional Coulomb

potential with the use of wave fun tion (1) and integration over the

x; y

oordinates. The resulting ee tive ele tronele tron intera tion potential
energy

U (z ) = (e2 =4"0 "s )(

)

1=2

exp(

does not possess any singularity. In Eq. (3),

z 2 )erf ( 1=2 jz j)
"s is the stati diele

(3)
tri

on-

stant.
The eigenproblem of Hamiltonian (2) depends on the two variables only;
therefore, we
We will

an obtain its numeri al solution with an arbitrary pre ision [4℄.

all this solution exa t. The

orrelation energy,

al ulated as the

dieren e between the exa t ground-state energy and the

orresponding

energy estimate obtained by the restri ted HartreeFo k (RHF) method, is
displayed in Fig. 1(a) for the two lowest energy levels (singlet and triplet).

b < 2 nm) the

Fig. 1(a) shows that for the small barrier thi kness (
tion ee t is small. If, however,
orrelation energy
QDs the

b

orrela-

ex eeds 2 nm, the absolute value of the

onsiderably in reases and for the distin tly separated

onned ele tron system be omes strongly

orrelated. This strong

orrelation results from the interele tron intera tion indu ed breakdown of
the two-ele tron wave fun tion parity symmetry in the external

onnement

potential.
We have also performed the

al ulations with the use of the unrestri ted

HartreeFo k (UHF) method, in whi h ea h one-ele tron orbital is independently optimized for ea h spin state, whi h allows for a lo alization of
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Fig. 1. (a) Energy dieren e (
[UHF (solid



E

E)

UHF

RHF

between the exa t and RHF (dashed

urve)

urve)℄ results for the singlet and triplet states. For the triplet state

al ulated by both the methods is almost zero (horizontal line at zero energy).

(b) Contours of the two-ele tron wave fun tion plotted as fun tions of the ele tron
oordinates z1 and z2 (in nm) for the barrier thi kness b
left,

= 0 1 2, and 4 nm. The
;

;

entral, and right panel display the results obtained by the exa t, UHF, and

RHF method, respe tively.

ele trons in dierent QD's. We have found that the UHF method leads to
the

onsiderable improvement of the energy estimates with respe t to the

RHF results and reprodu es  to a large extent  the

orrelation ee t.

Fig. 1(a) shows that the UHF energy estimates are nearly exa t both for the
small and large interdot separations. Only for

b = 1  4 nm the error of the

UHF method is rather large. We note that  in this intermediate barrier-

thi kness regime  the external-potential symmetry of the wave fun tion is
broken due to the Coulomb intera tion.
In order to get more physi al insight into the ele tron

orrelation in the

QD's, we have plotted in Fig. 1(b) the

ontours of the two-ele tron wave

fun tion for dierent

orresponds to the single QD with

b.

The

ase

b=0

the two potential wells joined into the one potential well. In this single QD,
the maximum of the ele tron density is lo ated approximately at the dot
enter. However, due to the Coulomb repulsion the ele trons are lo alized
slightly apart. If the interdot barrier is introdu ed, the ele trons prefer to
be lo alized in dierent QD's. For

b = 4 nm the probability of nding both

the ele trons in the same QD vanishes.

On the

ontrary, the RHF wave

fun tions do not allow for this separation [ f. right panel in Fig. 1(b)℄. A ording to the RHF results, both the ele trons are spread over the two QD's
independently of ea h other.

The RHF wave fun tion is symmetri

with
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respe t to the inter hange of ele tron
agrees with the symmetry of the
interele tron

oordinates

z1 and z2 .

This symmetry

onnement potential, but prohibits the

orrelation to be properly in luded by the RHF method. The

breaking of the

onnement-potential symmetry by the Coulomb intera -

tion is the sour e of the strong ele tron

orrelation.

Fig. 1(b) shows that

the wave fun tions obtained by the UHF method mu h better reprodu e
the true ele tron distribution. We note that  in the UHF method  the
lo alization of the ele trons in dierent QD's appears with some delay if

b

in reases. Nevertheless, for large

b

the UHF wave-fun tion

ontours are

almost indistinguishable from the exa t ones.
In summary, we have proposed a method for solving the two-ele tron
eigenproblem in the

oupled QD's and found the ee tive one-dimensional

ele tronele tron intera tion potential, whi h allows us to redu e this problem to the exa tly soluble one-dimensional problem. We have shown that
the ele tron

orrelation be omes strong at large interdot distan es. We have

also found that the UHF method fairly well reprodu es the
fe ts.
as the

It is interesting that the

oupled QD nanostru ture

orrelated ele tron system, in whi h the

orrelation

orrelation efan be treated

an be tuned by

hanging the interdot distan e.
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