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Abstract. We present a simple solution to the problem of two interacting electrons confined
by a three-dimensional parabolic potential. The method relies on the diagonalization of the
Hamiltonian in reduced Hilbert space. The basis functions are the solutions of the centre-of-
mass motion and the relative motion of the two particles without Coulomb interaction. Since the
Coulomb interaction only affects the relative motion, the matrix elements of the Hamiltonian are
easily evaluated analytically. The numerical diagonalization is readily performed as only a few
basis functions are needed to obtain a good precision on the energy levels: six basis functions
ensure a precision better than 0.1% on the ground-state energy, while three basis functions are
enough to obtain a precision better than 1%. The results are analysed and compared to previously
published results. They are also used to evaluate the precision of a first-order perturbation
calculation for the Coulomb interaction and an approach based gréaapproximate interaction
potential for which there exists an analytical solution.

1. Introduction

In the last few years, there has been an increasing interest in the problem of quantum dots
containing a few electrons [1]. These few-body systems are very attractive since they show
properties that are strongly dependent on the number of electrons. They form the basis of
low-consumption and fast electronic and optoelectronic devices. We cite for example the
recent interest in single-electron-memory devices [2-4].

Most of the experimental and theoretical investigations in this field have focused on
guantum dots made out of laterally confined two-dimensional electronic gases. With the
rapid evolution of fabrication techniques, the interest in other types of quantum dots should
grow in the near future. The experimental investigations have allowed the characterization of
the energy level structure of a quantum dot [5-7]. Interesting phenomena like singlet—triplet
transitions have been observed on systems containing as few as two electrons [5].

From a theoretical point of view, these few-body systems represent a challenging
problem. The standard tools of the condensed-matter physicist like the many-body
techniques relying on Hartree or Hartree—Fock approximations are often not sufficient since
the exchange and correlation energies can be far from negligible [8]. A fully quantum
mechanical treatment is needed. In the general case, this requires numerical calculations
that can become quite time-consuming as the number of electrons grow.

There are, however, a few problems that can be solved easily. One is the problem of
two interacting electrons confined in a quantum dot defined by a three-dimensional parabolic
potential. This is a next-to-trivial problem. A two-electron system is obviously the minimal
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system for studying particle interaction. The parabolic potential can be considered as a
zeroth-order approximation of any isotropic confining potential. This simple problem is
nevertheless very useful since it allows the evaluation of the order of magnitude of many
parameters as a function of the localization of the electrons. Additionally, the solutions can
serve as a reference for estimating various approximation schemes or as a test case for more
elaborate numerical treatments.

The problem of two interacting electrons in a three-dimensional parabolic potential has
previously been studied by Zhet al [9]. Their treatment is based on asymptotic series
evaluated for both large and short distances between the interacting particles. The problem
is solved by connecting those asymptotic expressions using a matching process described
in [9]. Their results show interesting features such as crossing of levels as the strength of
the parabolic potential is varied.

In the present paper, we offer an alternative solution to this problem. Our method relies
on the standard diagonalization of the Hamiltonian in a reduced Hilbert space, using the
eigenstates of the system without Coulomb interaction as a basis. Since only the relative
motion of the electrons is affected by the Coulomb repulsion, the matrix elements are easily
evaluated analytically. Only a few basis functions are needed to achieve a good precision,
so the numerical diagonalization is readily performed. Our method leads to the solution in a
much simpler manner than the method of [9]. Additionally, our resulting eigenfunctions are
given by a single expression valid over all space while the method of [9] leads to various
expressions, depending on the distance between the electrons.

In section 2, we present the theoretical framework underlying our approach. In section 3,
the eigenstates are determined for various degrees of confinement. The energy levels are
discussed and compared to previously published results. The variation of the wavefunctions
with the strength of the quantum-dot potential is illustrated. The results are also used to
evaluate the precision of two approximation methods: a first-order perturbation calculation
for the Coulomb interaction and an approach based on an approximeteatential for
which there is an analytical solution. The main results are summarized in section 4.

2. Theoretical framework

The time-independent Sabdinger equation describing two interacting electrons of effective
massm* in a quantum dot defined by a three-dimensional parabolic potential of frequency
w IS

EZ 2 1 x 2.2 1712 2 1 *x 2 2 62
[— o Vi+ Em wry — - V5 + Em wry; + m] Wn LM nim (T, 72)
H
= Enr st YNLM aim(T1, T2) (1)

wheree is the static dielectric permittivity of the medium. The meaning of the various
indices are clarified in the following. There are two lengthscales that are related to the
problem and that will be used later: the oscillator characteristic lehgth [i/(m*w)]*?
and the effective Bohr radius for an hydrogenic donor impusjy= 4 eh?/(m*e?).

It is quite straightforward to separate this problem in a centre-of-mass motion and
a relative motion characterized by the coordinalés= (r1 + r2)/2 andr = r; — 7y,
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respectively. The resulting Sdidinger equations are

R 1

[—mvlé + 5(2111*)@21%2} Oniu(R) = En.@yim(R) (2)

HCM
and

R2 1/ m* e?

_ vy (M) 22 & _ .

[ 2(m*/2) r + 2 ( 2 >Cl) r°+ 47T€ri| ¢nlm(r) Enld’nlm("n) (3)

Hrr[

Let us first consider the centre-of-mass motion. Equation (2) is théd8ictyer equation
for a three-dimensional harmonic oscillator with a particle of mass. 2It is a textbook
problem to find its solutions in spherical coordinates [10, 11]. The eigenenergies are given

by
3\ _
Ey. = <2N +L+ E) ho 4)

while the eigenfunctions are given by

2%/4 (ﬁR)

Dy (R) = lgﬁYLM(R)fNL Io

®)

whereY, , (R) are spherical harmonics and the numb&r&nd L run independently from
zero to infinity. The radial functiongy(p) are defined by

N
fve(p) = Knip™ exp(—p?/2) Z CNL,Zq;qu (6)
q=0

where the coefficientsy; », follow the recursion relation
(g—N-1 .
qg+L+1/2

The coefficientscy; 2, thus define an even polynomial that contai@®s+ 1) terms. The
factor Ky, ensures that the functiong,; (o) are normalized

CNL,O = 1 CNL,2g = NL,2qg—2- (7)

’

al ~1/2
1 .3
D evearenrayl (L+a+d'+3 - ®)
q'.q=0

KNL:[

For the relative motion, equation (3) does not possess a simple analytical solution.
We thus proceed to the diagonalization of the Hamiltonian in reduced Hilbert space. The
eigenfunctions of the problem without Coulomb interaction are used as basis functions.
In the absence of Coulomb interaction, equation (3) reduces to the problem of a three-
dimensional harmonic oscillator with a particle of masg2. The corresponding eigenstates
are labelled with a superscript ‘0’. The eigenenergies are

3\
E® = <2v +1+ E) ho 9)

t The radial functionsfy(r) can be expressed in terms of the confluent hypergeometric fungtipn(see
[8]). We use the explicit development of the series in the text since it leads to an expression that can easily be
implemented numerically for the matrix elements that follow in equation (11).
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and the eigenfunctions are

1
¢8[m(r) = 2—Ylm(r)fvl ( (10)

,
3/4[(3)/2 «/Elo)
wherev and! run independently from zero to infinity. Using these functions as basis
functions, we evaluate the matrix elements of the relative-motion Hamilta@#i&rincluding
Coulomb interaction, as defined by equation (3). These matrix elements are diagonal in all
indices except

lohw L )

—KV’IKUI Cy'1,2¢'Cvl, F(l + 1+ q + q ) (11)

2V/2a; ,;,; S

The diagonalization ofd™ is thus a very easy task. The matrix elements are readily
evaluated and only a few basis functions are needed to obtain very good precision, as we
will see in the next section. With,,., + 1) basis functions, the result of the diagonalization
gives the eigenenergies,, and their related coefficientd}, the integer index: running

nl

from zero tov,,,,. The eigenfunctions of the relative motion are then given by

Hrel — 81/1) E‘())lm +

vim;vlm

Vmax

Gum(r) =Y dl§T,, (7). (12)
v=0

By combining the results, the eigenstates of the total Hamiltonian defined by equation (1)
are characterized by the energies

Enpw=EnL+ Ey (13)
and the wavefunctions:

\IlNLM,nlm (rla T‘2) = cI)NLM(-Rf)(l‘)nlm (’F)

1 V2R ey
= EYLM(R)fNL< o )Yz;n("“)gdv fw(\/_TlO). (14)

We have yet to consider the spin. For such a two-particle problem, it can easily be
introduced. The spatial properties related to the exchange of the two-particles are only
governed by the relative-motion eigenfunction. It is symmetric (antisymmetric) for even
(odd) values of. The antisymmetrization of the total wavefunction including spin is then
readily obtained by multiplying the wavefunction by a singlet (triplet) spin state for even
(odd) values of.

3. Results and discussion

Since the eigenenergies are independent of the magnetic numbansl M, the various
levels are identified by the simplified notatioN L, nl) whereN = 0,1,2,... andL =
S, P, D, ... characterize the centre-of-mass motion while- 0,1, 2, ... and/ =s,p,d, ...
characterize the relative motion. Note that, in order to avoid the introduction of additional
definitions, we do not use the so-called ‘principal quantum numbers’ (24L]+ 1) and
(21+1) to identify the levels. The total degeneracy of the levels is give@hy1)(2/+1)6,
where6,; represents the spin degeneracy and takes a value of one for even valugsdof
a value of three for odd values of

Figure 1 presents the relative-motion eneigy as a function of the ratidy/aj. This
ratio gives an estimate of the relative strengths of the parabolic and Coulomb potentials.
Whenly <« a, it is the strong confinement regime where the Coulomb repulsion can
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Figure 1. Relative-motion energy levelsEf,) as a function of the ratidp/ag. The various
linetypes identify the levels according to the orbital quantum numbers of the relative-motion
wavefunctions. The quantum numbersand ! are indicated for the lowest levels. As an
illustration, for GaAs,aj ~ 105 A and the characteristic energy of the parabolic potential is
ho ~ 0.1 meV forlp/af = 10 andhw ~ 10 meV forlg/af = 1.

be considered as a perturbation. WHgn> ag, the parabolic potential still ensures the
confinement of the two electrons although the Coulomb repulsion contributes the most to the
energy. The various linetypes identify the orbital quantum numbers of the relative-motion
wavefunctions of the various levels. The lowest levels are also identified by their quantum
numbersn and!. Each evaluation has been performed with eight basis functions. This
ensures a precisigrbetter than 0.2% in the worst case (the worst case being the 3s level
nearlp/a§ = 3.0). In most cases, such a precision can be obtained with a smaller number
of basis functions. For the 0s level, six basis functions give a precision better than 0.1%
over the range ofp/a values considered, while only three basis functions are necessary
for a precision of 1%. For the Op level, a 0.1% precision requires three basis functions
while two basis functions ensure a 1% precision. We thus see that a good precision can be
obtained with a very small computational effort.

Only the s-state wavefunctions do not vanish at the origin. Consequently, the related
levels are the most sensitive to the Coulomb interaction. Since the states of various
symmetries are differently affected by the Coulomb interaction, there are a lot of level
crossings. The first level crossing appears between the singlet 1s level and the triplet Of
level nearlp/af = 5.3 at E,; = 6.3hw. It is interesting to point out that all the levels
characterized by a given value become quasi-degenerate at very high valueg/af.

This only becomes evident fdg/a§ much larger than ten (not shown on figure 1), but it
can already be felt alp/aj = 10 by noting that the four lowest levels are characterized

1 The precision of an energy eigenvalue is estimated by comparing it to a reference value obtained in the following
way. For a given level, the energies evaluated with different numbéyf basis functions (up to 32 functions

in our work) are plotted as a function of &. The reference value is then taken as the asymptotic value when
1/N tends to zero.
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by n = 0. This behaviour is a consequence of the accidental degeneracy related to the
dynamical symmetry of the repulsive Coulomb potential. In fact, the level crossings occur
due to the fact that we go from the accidental degeneracy of the harmonic potential at small
lo/ag values to that of the repulsive Coulomb potential at |dge] values.

Figure 2 presents the total energy;; ,; as a function of the ratiéy/aj. The numbers
on the lowest levels indicate the total degeneracy. The various linetypes identify the levels
that correspond to a given centre-of-mass motion endfgy Y. The various center-of-mass
states that have the same energy are identified by deind L values on the legend. With
the help of the curves provided in figure 1, one can easily identify the exact nature of the
various levels of figure 2. All the curves corresponding to a given linetype (i.e. a given
centre-of-mass energy) in figure 2 reproduce the curves of figure 1, up to a constant energy
value. The lowest level of a given linetype in figure 2 thus corresponds to a relative-motion
Os state, the second lowest to a relative-motion Op state, and so on. For example, the first
band crossing that occurs &by, ., = 7.25w nearlp/a = 5.8 involves the|OP, 0s) and
|0S, 0d) levels and is thus a singlet—singlet crossing.

9

Total energy: E /7w
NL,nl
Ul » ~

N

0 2 4 6 8 10

Figure 2. Energy levels Eyr..;) as a function of the ratity/aj. The various linetypes identify

the levels corresponding to a given centre-of-mass endigy ). The total degeneracy (product

of the centre-of-mass, relative-motion and spin degeneracies) of the lowest levels is indicated
by the numbers.

The curves in figure 2 can be compared with those provided byéetal in figure 2
of [9]. The latter figure presents results figyag varying from 0 to 5.6. We obtain the
same energies except for the lowest ley85(0s)) whenly/af > 3.0, the difference being
about 3% atlp/a; = 5.6, and for the|0S Og) level, our curve lying a little lower. The
energy difference of the lowest level may be due to some fortuitous error in figure 2 of
[9]. The variation of the energy for all the levels of the tyjpeL, 0s) should be similar up

T The relation between the paramejedefined in [6] and our notation ish/ag = /2/y.
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to an additional constant ternkf; os = (2N + L + 3/2)hw + Egs). It is the case in our
figure 2 and for all but the lowest level in the figure presented by &hal. Note that the
levels|0S, 1p), |OP, Of), |1S Op) and|0D, Op) (the latter two being degenerate) are missing
in figure 2 of [9].

It is well known that, for a parabolic potential, the many-body effects due to Coulomb
interaction are not directly accessible to far-infrared (FIR) spectroscopy [12, 13]. This can
easily be seen here: a dipolar transition between relative-motion eigenstates is not allowed
since a change\l = +/ — 1 also implies a change of the spin state. It is interesting
to note that interband spectroscopy has recently been used to highlight electron—electron
interactions by looking at excitonic transitions in InAs self-assembled quantum dots [14].

Unlike the method of [9], our method provides for the wavefunction, a single expression
that is valid over all space. It is interesting to see to what extent the Coulomb repulsion
affects the electron relative motion. Figure 3 presents the radial part of the relative-
motion wavefunction for the lowest level (0s), this wavefunction being quite sensitive to
Coulomb interaction. One can appreciate that, as the electron confinement dedggages (
increases), Coulomb interaction becomes more effective in determining the shape of the
wavefunction by forcing the electrons to repel each other. To obtain a given precision on the
wavefunctions, one needs more basis functions than for the evaluation of the eigenenergies.
This is especially true for the short-range part of the relative-motion wavefunction, as already
noted by Pfannkuchet al for a two-dimensional parabolic potential [8]. For example,
eight basis functions ensure at least a precision of the order of 1% on the value of the Os
wavefunction forr > Il and for all values ofp/aj. On the other hand, the error on the
value of the wavefunction at the origin exceeds 10%/igu; > 2. At lp/ai = 5, this
difference can be brought down to less than 1% with 17 basis functions. The wavefunctions
on figure 3 have been evaluated with 32 basis functions and can thus be considered exact
results.

10 T T T T T 1 ' 1 ' I

Radial part of the Os
relative-motion wave function

Figure 3. Radial part of the wavefunction for the lowest level (Os) of the relative motion for
various values of the ratiy/ag.
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To get a broader picture of the effect of the Coulomb interaction on the wavefunctions,
we plot in figure 4 the mean separation between the electrons (first moment of the radial
part of the relative-motion wavefunction) as a function@§ for the various levels. The
linetypes again identify the curves according to the orbital quantum numbers of the relative
motion. We see that the variation of the mean separation decreatemdsas: increase.

For the range ofy/aj values considered, the separation almost doubles for the Os level
while the increase is less than 20% for the 1d level.

> /|

0
w
o

Electron mean separation: <r

Figure 4. Mean separation between the electrons (first moment of the radial part of the relative-
motion wavefunction) as a function &/aj for the lowest levels. The various linetypes identify
the orbital quantum numbers of the relative motion.

We now consider two approximation methods for evaluating the level energies. In
the first one, the Coulomb repulsion is considered as a perturbation that is evaluated to
first order. The relative-motion approximate eigenenergies then correspond to the diagonal
elements of the matrix defined in equation (11). This approximation is also considered in
[9] although no direct comparison with more exact results are provided. We perform such
a comparison further below.

To obtain the second approximation method, we note that the Coulomb interaction can
be written as

&2 e’nly  e2(r — nlo)

4rer ~ 4dmer? + drer? (15)
where n is a dimensionless parameter. By dropping the second term on the right-hand
side, one obtains a/t? potential that should provide a good approximation if the radial
part of the relative-motion wavefunction is well concentrated aroppdThis approximate
potential is of interest since it leads to an analytical solution, as sketched in the appendix,
with the relative-motion energy levels

En = (2n + 1/2\/ 14400 + 1) + nlo/ag] + 1) 799 (16)
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In our calculations, we have arbitrarily opted for the simplest choice for the parameter
n. For a given relative-motion state characterized by the quantum numhbgrsni,
we have used the mean distance between the two electtendof evaluated with the
function ¢?, () (equation (10)) to which the eigenstate reduces in absence of Coulomb
repulsion.

Figure 5 shows the relative-motion energy levels evaluated with the two approximation
methods along with the more exact results obtained by diagonalfiifg(equation (11))

with eight basis functions.

5.0
2

4.5
mE
5 4.0
£
o 35
S
= 3.0
o o
S
o 25
= P ) ) o
= P diag. with 8 functions
o 20F S 1st-order perturbation]
@ 7 1/r2 potential

15 " 1 " 1 " 1 " 1 " 1 "

0.0 0.5 1.0 1.5 2.0 25 3.0
| /d
0 O

Figure 5. Relative-motion energy level€(;) as a function of the ratity/af as evaluated with

the first-order perturbation calculation (dashed curves) and with the approximhatgdtential
(dotted curves). They are compared with the more exact results obtained from the diagonalization
of the relative-motion Hamiltonian with eight basis functions (full curves).

The precision of the first-order perturbation calculation increasesvatid». This is
a simple consequence of the fact that the true wavefunction is less affected by the Coulomb
repulsion ad andn increase, as indicated by figure 4, so the zeroth order wavefunction
remains a good approximation over a wide rangdogf; values. For the ground state
(0s), this approximation provides a precision better than 10% on the energy difference
(Eos — 1.5)hw up tolg/aj ~ 1.1. For the 1s and Op levels, a similar precision is obtained
up tolp/af ~ 2.1 andig/ag ~ 3.2, respectively.

The 1/r? potential gives acceptable results only for the- O states. This is due to the
fact that the validity of the Ar? potential is expected to increase with the localization of the
relative-motion wavefunction and only the= 0 states have a ‘one-lobe’ radial function
that is somewhat localized. Note that for the Os level, the wavefunction lies very close to
the origin, so this potential still does not provide a very good approximation sifce 1
varies rapidly.
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4. Conclusion

We have presented a simple solution to the problem of two interacting electrons confined
by a three-dimensional parabolic quantum dot. The method is based on the diagonalization
of the relative-motion Hamiltonian in reduced Hilbert space. This diagonalization is easily
performed since the matrix elements are evaluated analytically and only a few basis functions
are needed to obtain a good precision on the energy levels.

The results agree with those previously published by 2hwal [9]. However, our
method is more straightforward and easier to implement numerically. Furthermore, unlike
the method of [5], our approach gives a single expression that is valid over all space for
the wavefunction.

Two approximation schemes have been considered. The first-order perturbation
approach has been seen to be quite useful for estimating the level energies. The approximate
1/r? potential withn = (r)/lo has been seen to provide a decent approximation only for
then = 0 relative-motion states.
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Appendix

In this appendix, we sketch the evaluation of the energy levels of the approximete 1
interaction potential. In that case, the relative-motion 8dhmger equation (equation (3))
becomes

R? o, 1 (m*\ ,, el _
[_ 2(1’)1*/2) Vr + 5 <7> T+ 47'r€r2:| ¢n/m(r) - Etll¢nlm(r)- (Al)

We introducep = r/(+/2l) and we look for a solution of the form

Yﬂ‘l( )ull ( )
Gum(p) = L (A2)
0
The radial equation satisfied by, (o) can be written in the following form
& a@+l) , 2Ey
B T i i " =0 A3
e+ 22 4 2 2 o) (A3)
where
a=—1/2+ 1/2\/1 Al + 1) + nlo/ag]. (A4)

Equation (A3) is identical to the radial equation obtained in the problem of an harmonic
oscillator if we replacex by the orbital quantum numbér The eigenenergies for the
harmonic oscillator problem have already been expressed in terins efjuations (4) and

(9). Replacing by «, one readily obtains the eigenenergies of tfie?interaction potential

as given by equation (16).
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