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We show that a diatomic dot moleculedd=4 nm, orders
of magnitude larger than the few meV found in the large �50–100 nm� electrostatically confined dots.
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S-T

is the effective Heisenberg exchange splitting, being the dif-
ference in energy between the spin-triplet state with total
spin S=1 and the spin-singlet state with S=0. Successful
operation would require a large singlet-triplet splitting JS-T

�fast swap time2� and that the probability Qtot
��� of the two

electrons in state � simultaneously occupying one dot be
small �maximizing entanglement3�. The search for a nanosys-
tem with large JS-T and small Qtot

��� involves engineering of
the properties of the corresponding many-particle wave func-
tions. In a simplified molecular model, the single-particle
wave functions of the two electrons are given by bonding
��g

= ��T+�B� /�2 and antibonding ��u
= ��T−�

molecular orbitals and the many-particle states are delocal-
ized on both dots constituting the dot molecule. Here, we
discuss via atomistic single-particle and many-body calcula-
tions two important deviations from this simpli�ed molecular
picture, leading to asymmetries both in the single-particle
molecular orbitals due to the inhomogeneous strains, and in
the many-body states �i.e., localization either on T or on B�
as a consequence of correlation. For the many-body states we
find Mott-like transitions for the first and third singlet states:
both electrons are localized on one dot at large d and delo-
calized over both dots at small d. The double occupancy Q

tot
���

of the first singlet state is surprisingly large ��40% � for an
interdot separation of 5 nm. The triplet states and the second
singlet state are Mott localized at every interdot separations
with Qtot

���=0 �no double occupation� for the triplet states and
Qtot

���=1 for the singlet state.
Previous models of dot molecules have focused on elec-

trostatically confined dots,4–6 which have a very large con-
fining dimension of 50–100 nm. Such dots exhibit typical

single-particle level spacings of �	e=3–5 meV, Coulomb
energies Jee of about 5 meV
�	e, whereas exchange ener-
gies and correlation energies are around 1 meV. Many ex-
periments were recently done on two such coupled dots,7,8

showing that the splitting between the bonding and antibond-
ing molecular levels is as large as 3.5 meV at an interdot
separation of 2.5 nm, comparable to the single-particle en-
ergy spacing �	e of the single dot. Because of the very large
size of such dots, their single-particle levels can be described
by simple one-band effective-mass “particle-in-a-box” mod-
els using the external potential generated by a combination
of band offset, the gate potential, and the ionized
impurities.9,10 Alternatively, one can simply assume a
particle-in-a-parabolic well model.11,12 In these descriptions,
the single-particle states are symmetric, but many-electron
symmetry breaking is possible due to correlation effects, as
shown via unrestricted Hartree-Fock treatment of the
effective-mass approximation �UHF-EMA� �Ref. 13�,
configuration-interaction treatment of the effective-mass ap-
proximation �CI-EMA� �Ref. 12�, or Mott-Hubbard model.14

Here, we discuss localization effects and singlet-triplet
splitting of electrons in vertically coupled self-assembled
InAs/GaAs quantum dot molecules grown epitaxially.15–17
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cording to the valence force-field model �VFF� �Refs. 18 and
19�. It is clearly seen in Fig. 1�a� that both dots have large
and nearly constant hydrostatic strain inside the dots which
decays rapidly outside the dots. However, even though the



A microscopic position-dependent dielectric screening26 is
applied to both Coulomb and exchange integrals to represent
the inner electrons that are not calculated explicitly. Consid-
ering six molecular orbitals �g ,�u ,�u ,�g of Fig. 1�b�, we
have a total of 66 Slater determinants. The many-body wave
functions �� are written as linear combinations of these de-
terminants ��C� as ��=
CA��C���C�. The resulting many-
particle energies are shown as a function of interdot separa-
tion in Fig. 2�b�. The energy splittings JS-T between the
ground-state singlet 1�g

�a� and triplet 3� range from
0–100 meV and are much larger than in electrostatic dot
molecules ��1 meV� �Refs. 4–6�. In Fig. 3�a� we decom-
pose the two-electron wave functions into the leading con-
figurations �1= ��g

↑�u
↓�, �2= ��g

↓�u
↑�, �3= ��g

↑�g
↓�, and �4

= ��u
↑�u

↓�. The ground state is the singlet 1�g
�a� state, followed

by the threefold degenerated triplet states 3� �we depict only
the sz=0 state made of �1+�2 in Fig. 3� and the next sin-
glets 1�u �made of �1−�2� and 1�g

�b�.

To explore the symmetry breaking of these states, we plot
in Figs. 3�b� and 3�c�, the pair-correlation functions
P��r0 ,r�= ����r0 ,r��2 where r0 is fixed at the center of the
bottom dot. P��r0 ,r� gives the probability of finding the sec-
ond electron at position r given that the first electron has
been found at r0. For the ground-state singlet 1�g

�a�, we see
that at the small interdot separation d=4 nm, the probability
to find the second electron in the top or the bottom dot are
comparable, suggesting a molecularlike delocalized state.
Accordingly, the wave-function analysis reveals a dominant
contribution from the product of two delocalized molecular
orbitals �3. By delocalizing into both dots, the electrons can
lower their single-particle energy by about 65 meV �about
half of the bonding-antibonding splitting�, which overcome
the Coulomb repulsion between the two electrons. With in-
creasing interdot separation, the electrons show correlation-
induced �i.e., the coupling between �3 and �4� localization.
At d=7 nm, the second electron is almost entirely localized
on the top dot as shown in Fig. 3�c�. We emphasize that the
many-particle wave-function localization is not due to the
asymmetry in their single-particle wave functions. This is
evident from the fact that in the absence of electron-electron
correlations �



with spin �, and the other electron is on the l�th orbital of the
p� dot with spin ��. The two electrons can be either both on


