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Using single-particle pseudopotential and many-particle configuration interaction methods, we compare
various physical quantities of �In,Ga�As/GaAS quantum dot molecules �QDM’s�
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compositions of dots � and � in the heteropolar dot mol-
ecule. We denote the homo-QDM as M��.

The single-particle energy levels and wave functions of
M�� and M�� are obtained by solving the Schrödinger equa-
tions in a pseudopotential scheme,
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�2 + Vps�r���i�r� = �i�i�r� , �1�

where the total electron-ion potential Vps�r� is a superposi-
tion of local, screened atomic pseudopotentials v��r� and a
nonlocal spin-orbit potential Vso—i.e., Vps�r�=�n,�v��r
−Rn,��+Vso. The atomic position �Rn,�� is obtained from
minimizing the total bond-bending and bond-stretching en-
ergy using the valence force field �VFF� model.12,13 The ato-
mistic pseudopotentials v� ��=In, Ga, As� are fitted to the
physically important quantities of bulk InAs and GaAs, in-
cluding band energies, band offsets, effective masses, defor-
mation potentials, alloy bowing parameters, etc.14 Because
for electrons the spin-orbit coupling is extremely small in the
InAs/GaAs quantum dots, we ignored this effect. In general,
including the spin-orbit coupling effect will introduce a mix-
ture of different total spin states. Equation �1� is solved in the
basis of ��m,�J,	�k�� of Bloch orbitals of band index m and
wave vector k of material 	 �=InAs, GaAs�, strained uni-
formly to strain �J following Ref. 15.

The Hamiltonian of interacting electrons can be written as
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energy of the “averaged” dot � is EX���=1156 meV.
When two dots � and



simplify the notation.� We find that 2t�M��� and 2t�M��� are
almost identical at all interdot distances. However, the hop-
ping energies calculated here are much larger than we ob-
tained for the pure InAs/GaAs QDM,9 because the alloy





on a “symmetrized” model QDM M���� by setting eT�=eB�
= �eT+eB� /2 and JTT� =JBB� = �JTT+JBB� /2 of M�� in Eq. �9�.
M���� represents an ideal homo-QDM, without the asymme-
try caused by strain, size, and alloy composition effects.
When compare the double occupation of the hetero- and
homo-QDM’s, we see that �i� for both types of QDM’s,
Qtot�0.5 at d�4.5 nm, meaning that two electrons are de-
localized on two dots. For both QDM’s, Qtot decays mono-
tonically with the interdot distance, and at d�10 nm, Qtot
�0, meaning that the two electrons are about each localized
on one of the two dots.

On the other hand, the double occupation of individual
dots QTT and QBB differs substantially for homo-QDM’s and
hetero-QDM’s: �ii� For the homo-QDM M����, QBB=QTT
and decay monotonically with the interdot distances. QBB
and QTT of M�� have similar features, although QBB is
slightly different from QTT due to strain and alloy effects.
This feature is also seen in the homo-QDM made of pure
InAs/GaAs dots.8,9 In the hetero-QDM’s M��, QTT behaves
very differently from QBB because the effective single-
particle energy eT�eB. Whereas QBB decays monotonically
with the interdot distance, QTT has a maximum at d�7 nm.
The reason is that at d�4.5 nm, the hopping energy 2t is
much larger than eB−eT; therefore, the electrons can over-
come the energy barrier between the top and bottom dots and
distribute evenly between two dots, leading to QTT�QBB. At
larger d, 2t�eB−eT, and the electrons would prefer to local-
ize on the top dots, leading to QTT�QBB. Therefore, even
when the total double-occupation rate drops down, QTT still
increases and reaches the maximum at d



B. Degree of entanglement vs double occupation

Experimentally, it is very hard to measure the DOE of two
electrons in the QDM directly, while it is relatively easy to
measure the possibility of double occupation. Therefore it
would be useful to explore the relation between the DOE and
the double-occupation rate. The triplet states 3� have negli-
gible double-occupation rate due to the Pauli exclusion prin-
ciple. Here, we discuss the relation between the DOE and
double-occupation rate for the ground-state singlet 1�g

�a�. We
consider the simplest case, where only the s orbital in each
dot is considered. The ground-state singlet 1�g

�a� wave func-
tion can be generally written as
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�hetero-QDM’s� and compared them to that of quantum dot
molecules made of identical dots �homo-QDM’s�. We found
that while the hetero-QDM’s and homo-QDM’s have rela-
tively similar electronic structures at short interdot distance,
they differ significantly at large interdot distance. �i� Unlike
those of homo-QDM’s, the single-particle molecular orbitals
of hetero-QDM’s convert to dot-localized orbitals at large
interdot distance. �ii� Consequently, the bonding-antibonding
splitting of molecular orbitals is significantly larger than the
electron hopping energy in a hetero-QMD at large interdot
distance, whereas for homo-QDM’s, the bonding-
antibonding splitting is very similar to the hopping energy.
�iii� The asymmetry of the QDM will significantly increase
the double occupation for the two-electron ground states and

therefore lower the degree of entanglement of the two elec-
trons.
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