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hole states are ofG1 (S-like! symmetry. The Bloch part o
the electron state is ofG1 symmetry in zinc-blende structure
The electron states in the following are therefore, includ
spin, twofold ~Kramer’s! degenerate. Furthermore, the co
tribution of the valenceuZ& band in the hole states is ne
glected since it is pushed down in energy through the str
confinement inz direction~for flat dots!. We will proceed in
steps from the idealized cylindrical symmetry neglecting
first the spin-orbit interaction@Fig. 3~a!#, to the full atomistic
symmetry (C2v) in the presence of the spin-orbit interactio
@Fig. 3~d!#. We will show how the observed FS is the res
of the atomistic symmetry in presence of the spin-orbit int
action.

Cylindrical symmetry, no spin-orbit interaction@Figs. 3~a!
and 4~a!#. In this case, the hole states are eigenfunctions
the angular momentuml 51 as depicted in Fig. 4~a!. The
spin parts of the wave functions are written asu↑& and u↓&.
Due to the equivalence of the wave functionsuX& anduY& in
cylindrical symmetry, the four hole states are degener
The resulting eight exciton states~two electrons, four holes!
are split by the exchange interactionK ~singlet-triplet split-
ting! into two S50 and sixS51 states.
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C2v symmetry, no spin-orbit interaction@Figs. 3~b! and
4~b!#. The spin-independentC2v potential does not have th
ability to mix spins. However, it will mix the orbital parts o
isospin hole states creating the eigenstates given in Fig.
where theC2v point-group notation17 has been used. We ob
tain two pairs of eigenfunctions whose orbital parts belong
the G2 andG4 representations and spin parts to theG5 rep-
resentation. The splitting of these two pairs is due to
nonequivalence of theuG2v& and uG4v& Bloch functions
~atomistic asymmetry!, reflected in the atomistic asymmetr
parameters5^G2vuHC2v

uG2v&2^G4vuHC2v
uG4v&, which is

characteristic of theC2v potential. The previously fourfold
degenerate hole states split into two by 2s. Consequently, the
excitonstates are split by the atomistic asymmetry 2s and
further split into singlet and triplet by the exchange termK
@Fig. 3~b!#.

Cylindrical symmetry, with spin-orbit interaction@Figs.
3~c! and 4~c!#. The spin-orbit interaction splits the hole stat
with respect to their total angular momentumJ. Thus, the
Jz53/2 hole statesa↑ and b↓ will split by D0 from the Jz

51/2 statesa↓ andb↑ @see Fig. 4~c!#. Considering only the
first two hole states (a↑, b↓) and the electron states (e↓,
e↑) , the exchange Hamiltonian in the basis of the four e
citons (a↑e↑), (a↑e↓), (b↓z

5 b↓e↓




