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Light-induced shifts in the electronic and shallow-donor states in GaAs-„Ga,Al…As quantum dots
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We treat the interaction of light with a spherical GaAs-~Ga,Al!As quantum dot within a dressed-band
approach. The Kane band-structure scheme is used to model the GaAs bulk semiconductor and the interaction
with the laser field is treated through the renormalization of the semiconductor energy gap and conduction/
valence effective masses. This approach, valid far from resonances, is used to investigate the light shifts
induced in the electronic and shallow on-center donor states in semiconductor quantum dots, which are shown
to be quite considerable. This model calculation may be extended to include magnetic-field effects, and it is
suggested that the strong localization of the electronic and impurity states due to the quantum dot and enhanced
by laser confinement may prove useful for manipulation of electronic and donor states in some proposed
solid-state-based quantum computers.
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In the last few years, a considerable amount of work
been devoted to the study of the interaction of light w
condensed-matter systems.1–7 In particular, the possibilities
to design new efficient optoelectronic devices may be gre
improved if we are able to understand the basic physics
volved in the laser-field-semiconductor interaction. A pec
liarity of the semiconductor system is that the photo
generated electron-hole pairs always interact thro
Coulomb forces and, therefore, the many-body aspects o
problem must, in general, be considered. From the theo
cal point of view, one might identify different regimes an
approximations that describe the laser-semiconductor in
action: ~a! if the laser is tuned far from any resonance
many-body effects are small corrections to the one-elec
approximation;7 ~b! if the laser detuningd@L, the Rabi en-
ergy, the linear~in the field intensity! regime prevails, and
usual perturbative approaches are adequate to deal with
problem;~c! on the other hand, in the case whered&L, the
external laser field is no longer a perturbation to the el
tronic system, one must treat the field nonperturbatively a
of course, nonlinear effects are related to the type of non
earity of the response for high-field excitation regimes, eit
due to the many-body interaction or to the nonperturba
field coupling.

Several new proposals are now concerned with solid-s
quantum computers due to their great advantage in man
lating a large number of qubits compared to atomic and m
lecular systems. In particular, Li and Arakawa2 suggested to
built up a single qubit from two-coupled quantum do
~QD’s!. Hu and Das Sarma3 theoretically investigated two
coupled GaAs QDs, a ‘‘two-dimensional-hydrogenlike mo
ecule,’’ in the presence of an applied magnetic field. Th
concluded that the two-dot system provides the neces
two-qubit entanglement required for quantum computers.
studying shallow-donor states in semiconductors, in the p
ence of an external homogeneous magnetic field, Coleet al.4

have demonstrated that a quantum-confined donor electro
a semiconductor may be coherently manipulated by us
terahertz radiation, and suggested that 1s and 2p1 donor
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states may be used as model qubits in quantum informa
processors. However, one of the difficulties found lies in
fact that the 2p1 state is resonant with the continuum state
Therefore, most electrons promoted to this excited reson
state do not return to the ground state directly and are ion
to the conduction band. This strongly increases the deco
ence time. On the other hand, an excited donor state be
the continuum~for example, the 2p2 state! would be more
robust to ionization by photons and phonons leading to
favorable situation concerning the coherence time. O
should mention that the behavior of impurity levels in GaA
~Ga,Al!As quantum wells in the presence of an external m
netic field plus a laser field was recently studied by Bra
et al.7 The effects of the laser field on the electronic impur
and optical properties were incorporated through a renorm
ization of the semiconductor energy gap and conducti
valence effective masses. The exciton Stark shift in quan
wells and the effects due to the band-structure laser dres
were found to be of the same order of magnitude as th
obtained from many-body diagrammatic techniques, and
ser effects on the shallow-donor peak energies in quan
wells were comparable to those produced by a magnetic fi
of a few Teslas. We should point out that the laser-induc
shifts on the impurity levels may also be used as a poss
application to ultrafast optoelectronic devices, where no p
ton absorption occurs in the device.7 It has also been shown
that the laser-semiconductor interaction enhances the
finement due to the quantum-well potential, increasing
impurity binding energies. As it is well known, low
dimensional heterostructures such as semiconductor Q
are more sensitive to applied fields and, therefore, exh
more pronounced confining effects. This makes donor-do
QD’s in the presence of laser fields natural candidates to b
theoretical and experimental investigations.

In the present work, we study the confinement effects o
laser beam on the electronic and on-center donor state
GaAs-~Ga,Al!As spherical QD’s following the same dresse
band approach as in Brandiet al.7 The Hamiltonian of a
©2001 The American Physical Society15-1



s-

the
the

ed
t no

a-

act

,
d

as
e

n
the

-

g
e

BRIEF REPORTS PHYSICAL REVIEW B 64 233315
FIG. 1. Dependence of theE0 ground-state energy of a GaAs
Ga0.7Al0.3As spherical QD on the dot radius. Full~dotted! curves
are dressed-laser~undressed! results for a laser detuningd/e0

50.05 and intensityI /I 051024. Inset shows the correspondin
laser-induced energy shift;Rc is the smallest QD radius for th
existence of a bound state.

FIG. 2. Laser-induced energy shift of theE0 ground-state energy
of a GaAs-Ga0.7Al0.3As spherical QD, for different dot radii, vs:~a!
the laser intensity for fixed detuningd50.05e0; ~b! the laser detun-
ing for fixed intensityI /I 051024.
23331
shallow-donor impurity at the center of a GaAs-~Ga,Al!As
spherical QD under an applied laser field is given by

H5
p2

2m*
2

e2

er
1V~r !, ~1!

where m* is the laser dressed, renormalized7 conduction-
band effective mass,e is the dielectric constant that we a
sume constant throughout the QD heterostructure, andV(r )
is the QD spherical confinement potential. We note that
renormalized conduction-band effective mass depends on
GaAs Kane model parameters,8,9 on the laser intensity, and
on the laser detuning7 d5eo2\v, where eo is the GaAs
energy gap9 andv is the laser frequency. The laser is tun
far from any resonances and below the gap energy so tha
real electron excitations to the conduction band occur.

In the donor calculation, we follow the standard vari
tional approach10 and choose a 1s-like ~or 2p-like! on-center
donor trial envelope wave function as a product of the ex
solution of the square-well QD potential and aG(r ,l) hy-
drogeniclike variational 1s ~or 2p) function, i.e.,

C~r ,l!5H sin~k1r !

k1r
G~r ,l!, if r<R

sin~k1R!

k1r
ek2(R2r )G~r ,l!, if r>R,

~2!

whereR denotes the QD radius,l is a variational parameter
andk1,2 are defined10 in terms of the QD barrier potential an
ground-state energy. The donor binding energy is given
the ground-state energyE0 of the QD in the absence of th
impurity, minus the donor 1s-like ground-state~or 2p-like!
energy.

The effect of the laser confinement on theE0 ground-state
energy of a GaAs-Ga0.7Al0.3As spherical QD is clearly see
in Figs. 1 and 2 as functions of the relevant parameters of
problem ~laser intensities are given in units7 of I o'5

FIG. 3. Dependence of the on-center donor 1s-like (E1s) and
QD (E0) ground-state energies for a GaAs-Ga0.7Al0.3As spherical
QD on the dot radius. Full~dotted! curves are dressed-laser~un-
dressed! results for a laser detuningd50.05 e0 and intensityI /I 0

51024. Inset shows the laser-induced shift in the 1s-like donor
binding energy~BE!.
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3107 MW/cm2). In particular, the inset in Fig. 1 shows th
the shift on the QD ground-state energy may be quite sign
cant. Of course, as one would expect, this depends on
laser intensity, detuning and size of the QD: notice in Fig
that laser effects increase for increasing intensities~for a
fixed detuning! and decrease for increasing detuning~for a
fixed laser intensity!, being more pronounced for small-rad
QD’s. Figure 3 shows that the laser-induced confinem
produces a similar effect for the 1s-like on-center donor
state. The inset in Fig. 3 displays the shift in the donor bi
ing energies due to the confinement effect of the laser
could be experimentally detected. To our knowledge, ho
ever, no experimental measurements concerning laser ef
on donor states in doped GaAs-~Ga,Al!As QD’s have been
reported in the literature.

Laser effects on theE0 QD ground-state energy an
2p-like on-center energies are displayed in Fig. 4~a!, for a
laser detuningd/e050.05 and intensityI /I 051024. For the

FIG. 4. ~a! Dependence of the on-center donor 2p-like (E2p)
and QD (E0) ground-state energies for a GaAs-Ga0.7Al0.3As spheri-
cal QD on the dot radius;~b! Laser effects on the 2p-like donor
binding energy. Full~dotted! curves are dressed-laser~undressed!
results for a laser detuningd50.05e0 and intensityI /I 051024.
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dot radiusR*160 Å one notices that the dressed 2p-like
state becomes bound~below the QD ground-state energy!, a
situation that only occurs forR*250 Å in the absence o
the laser. The unbound behavior of the binding energies
sociated to the 2p-state for small values of the QD radii i
basically related to an interplay between the spatial exten
of the 2p-like electron radial wave functions and the chara
teristic sizes of the quantum dots. Effects of the laser on
2p-like binding energies are also shown in Fig. 4~b!, where it
is clear the role of the laser in enhancing the donor-s
confinement. A similar behavior is also displayed in Fig.
for the eletronic and donor 1s- and 2p-like states as a func
tion of the laser-field intensity, for two particular QD rad
For an R5100 Å QD @cf. Fig. 5~a!#, the 2p-like state is
unbound, whereas Fig. 5~b!, for anR5200 Å QD, indicates
that a QD radius-dependent critical intensity determines
existence of a crossover from unbound to bound 2p-like
states. It is important to mention that this could be usefu
experiments such as the one performed by Coleet al.,4 in
order to produce robust states for terahertz coherent man
lation of qubits. In addition, this behavior may also be use

FIG. 5. Dependence of the on-center donor 1s-like (E1s),
2p-like (E2p), and QD ground-state (E0) energies, forR5100 Å
~a! and R5200 Å ~b! GaAs-Ga0.7Al0.3As spherical QD’s, on the
laser intensity for fixed detuningd50.05e0.
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in controlling electronic states in coupled QD’s as propos
by Li and Arakawa2 and Hu and Das Sarma.3

Summing up, we have presented a theoretical approac
the laser-field effects in semiconductor GaAs-~Ga,Al!As
QD’s by adopting a picture in which the light-matter inte
action is taken into account by a convenient dressed-ba7

approach. This scheme, valid far from resonances, may
readily extended to include magnetic-field effects and in
cates that the light shifts induced in the electronic and s
low on-center donor states in semiconductor QD’s may
.
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quite considerable. Moreover, the strong localization of
electronic and donor states due to the QD and enhance
laser confinement may result useful for manipulation of el
tronic and donor states in some proposed solid-state-b
quantum computers.
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