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Coherent properties and Rabi oscillations in two-level donor systems, under terahertz excitation, are theoreti-
cally investigated. Here we are concerned with donor states in bulkGaAsandGaAs− (Ga,Al)Asquantum dots.
We study confinement effects, in the presence of an applied magnetic field, on the electronic and on-center donor
states inGaAs−(Ga,Al)Asdots, as compared to the situation in bulkGaAs, and estimate some of the associated
decay rate parameters. Using the optical Bloch equations with damping, we study the time evolution of the 1s
and 2p+ states in the presence of an applied magnetic field and of a terahertz laser. We also discuss the role
played by the distinct dephasing rates on the photocurrent and calculate the electric dipole transition moment.
Results indicate that the Rabi oscillations are more robust as the total dephasing rate diminishes, corresponding
to a favorable coherence time.
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One of the proposals concerning new solid-state quan-
tum computers (QC) is the possibility of using quantum dots
(QDs) as the basic architecture for their implementation [1].
In that case, discrete electronic charge or spin states are the
qubits responsible for encoding quantum information [2–4].
One crucial point is that the model-qubit system operates un-
der the conditions that decoherence processes are weak and
single-qubit and two-qubit unitary operations are controlled.
This implies that a QC would be effective only if the de-
coherence times are much longer than the time involved in
the single- and two-qubit operations. The use of laser pulses
in controlling the qubit operations may overcome this limi-
tation. Coherent optical excitations in two-level donor sys-
tems in bulkGaAs[2], under applied magnetic fields, were
converted into deterministic photocurrents. The 1s and 2p+
donor states are the model qubits coherently manipulated by
laser radiation. A more favorable situation concerning the co-
herence time may be obtained if the excited donor state lies
below the continuum. Donor-doped QDs which exhibit pro-
nounced confining effects are then natural candidates to both
theoretical [5] and experimental investigations.

Here we investigate the confinement effects of a model
spherical QD, under applied magnetic field, on the electronic
and on-center donor states inGaAs− (Ga,Al)AsQDs. We in-
vestigate the conditions in which one may obtain a bound 2p+
state in contrast to the resonant one in the study by Coleet al
[2], and using the optical Bloch equations with damping terms
[6], we study the time evolution of the 1s and2p+ donor states
under the action of a terahertz laser.

The on-center donor Hamiltonian for a sphericalGaAs−
(Ga,Al)AsQD, in the effective-mass approximation, is given
by

H =−∇2 + γlz+ γ2ρ2/4+Vb(r)−2/r , (1)

wherelz = 1
i

∂
∂φ ,Vb(r) is the QD barrier potential,γ = e~B

2m∗cR∗ =

µ∗BB/R∗ = (a∗0/lB)2 is the ratio of the magnetic and Coulomb
energies (for donors inGaAs, γ = 1 corresponds to an applied
magnetic field of≈ 6.9T), R∗ ≈ 5.9 meV is the GaAs donor
effective Rydberg,lB = (~c/eB)1/2 is the magnetic length (or
cyclotron radius), anda∗0 andµ∗B are the effective Bohr radius
and effective Bohr magneton, respectively. Using hydrogenic-
like envelope wave functions [7], the 1s and 2p± energies may
then be variationally obtained as a function of thez-direction
applied magnetic field.
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FIG. 1: Magnetic-field dependence ofεc = εo+γ and of the energies
of 1s, 2p−, and 2p+ donor states in a R=400̊A GaAs−Ga0.7Al0.3As
QD. The energyhνL for a 2.52 THz free-electron laser is shown as a
1s-2p+ transition.

The magnetic-field dependence of the energies of donor
states 1s, 2p−, 2p+, and of εc = ε0 + γ, for a R= 400 Å
GaAs−Ga0.7Al0.3As spherical QD are shown in Fig. 1. No-
tice thatε0 is the energy of the lowest confined non-occupied
electronic state. The arrow shows the 1s-2p+ transition energy
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0 2 4 6 8 10

40

50

60

0 200 400 600 800 1000
10

20

30

40

50

60

70

(a)

R
QD

 = 220 Å

400 Å

1000 Å
bulk

 

 

<1
s|

x|
2p

±>
 (Å

)

magnetic field (T)

(b) B = 0

4 T

10 T

<1
s|

x|
2p

±>
 (Å

)

 

 

radius (Å)

FIG. 2: Magnetic-field (a) and radius (b) dependence of the
〈1s|x|2p±〉 matrix elements for bulkGaAs and differentGaAs−
Ga0.7Al0.3Asspherical QDs.

corresponding to2.52THz, which is the free-electron laser
frequency used in the experimental measurements by Coleet
al [2]. The confinement effects due to the QD are such that
a magnetic field of≈ 3.0 T tunes the THz radiation to the
corresponding 1s-2p+ transition, with the 2p+ below the con-
tinuum states, and this source of decoherence is removed [2].

Thex-component of the corresponding 1s-2p± dipole ma-
trix element,dx

12 = 〈1s|x|2p±〉, and the Rabi frequencyΩR =
ETHzdx

12/~, whereETHz is the amplitude of the terahertz elec-
tric field (in thex-direction), are then calculated. Fig. 2 shows
the 〈1s|x|2p±〉 matrix elements as a function of the applied
magnetic field and of the dot radius. Notice that thedx

12
matrix-elements results for aGaAs−Ga0.7Al0.3As spherical
QD of radius R = 1000̊A are essentially the same as for bulk
GaAs, as expected. In the bulk regime, for small values of
applied magnetic fields, the〈1s|x|2p±〉 matrix elements in-
crease with increasing magnetic fields which can be related to
the magnetic-field confinement effects being stronger for the
2p± state as compared to the1s state. This leads to a larger
overlap between1s− and2p±−like wave functions and there-
fore to a larger value of thedx

12 matrix-elements. One notices
the existence of a maximum around2− 3T, which may be
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FIG. 3: 1s-2p+ recombination rate (γ1) as a function of the magnetic
field for a R = 400Å GaAs−Ga0.7Al0.3AsQD.

traced back to the fact that, with increasing values of the mag-
netic field, the Landau magnetic length and Bohr radius (i.e.,
magnetic and Coulomb energies) become comparable.

The time evolution of the elements of the density matrix
within a two-level model for the donor-QD system are ob-
tained via standard procedures [5, 6], from the set of optical
Bloch equations, i.e.,

dρ11

dt
= −iΩRcos(ωLt)(ρ21−ρ12)+ γ1ρ22 (2)

dρ22

dt
= +iΩRcos(ωLt)(ρ21−ρ12)− (γ1 + γ3)ρ22

dρ12

dt
= +iω21ρ12+ iΩRcos(ωLt)(ρ11−ρ22)− γ2ρ12

dρ21

dt
= −iω21ρ21− iΩRcos(ωLt)(ρ11−ρ22)− γ2ρ21

whereωL is the THz laser frequency, andω21 is the energy
separation of the 1s and 2p+ impurity levels. The parameters
γ1, γ2, andγ3 are recombination rates as introduced phenom-
enologically in Coleet al [2].

To calculate the time evolution of the photosignal corre-
sponding to the 1s-2p+ transition, we first estimate the recom-
bination rates. The parameterγ1, giving the rate of sponta-
neous emission of photons due to 2p+ → 1s transitions, may
be obtained by

γ1 =
2e2

3πεo~c3 ω3
21|〈1s|x|2p+〉|2 . (3)

Figure 3 shows that the 1s-2p+ recombination rate for the R =
400Å GaAs−Ga0.7Al0.3AsQD increases with the magnetic
field. However, the calculated values are negligible in the THz
range of the oscillation frequencies of the problem, and may
be neglected. The dephasing rateγ2 at the lowest THz field is
estimated from far-infrared measurements asγ2 = 6.0× 1010

rad s−1 [8], and the ionization rateγ3 is set asγ3 = 0, since the
2p+ excited donor state lies below the first Landau level [2].

Calculated results are shown in Fig. 4 (a), at resonance, for
a R = 400Å GaAs−Ga0.7Al0.3As spherical QD (B≈ 3.0T
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FIG. 4: (a) Theoretical 1s-2p+ Rabi oscillations, at resonance, for a fixed THz electric field in the case of a R = 400Å GaAs−Ga0.7Al0.3As
spherical QD; (b) Contour plot of photocurrent versus pulse duration and magnetic field at the same fixed THz electric field (γ1,3 = 0 and
γ2 = 0.6× 1011rad/s). The THZ field isETHz = 3× 104V/m.

andETHz = 3× 104V/m). One clearly notices that the dis-
played Rabi oscillations are more robust, as compared with
the experiment by Coleet al [2] in doped bulkGaAs, and
therefore it suggests that a donor-doped QD leads to a favor-
able coherence time so that qubit operations may be efficiently
controlled. The corresponding contour plot of the photocur-
rent for varying pulse duration and applied magnetic field is
depicted in Fig. 4 (b).

In summary, we have discussed the possible conditions un-
der which decoherence is weak and qubit operations are effi-
ciently controlled in QDs. Using the optical Bloch equations
with damping, we are able to investigate, in a phenomenolog-

ical manner, the coherence effects on Rabi oscillations asso-
ciated to donor states confined inGaAs− (Ga,Al)AsQDs in
the presence of an applied magnetic field and under a tera-
hertz laser. The pronounced confining effects of semiconduc-
tor QDs are shown to provide better coherence-time condi-
tions for the Rabi oscillations.
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