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Abstract. In this work are studied the intense laser effects on the impurity states in GaAs-Gaj_,Al;As
quantum wells under applied electric and magnetic fields. The electric field is taken oriented along the
growth direction of the quantum well whereas the magnetic field is considered to be in-plane. The
calculations are made within the effective mass and parabolic band approximations. The intense laser
effects have been included through the Floquet method by modifying the confinement potential associated
to the heterostructure. The results are presented for several configurations of the dimensions of the quantum
well, the position of the impurity atom, the applied electric and magnetic fields, and the incident intense
laser radiation. The results suggest that for fixed geometry setups in the system, the binding energy is a
decreasing function of the electric field intensity while a dual monotonic behavior is detected when it varies
with the magnitude of an applied magnetic field, according to the intensity of the laser field radiation.

1 Introduction

The understanding of the effects of external electromag-
netic fields on the optical and transport properties of low-
dimensional systems — e.g., electrons confined in semi-
conductor nanostructures such as quantum wells (QWs),
quantum-well wires (QWWs), and quantum dots (QDs) —
is crucial for the evolution of the emerging nanoelectron-
ics; an area that has attracted increasing interest due to
the possibilities it opens in applied physics [1]. As it is well
known, the application of either an electric or a magnetic
field, and also of external perturbations like hydrostatic
pressure or temperature, changes the quantum states of
carriers confined in nanostructures [2]. Recently, the de-
velopment of high-power tunable laser sources, such as
free electron lasers, has fueled research activities on the
interaction of intense laser fields with carriers in semicon-
ductor nanostructures [3]. This has allowed the discovery
of interesting physical phenomena. We can mention, for in-
stance, the presence of changes in the electron density of
states in QWs and QWWs [4-6], the measurement of zero-
resistance states in two-dimensional electron gases under
microwave radiation [7], terahertz resonant absorption in
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QWs [8], and Floquet-Bloch states in single-walled carbon
nanotubes [9], among others.

The effect of an intense high-frequency laser field
on the physical properties of bulk semiconductors has
received some discussion and analysis in the litera-
ture [10-13]. More recently, a number of investigations
have been published on the effect of the laser fields on low
dimensional heterostructures [14-27]. Brandi et al. [14,15]
extended the dressed atom approach to treat the influ-
ence of the laser field upon a semiconductor system. In
the model, the interaction with the laser is taken into ac-
count through the renormalization of the semiconductor
effective mass. More recently, Niculescu and Burileanu [16]
have developed a theoretical study of the combined effects
of intense high frequency laser and static magnetic fields
on the binding and transition energies associated with the
ground and some excited states of an on-center hydrogenic
donor in a cylindrical GaAs QWW. They found that the
effect of the laser field is more pronounced for s-like states,
whereas for 2p-like states the binding energy is weakly de-
pendent on the laser dressing parameter. Using the same
scheme, Lépez et al. [17] have calculated the laser-dressing
effects on the electron g-factor in GaAs-Gaj_,Al, As QWs
and QWWs under applied magnetic fields. Their work
indicates the possibility of manipulating and tuning the
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conduction-electron g-factor in heterostructures by chang-
ing the detuning and laser field intensity.

On the other hand, the intense laser field effects on the
density of impurity states of shallow donors in a square,
V-shaped, and inverse V-shaped QWs have been studied
by Niculescu et al. [21,22] and concluded that a proper
consideration of the density of impurity states may be rel-
evant in the interpretation of the optical phenomena re-
lated to shallow impurities in QWs; where the effects of an
intense laser field compete with the applied electric field
and the quantum confinement. The laser effects have also
been included in calculations of a donor-impurity polar-
izability in a QW under an applied electric field, finding
that the polarizability is a non monotonic function of the
external perturbations like the applied electric field and
the incoming laser radiation [23]. A theoretical study from
Lima et al. [28] reveals the appearance of an unexpected
transition from single to double QW potential induced by
intense laser fields in a semiconductor QW. Within the
laser-dressed potential model these authors found the for-
mation of a double-well potential for laser frequencies and
intensities such that the so-called laser-dressing param-
eter ag is larger than L/2, where L is the QW width.
This fact creates the possibility of generating resonant
states into the channel and of controlling the population
inversion in QW lasers operating in the optical pumping
scheme. Finally, the study of intense laser field effects has
been extended to another heterostructures such as QWWs
and QDs with several configurations of the quantum con-
finement, stoichiometry of the well and barrier regions,
geometries of the systems, and external perturbations like
applied electric and magnetic fields and hydrostatic pres-
sure [24-27].

The influence of the impurities in optical and elec-
tronic properties of semiconducting heterostructures is a
subject of relevance in the physics of those systems due
to the changes in the electron energy states induced by
their presence. In consequence, it is arguably of interest
the study of the impurity states in confined semiconduc-
tor structures under the effects of intense laser fields, given
that they reveal some non-linear optical properties of such
systems, related with the electron spectrum. For these rea-
sons, the present work is concerned with the theoretical
study of the effects of intense laser fields on the impu-
rity states in single QWs under the combined influence
of the electric field applied through the growth direction
and the magnetic field applied in-plane. The laser-dressed
potential above mentioned, as well as the effect of single-
to-double potential well transition are the subject of par-
ticular investigation in our case. The paper is organized
as follows. In Section 2 we describe the theoretical frame-
work. Section 3 is dedicated to the results and discussion,
and finally, our conclusions are given in Section 4.

2 Theoretical framework

Here we are concerned with intense laser effects on the
binding energy of a donor impurity in a single GaAs-
Gaj_,Al,As QW grown along the z-axis and in the
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presence of crossed electric and magnetic fields. The
present theoretical approach assumes the envelope-
function and parabolic-band approximations. We choose
the electric field along the growth direction, F = (0,
0, —F). The magnetic field is in-plane-oriented, taken
along the z-direction, B= (B,0,0), and the Landau gauge
A(F) = (0, —B z,0) is used. Then, the Hamiltonian for the
confined electron takes the following form [29-31]
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where A = A(7) and § are the vector potential and mo-
mentum operator, respectively, 7 = (p, z) is the electron
coordinate (§ = (z,y) is the in-plane electron coordinate),
70 = (0, o) is the impurity position, m is the electron ef-
fective mass, € is the static dielectric constant, e is the
absolute value of the electron charge, and V(z) is the QW
confining potential (where V(z) = 0 for |z|] < L/2 and
V(z) = Vy for |z| > L/2). The electron effective mass
and the static dielectric constant have been considered the
same as in GaAs throughout the GaAs-Ga;_,Al, As QW.

In order to find the eigenfunctions ¥(7) of the elec-
tron Hamiltonian (Eq. (1)), it is important to notice that
the in-plane electron momentum is an exact integral of
motion [29-31] and the electron wave function may be
written as

_exp[(i/h) (P27 + pyy)]

W (7) = /e

where S is the transverse area of the GaAs-Gaj_ Al As
QW and g = (pg, py) is the eigenvalue of the operator i3
If = 0 (ground state), @(p, z) is the eigenfunction of the
Hamiltonian
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where w = eB/(m}c), is the cyclotron frequency. We
adopt the variational scheme used by Fox et al. [32] and
Galbraith and Duggan [33] which consists of minimizing
the functional

E(X\) = (2(p, )| H|®(p, 2)) (4)

using the variational wave functions as
P(p,z) = N ¢(z) exp (=A |F'—70]) , ()
where )\ is the variational parameter and N the normaliza-

tion constant. Here we follow the work of Xia and Fan [34]
and we write ¢(z) as an expansion of the type

é(2) = (%) : gcm sin (TZ:OZ + %) . (6)

In the present work we have taken 200 terms in equa-
tion (4). Lo, (=500 A in this work) corresponds to
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, —o0<z<—L/2— ao,
arccos (%) , —L/2—ap<2z<—-L/2+ ao,

(V)(z, a0) = % {0, “L/24 a0 < 2 < +L)2 — ao, (7)
arccos (%) , +L/2—ap<z<+L/2+ ao,
m, +L/24+ ap < z < 400,
T, —00 < z< —L/2— ao,
arccos (%), —L/2—ay<z<+4+L/2— a,

(V) (z,0) = % X ¢ 7+ arcsin (Z_a—LO/Q) — arcsin <%L0/2) , +L/2—ap<z< —L/2+4 ao, (8)
arccos (%)7 —L/2+4+ ag < z<+L/2+ ao,
m, +L/24+ ap < z < 4o0.

the length of the QW, with rigid walls, used to expand
the ¢(z) wave function. With these values of the num-
ber of terms in the sum of equation (6) and the size of
the infinite quantum well, the convergence of the lowest
eigenvalue associated to the f(z) function is ensured until
1073 meV.

In order to consider the intense laser effects (ILF)
(the polarization of the laser radiation is parallel to the
z-direction), we have followed the Floquet method [35,36].
Consequently, the second term at the right hand side
in equation (3) must be replaced by V(z) — (V)(z,ap)
where for ag < L/2

see equation (7) above,
and for g > L/2
see equation (8) above.

Here

a0 = (e Ao) / (micw) = (1'/2/w?) (e/my) (/)2
(9)
is the laser-dressing parameter (from now on ILF-
parameter) [37]. In equation (7), I and w are, respectively,
the average intensity and the frequency of the laser, c is
the velocity of the light, and Ag is the amplitude of the

vector potential associated with the incident radiation.
Under the laser effects the last term of equation (3) —
the one-center electron-impurity Coulomb interaction —
must be replaced by two centers Coulomb interaction as

62
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Extended details about dressed potential in equations (7),
(8), and (10) and the nonperturbative theory developed

to describe the atomic behavior in intense high frequency
laser field can be found in references [18,28,38].

3 Results and discussion

In this section, we present the numerical results for the
intense laser effects on the non-correlated electron ground
state energy and donor impurity binding energy in sin-
gle QW under crossed growth direction applied electric
field and in-plane applied magnetic field. For the applied
electric field values reported in this study — less than
100 kV/cm — the first calculated electron state is a sta-
tionary one.

We take the case of a GaAs-Gag g7Alp.33As single QW
as a prototypical system. For the potential that con-
fines the electrons inside the well regions, we choose a
60% of the barrier-well bandoffset [V, = 0.6 (11552 +
370 %) meV, where x is the Aluminum concentration in
the barrier material]. The parameters used in our calcu-
lations are [29]: m} = 0.0665mg (where myg is the free
electron effective mass) and ¢ = 12.35.

In Figure 1 we present the amplitude of probability
for the ground state of a confined electron in a GaAs-
Gag.g7Alg.33As QW as a function of the z-coordinate. The
results are for L = 100 A with two values of the ILF-
parameter and for three different setups of the applied
electric and magnetic fields.

One can observe the following features: the renormal-
ization of the QW potential due to the ILF effects leads to
the variation of the effective well width. Within the range
of ap < L/2, it can be noticed that when the energy is
below that of the inflexion point of the potential profile,
there is a reduction of the well width which, in the case
of the well bottom energy follows the law L' = L — ap/2.
On the other hand, for energies above the one correspond-
ing to the potential barrier inflexion point, the QW width
enhances, with a limiting value of L’ = L + ag/2, which
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Fig. 1. (Color online) The amplitude of probability for the
ground state of a confined electron in a GaAs-Gag.¢7Alp.33As
QW as a function of the z-coordinate. The results are for L =
100 A and two different values of the ILF-parameter: ag =
25 A (a) and ap = 75 A (b). Solid lines are for F = 0 and B =
0, dotted lines are for F' = 0 with B = 30 T, and dashed lines
are for F' = 100 kV/cm with B = 0. The horizontal dotted line
corresponds to the energy of the ground state for the confined
electron in the GaAs-Gag.g7Alo.33As QW at ap = 0. The zero
of the each amplitude of probability curve is localized in the
eigenenergy of the each eigenstate.

corresponds to the energy of the potential barrier top.
This potential profile deformation has the consequence of
an increasing of the electron confinement, driven by the
increment of ap, when the energy of the electron ground
state is below the half-height of the QW. At the same time,
it implies a decreasing in the electron confinement with
growing laser-dressing parameter if the ground electron
energy is above the half-height of the well. As oy > L/2,
the energy of the electron ground state continues to aug-
ment. This does not mean that the confinement keeps a
growing path. In fact, it should be noticed that this en-
ergy increasing is basically due to the displacement of the
potential well bottom towards higher values of the energy.
However, when comparing Figures 1a and 1b it is observed
that the energy of the lowest confined state, with respect
to the bottom of the QW, has gone from 47.72 meV in
Figure la to 37.26 meV in Figure 1b — see the arrows
denoted as AFE in Figures la and 1b — which actually
represents an effective decreasing of the electron confine-
ment associated to the effective widening of the QW. For
ao = 75 A the ground state energy of the electron es-
sentially coincides with the maximum of the central “po-
tential hill” in the — now double — well profile. This is
also manifested in the flat dependence shown by the top
of the curve corresponding to its density of probability.
Then, for even larger values of « the ground state will lie
below the energy position of that central potential maxi-
mum. In consequence, we shall have an electron confined
within a system with two strongly coupled potential wells.
In a given case in which «q is further increased, a situa-
tion with the two completely uncoupled QW should be
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Fig. 2. (Color online) Ground state energy of a confined elec-
tron in a GaAs-Gag.¢7Alp.33As QW as a function of the well-
width, for several values of the ILF-parameter (a), and as a

function of the ILF-parameter, for several values of the the
well-width (b). In both figures, F' =0 and B = 0.

reached, and the energy of the ground state will become
twofold degenerate.

In Figure 2, the calculations for the ground state en-
ergy of a confined electron in a single GaAs-Gag g7 Alg.33As
QW as a function of the well-width are presented for sev-
eral values of the ILF-parameter, (a); and (b) as a function
of the ILF-parameter, for several values of the well-width,
for zero applied electric and magnetic field.

As long as L augments, the potential barrier confine-
ment effects on electrons clearly decrease. Hence, the value
of Ey diminishes as can be seen in Figure 2a — for all the
considered ag-values. There, it is readily apparent that in
the limit of L = 0 all curves go towards the same value
Ey = V. Notice that in such limit the results are inde-
pendent of the ILF-parameter. It is also readily observed
that the influence of the ILF-parameter becomes impor-
tant starting from L ~ 20 A. For a fixed value of L, say
L = 50 A, Ey is a growing function of the magnitude
of ap. In the region oy < L/2, this increment is due
to the decreasing of the effective width of the QW bot-
tom. For oy > L/2, the increasing of Ej is essentially
due the displacement of the potential bottom towards
higher energy values. However, in the case of ag > L/2,
and given that the potential well barrier had a fixed a
value in the situation without laser field applied, there
will be an effective decreasing of the height of the confin-
ing potential barrier — the height of the barrier including
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the laser effects, when ag > L/2, has an approximate

height of de E = % arcsin(z2-). It is also seen that at
0

L =100 A - right-hand side of Figure 2a — the curves de-
picted have four distinct tendencies towards very different
values of the energy. The curve for oy = 0 corresponds to
an electron confined within a QW which has V; potential
height and width of 100 A and which bottom is located
at £ = 0. The curve oy = L/4 tends to the limit of a QW
of width equals to 50 A and potential barrier of height Vj
measured from the zero energy as well. The curve cor-
responding to apg = L/2 tends towards the limit value
for a QW of 200 A of width with barrier height given
by Vb; also measured from the zero energy. Finally, the
curve with oy = 3L/4 approaches the limit correspond-
ing to a 250 A wide QW with a potential barrier height
approximately equals to V;/2, measured from the value
E=Y%r—2 arcsin(QLTO)].

In Figure 2b it is shown the growing character of Ej
as a function of the ILF-parameter. We considered three
distinct values of the QW width. It can be observed that as
long as the QW width decreases, the effects of oy become
more evident. An increment from zero to 50 A of the ILF-
parameter means an increment of ~60 meV in the case
L =100 A; of ~80 meV if L = 80 A; and of ~90 meV for
L = 60 A. This strengthening of the laser field effects is
closely related to the “unique” value of Ej taken by all the
curves in Figure 2a when L = 0, and also to the shifting
upwards suffered by the energy of the QW bottom, when
oy > L/2

In Figure 3 the results for the binding energy of on-
center donor impurity in a GaAs-Gag g7Alg.33As QW as a
function of the well-width, are depicted for several values
of the ILF-parameter (Fig. 3a), and as a function of the
ILF-parameter, for several values of the the well-width
(Fig. 3b). In both figures, F' =0 and B = 0.

Let us look first at Figure 3a. First, notice that for
L = 0 all the binding energy curves converge towards the
same value E;, = 7.21 meV. This energy is 20% higher
than the effective Rydberg in GaAs — 5.97 meV. This can
be explained by remembering that according to the setup
of our model potential, the condition L = 0 implies a sit-
uation in which we have a single electron bound to an
impurity placed at the center of an infinite-barrier QW
of Loo = 500 A width. Same as Figure 2, it is clear that
according to the way all these curves have been param-
eterized by means of the ILF-parameter, the results for
them must coincide if L = 0. The behavior exhibited by
the curve corresponding to ap = 0 has been widely re-
ported in the literature. When L — 0 one has an electron
bound to an impurity in a Gag g7Alp.s3As infinite-barrier
QW of width 500 A; and in the case of L — 500 A — not
depicted in Figure 3a —, we face the problem of an elec-
tron bound to an impurity in a GaAs infinite-barrier QW
of width 500 A. It is clear that in our model and when
ap = 0, the binding energy for on-center donor impurity
must be the same in the two limits: for L — 0 and for
L — 500 A. When ag = 0 and L = 100 A there exists
a strong localization of the electron wave function in the
GaAs QW region. For that reason, at this value of the
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Fig. 3. (Color online) Binding energy of on-center donor im-
purity in a GaAs-Gag.e7Alp.33As QW as a function of the well-
width, for several values of the ILF-parameter (a), and as a
function of the ILF-parameter, for several values of the the
well-width (b). In both figures, F' =0 and B = 0.

QW-width the binding energy has a substantially larger
value in comparison with L = 0.

We must notice that for finite QW widths (L > 0), Ej
is always a decreasing function of the ILF-parameter. Let
us see in more detail what happens: taking a fixed value
of L, say L = 100 A, when ag = 0 one has an electron
confined in a QW of width L = 100 A with an impurity at
the center of the well. In that case, the impurity position
exactly coincides with the space region where the electron
density of probability has a maximum. Therefore, there
will be a small value for the expected electron-impurity
distance with the consequent large value of the binding
energy. If we now have g = L/4, in accordance with
Figure 2a, it is detected an increasing of the localization
of the electron probability density around the center of
the QW. But in this case, the problem corresponds to
that of an electron bound to two Coulombic centers local-
ized at z = a9 = +L/4, each with a charge magnitude
of ¢/2 — see equation (8). In consequence, this is equiva-
lent to an augment of the expected value of the electron-
impurity distance with the corresponding diminishing in
the binding energy. In this situation the Coulombic inter-
action decreases and this phenomenon is dominant over
the increment in the carrier slocalization. In accordance,
although the second effect would imply an augment in FEp,
the overall result is, in fact, its decreasing.
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Considering the case where og = L/2, it is possible to
detect a weakening of the electron localization around the
center of the heterostructure since the problem is — now —
actually that of an electron confined in a QW of width
200 A and potential barrier of V. Indeed, the maximum
of the electron density of probability still lies at the center
of the structure. But in this case, the two Coulomb centers
with charge e/2 are located at z = +«ap = +L/2, which
corresponds to the position of the walls of the real QW
(with no laser effects). Again, the binding energy keeps
decreasing because both effects are additive: (1) the bind-
ing energy decreases due to the loss of localization in the
wave function, (2) Ej diminishes because of the augment
of the expected value for the distance between the electron
and the two Coulomb-centers.

Finally, when ap = 3L/4 the situation is that the car-
rier localization around the central region of the QW de-
creases, in accordance with what can be observed from
solid line in Figure 1b. This implies an augment of the elec-
tron localization towards the well barrier regions, which
are approximately located at z = +5L/4, and have an
approximate height given by E = 2% arcsin(ﬁ). This
results in a additional diminishing of the carrier local-
ization as well as of the binding energy. Besides, both
e/2-charge centers are now located in the Gag g7Alp 33As
region, at the positions z = +«y = £3L/4 where, accord-
ing to Figure 1b the electron density of probability essen-
tially approaches zero. For this reason the expected value
of the distance between the electron an both Coulombic
centers will be significantly large, with the consequent
falling observed in the values of Fj, such as it is shown in
Figure 3a.

In Figure 3b the results of the curve marked with the
label L = 100 A correspond to the already discussed be-
havior for such a well width which can be observed at
the right end of Figure 3a. That is the binding energy di-
minishes as long as the value of the ILF-parameter grows,
as a result of the augment of the electron-impurity dis-
tance (when ap < 50 A), and of the combined effect of
this distance augment and of the reduction in electron
localization (when o > 50 A). In the limit oy — 0, it
is observed that the binding energy grows as long as the
QW width decreases. That is, for smaller widths the car-
rier localization in the central region of the QW — where
the impurity is precisely placed — becomes larger. Small
increments of the ILF-parameter, oy < 30 A, keep this
growing character for Ej, while the well width decreases.
This shows that for such small values of the laser param-
eter, the contribution coming from the well-width-related
values of the carrier localization is dominant over that of
the ILF-parameter. On the other hand, for oy > 30 A,
it can be seen that the laser effects become dominant for
the binding energy, in comparison with the influence that
the changes in QW size have over it. This is noticed from
the fact that all curves overlap, which is a consequence
of the rather high increasing of the electron-impurity dis-
tance due to the penetration of the Coulomb centers into
the Gag g7Alp.33As region, where the electron amplitude
of probability is essentially null.
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Fig. 4. (Color online) Binding energy of a donor impurity in
a GaAs-Gag.e7Alp.33As QW as a function of the impurity po-
sition and for several values of the ILF-parameter. The results
are for L =100 A, F =0, and B = 0.

Figure 4 depicts our results for the binding energy of a
donor impurity in a GaAs-Gag.grAlg.33As QW as a func-
tion of the impurity position and for several values of the
ILF-parameter. The results are for L = 100 A, F=0,and
B = 0. Given that this figure is constructed for F' = 0, the
symmetry of reflection — with respect to the plane z =0 —
of the binding energy curves is clearly exhibited. The ori-
gin of the coordinates have been taken to be at the center
of the QW. For that reason, moving the impurity along
the 4z direction has the same effects that the equivalent
displacement towards —z. From Figure 1 it is possible to
observe also the symmetric character of the carrier con-
finement. The result for ag = 0 has been widely reported
in the literature: the binding energy decreases symmetri-
cally as long as the position of the impurity approaches
the potential barriers. This is a consequence of the repul-
sion of the wave function due precisely to the presence of
the barriers, with an increment of the electron-impurity
distance, thus leading Ej, to have smaller values. A sec-
ond way of viewing this situation is by realizing that with
the maximum of the probability density located at the
QW center, the displacement of the impurity position to-
wards the barriers implies the increasing of the electron-
impurity distance. This leads to the weakening of the
electrostatic interaction. Hence, the decreasing in value
of Ey. This behavior is kept for growing values of the ILF-
parameter. However, the larger «q is, the less noticeable
turns the impurity displacement towards the QW barriers.
The reason for that is that making the ILF-parameter to
be large enough (for instance ag = 75 A in a QW of width
L = 100 A) provokes that the electron wave function is
distributed in a quasi-constant manner over the region in
which the impurity is moving: |zo| < 50 A, resulting in
non significant changes in the binding energy.

In Figure 5, the calculated ground state energy of a
confined electron (a) and the binding energy of on-center
donor impurity (b) in a GaAs-GaggrAlg3sAs QW are
found, as functions of the applied electric field, for two
fixed values of the ILF-parameter. The results presented
are obtained for L = 100 A with B = 0.
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Fig. 5. (Color online) Ground state energy of a confined elec-
tron (a) and binding energy of on-center donor impurity (b) in
a GaAs-Gag.¢7Alp.33As QW as a function of the applied electric
field and for two values of the ILF-parameter. In both figures,
L =100 A and B =0.

As it has been already explained in the discussion of
Figure 1, in the case of a QW of width L = 100 A,
when o = 25 A, the system essentially behaves like a
QW of width 50 A with a strong wave function local-
ization around z = 0. If we have oy = 75 A, then it
would correspond to a QW with L = 250 A and bar-
rier height given by F = 2% arcsin(ﬁ), with a weaker
wave function localization around z = 0. Naturally, in
the first of these cases the system is much less sensitive
to the electric field effects, as can be seen by comparing
the curves in Figure ba. The decreasing behavior of the
ground state energy, Ey, as a function of the electric field
is explained by the reduction in the effective potential bar-
rier height which is located at z = L/2 4+ «p. This bar-
rier height decreases according with the functional form
V =Vy —eF(L/2+ ap). This reduction implies a dimin-
ishing of the wave function localization near z = 0 and,
consequently, results in a decreasing of Ey for growing
electric field intensities.

If we now introduce the effects of the impurity in the
system (Fig. 5b), the two e¢/2 Coulombic charge centers
located at z = +ap will act in such a way that an ad-
ditional carrier confinement is provided. We have already
explained what happens to the binding energy for F' =0
when the ILF-parameter is increased. But when F' # 0,
the electric field favors a reduction in the average dis-
tance between the Coulombic center located at the point
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z = +ap and the maximum of the electron wave function
whilst the distance with respect to the Coulombic center
located at z = —ap augments. Then, the system goes from
being an electron bound to a couple of electrostatic cen-
ters to that of an electron bound to a single Coulombic
center with charge e/2. This situation is clearly associated
with a the lowering of the binding energy.

There are quite marked differences between the two
curves in Figure 5b. The curve with ag = 25 A exhibits
a weaker dependence with the electric field whereas the
curve corresponding to the laser parameter oy = 75 A
shows a quasi-constant behavior until ' = 40 kV/cm,
and then starts to rapidly decrease for higher values of
the field intensity. This can be explained with the help of
the following reasons: first, in the case ag = 25 A, the
considered electric field values are not capable of induc-
ing a displacement of the wave function maximum from
the center of the well, such as is observed from Figure la
when one compares the curve for F = B = 0 and the
curve in which F = 100 kV/cm and B = 0. So, this im-
plies that the changes in the distance between the elec-
tron and the Coulomb centers are not really significant.
Besides, given that in the case of oy = 75 A the effec-
tive width of the QW is of the order of 250 A, when
F > 40 kV /cm, the electric field strength is capable of in-
ducing a shift of the probability density maximum towards
the barrier region, where the impurity is precisely placed.
The distance between the electron and the impurity cen-
ter located at z = 75 A is therefore reduced. It should
be also noticed that for this later magnitude of the ILF-
parameter, the confining potential has suffered a decreas-
ing due to the appearance of the central maximum in the
function (V)(z, ag) which originates the formation of the
pair of coupled quantum wells. The presence of these two
wells is manifested in the flat top of the dependence of the
probability density curve in Figure 1b for zero fields. The
quasi-constant behavior of the binding energy within the
field strength range of F' < 40 kV/em, when oy = 75 A is
explained by the fact that although there is a weakening of
the interaction between the electron and the two Coulomb
centers, the presence of the electric field allows to confine
the charge carriers within the QW that is formed in the
region 0 < z < L/2 — see Figure 1b. This originates an
augment in the carrier localization and, as a result of it,
of the binding energy. We then have two competing effects
that give the resultant behavior above mentioned.

In Figure 6 we present the ground state energy of a
confined electron (a) and the binding energy of on-center
donor impurity (b) in a GaAs-GaggrAlp33As QW as a
function of the applied magnetic field, for two different
values of the ILF-parameter. In both figures, L = 100 A
and F = 0.

Figure 6a clearly allows us to observe that Ey aug-
ments as a consequence of the increment in the magnetic
field strength. Again, this happens because as long as B
increases there will be a greater localization of the carri-
ers in the vicinity of z = 0. It is worth noticing that when
oo = 25 A the variations in Fy are quite small since the
system itself is already strongly confined given the reduced
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Fig. 6. (Color online) Ground state energy of a confined elec-
tron (a) and binding energy of on-center donor impurity (b) in
a GaAs-Gag.e7Alp.33As QW as a function of the applied mag-

netic field and for two values of the ILF-parameter. In both
figures, L = 100 A and F = 0.

effective size of the QW width. In the case of ag = 75 A,
it is clear that the effective well has a much larger width,
and the potential barriers have a much smaller height.
Then the system becomes more sensitive to the external
perturbations that induce quantum confinement, such as
the applied magnetic field.

The analysis of Figure 6b allows to observe two oppo-
site effects of the applied magnetic field on the binding en-
ergy, depending on the magnitude of the ILF-parameter.
In the case of oy = 25 A, the binding energy grows with B,
whilst for ag = 75 A, FEy decreases when the magnetic
field strength augments. Let us discuss this phenomenon in
more detail. For ag = 25 A and at zero magnetic field, the
maximum of the electron probability density is in the re-
gion close to z = 0. When a finite intensity field is applied,
the density of probability is reinforced over the same re-
gion, making the system to be more confined. This causes
the increasing of the binding energy.

Now, when ag = 75 A, the presence of a potential
barrier in the region around z = 0 causes the confine-
ment of the electron system to be mainly located in the
ILF-induced two-well region, which manifests trough the
flatness of the maximum of the probability density, as seen
from Figure 1b. The application of the magnetic field pro-
vokes the strengthening of the wave function maximum in
the region around z = 0. This is observed in the curve
corresponding to F' = 0 and B = 30 T of Figure 1b.
As a consequence, there is an augment of the distance
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between the carriers and the two Coulomb centers lo-
cated at ag = £75 A, which leads to a decreasing of the
Coulombic correlation and, therefore, to a reduction of the
binding energy.

4 Conclusions

In this work we have studied the intense laser effects on the
binding energy of a donor impurity in GaAs-Gaj_,Al,As
quantum wells under the influence of applied electric and
magnetic fields. The calculations were performed within
the effective mass and parabolic band approximations.
The intense laser effects have been included through the
Floquet method in the confinement potential associated
to the heterostructure. The findings can be summarized
as follows.

For zero applied field, the ground state energy of the
electron confined in the quantum well is a decreasing func-
tion of the well width for every intensity of the laser field.
If the width of the QW remains fixed, then the ground
state energy is a growing function of the ILF-parameter.
Under the same conditions, the on-center impurity bind-
ing energy diminishes as a function of the ILF-parameter
for all the values of the well width considered. The same
quantity shows a mixed character when it is considered as
a function of the QW width for different values of «yq: for
smaller widths, Fj is an increasing function of L whereas
it becomes a decreasing function of the well width when L
adopts larger values.

If Ej is considered a function of the position of the
impurity atom, it is found that the binding energy is a
symmetrical function with a well defined maximum for the
impurity at the QW center and decreasing for larger values
of |zg|, in the situation of fixed QW width and small values
of the ILF-parameter. When ¢ increases, this maximum
becomes less pronounced and the dependence is becoming
almost a constant.

If only an electric field is applied to the system, it
is detected that keeping fixed both the impurity position
(at the center) and the quantum well width, the impurity
binding energy is a decreasing function of the field inten-
sity for all — finite — values of the ILF-parameter, with a
steepest rate of diminishing for large ' when ay is larger.
On the other hand, if there is only a magnetic field applied,
for the fixed configuration above commented, it is found
a dual behavior of Ej as a function of the field strength:
for smaller values of the ILF-parameter, the binding en-
ergy is a growing function of B, whilst for larger ay it is
a decreasing function of the magnetic field intensity.
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