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A systematic study on the influence of two intense, long-wavelength, nonresonant laser fields on the electron
energy levels and density of states(DOS) in GaAs/AlGaAs quantum wells is performed within a Green’s
function approach. The carrier confinement pattern and its associated DOS are shown to be modified by the
laser beams. For laser field polarizations parallel to the growth direction only the effective potential is changed
whereas for in-plane polarizations only the DOS is altered in the sense that it is field-driven. The results show
that for a GaAs/AlGaAs quantum well the effect of the laser field radiation is to induce strong blueshifts in the
electronic energy levels. The DOS dependence on the laser-induced confinement characteristics changes from
the usual ladder profile to a functional form that reminds us of a one-dimensional system.
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I. INTRODUCTION

With the advent of high-power, long-wavelength, linearly
polarized laser sources possibilities have arisen in the study
of the interaction of intense laser fields(ILFs) with electrons
in semiconductors.1–3 In the case of semiconductor hetero-
structures, the situation is even more interesting due to the
possibility of carrier confinement within more than one na-
nometrical distance, thus reducing the dimensionality of the
system. Recently, this possibility has been investigated with
the use of high-quality, tunable laser sources, such as CO2
and free-electron lasers(FEL), applied to low-dimensional
electronic system samples.4 As a consequence, some impor-
tant and distinctive phenomena associated with laser-driven
two-dimensional electron gases(2DEGs) have been theoreti-
cally anticipated5,6 and observed.4,7

Theoretical calculations of the changes induced by an ILF
on the first subband energy level8 and mobility9 for electrons
in a quantum well(QW), and on the binding energy of a
hydrogenic impurity confined in a QW(Ref. 10) were al-
ready developed. The terahertz(THz) assisted electron-
phonon and electron-impurity scattering rates for electrons in
a single heterojunction have been calculated by Cao and Lei
in a recent paper.11 Essentially the same formalism was con-
sidered in the study of tuning mechanisms for laser emission8

and laser-driven resonant tunneling12 in a double-barrier het-
erostructure. In the case of modulation-doped quantum wells,
a similar tunability was found for the 2DEG areal density.13

In fact, in the presence of a linearly polarized electromag-
netic (EM) radiation, modifications in the electron density of
states(DOS) in three-dimensional electron gases6,14 (3DEG)
and ideal 2DEG (Ref. 6) systems were systematically inves-
tigated, leading to the theoretical prediction of the dynamic
Franz-Keldysh effect (DFKE),6 which was detected
recently.15

In the case of aquasi-2DEG, i.e., an electron gas confined

in a well slab with finite width, important effects of THz
laser radiation were found for the DOS dependence on the
electron energy in QWs modeled with both infinite16 and
finite17 barrier heights. In these works, the author treated the
electron-photon interaction exactly, using the standard
gauge-invariant spectral function and considering the most
general case of laser beams composed of resonant photons,
thus taking into account both absorption and emission pro-
cesses. As a consequence, the summations and integrals in-
volved in the expressions obtained for the correction of the
DOS due to the presence of laser fields are too voluminous.18

Nevertheless, the possibility of obtaining modifications on
the electronic structure of a laser-driven quasi-2DEG con-
fined in a QW with finite width and barrier heights by using
only nonresonant19 laser beams was not explored, despite the
fact that the mathematical expressions involved are much
simpler. Since the DOS is one of the central quantities for
calculating almost all physically measurable properties, in
this paper we have considered as relevant the task of inves-
tigating in detail the changes induced in this quantity by
illuminating a QW with an intense, nonresonant laser source.
Moreover, the possibility of enhancing the laser-induced
blueshift on the electron energy levels by simultaneously ap-
plying two linearly polarized laser beams in a crossed con-
figuration was not investigated to date. We have also judged
it important to examine how the presence of intense, long-
wavelength, nonresonant laser fields affects the potential pro-
file, the energy levels, and the DOS, simultaneously, for elec-
trons confined in a single QW.

The paper is organized as follows. In Sec. II we present
the mathematical formalism concerning the calculation of the
electronic structure for noninteracting quasi-2D electrons
confined in a semiconductor QW in the presence of intense,
long-wavelength, nonresonant laser fields. Emphasis will be
given on the bound state energy levels and on the DOS de-
pendence on the energy. In Sec. III the numerical results for
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a GaAs/AlGaAs single QW are presented and discussed.
The possibility of tuning both the DOS and the energy levels
in quasi-2D electronic systems by varying the laser fre-
quency and/or intensity is pointed out for a CO2 beam propa-
gating perpendicularly to a THz beam, which is propagating
along the growth direction. Concluding remarks are given in
Sec. IV.

II. ELECTRONIC STRUCTURE CALCULATION

In the absence of EM radiations, the energy levels and the
DOS can be easily computed for quasi-2D electrons confined
in QWs with barriers of finite height and within the effective
mass approximation. In this case, the well potential reads

V0szd = V0suzu − L/2d, s1d

where V0 is the barrier height,Qszd is the Heaviside step
function, andL is the well width. If we let thez axis be
perpendicular to the QW interfaces the quasi-2D electron
wave function is given by20–22

cn,ksr ',zd =
1
ÎS

eik·r 'xnszd, s2d

whereS is the normalization area,r ';xx̂+yŷ is the in-plane
position, andk ;kxx̂+kyŷ is the in-plane wave vector. Each
subband is identified by the indexns=1,2, . . .d so xnszd and
«n are the envelope wave function and their corresponding
bound state energy levels, respectively; the energy spectrum
being given byEnskd=«n+"2k2/ s2m*d. In the case of un-
doped QWs, the energies«n are the eigenvalues of a simple
Hamiltonian operator describing the electron motion in a
square quantum well. These eigenvalues are the solutions of
some transcendental equations that arise from the matching
conditions for xnszd and f1/m*szdgs]xn/]zd at the
heterointerfaces.20,22 The latter boundary condition involves
the position-dependent effective massmA

* smB
* d in the channel

(barrier) slab. Once all bound state energy levels are deter-
mined, the DOS can be evaluated from its general formula-
tion, namelyrsEd=o

k
dfE−«skdg. For the simple case of 2D

electrons in a square QW, this summation generates the fol-
lowing integral expression:22

rsEd = gso
n

S

4p2E E dFE − «n −
"2

2m* skx + kydGdkxdky,

s3d

wheregss=2d is the factor for spin degeneracy andm* is the
average ofm*szd along the growth direction.23 The integral in
Eq. (3) may be solved in terms of the Heaviside step function
by using polar coordinates in thek space. This reduces the
expression for the DOS(per unit of area) to

rsEd
S

; DsEd = r0o
n

QsE − «nd, s4d

wherer0;gsm
* / s2p"2d is the “natural” unit for this quan-

tity. Equation(4) describes the usual ladder profile for the 2D

DOS dependence on the carrier energy in the absence of
external fields.22

Since we are interested in electrons composing a quasi-
2DEG subjected to an intense, long-wavelength,nonresonant
laser field, the first step of the calculation is to check, for a
given QW, if the photon energy is below the band gap of the
well material and below the intersubband excitation
energy—a condition that ensures the absence of emission
and absorption processes. Since, for a given barrier height
V0, the intersubband energy decreases with the increase of
the well width,21 we have established the value of the maxi-
mum well widthsLmaxd above which the resonance condition
is not observed. Afterwards, we have chosen someL,Lmax
and used it to compute the effective potential and corre-
sponding bound state energy levels, taking into account a
nonperturbative approach developed initially to describe the
behavior of atoms under ILF conditions.24 We have consid-
ered the space-translated version of the semiclassical, time-
dependent Schrödinger(SCD) equation for an electron mov-
ing under the combined forces of the square quantum well
potential and the laser fields. It was assumed here that the
radiation field can be described by the dipole approximation
in the physically important region of the space. Under these
conditions, the one-electron SCD equation in the momentum
gauge reads

F 1

2m* sp − eAd2 + V0szdGCsr ,td = i"
]

] t
Csr ,td, s5d

wherep=s" / id¹ is the momentum operator andA =Astd is
the vector potential created by the EM radiation. In this
work, we are interested only in laser field radiations for
which Astd is either in-plane, i.e.,Astd=Axstdx̂, or parallel to
the growth direction, i.e.,Astd=Azstdẑ. The temporal depen-
dence was assumed asAjstd=A0j sinsv jtd, with j =x,z. The
vector potential is related to the electric field byF=−]A /]t
as usual, and its strength isA0j =F0j /v j. In Fig. 1 we indicate
the growth direction(z axis) and the polarization direction of
each laser beam. The above SCD equation, Eq.(5), is written
for a moving frame that follows the field-driven motion of
the classical electron(the so-called Kramers reference
frame).24

The effect of the EM radiation polarized parallel to thez
axis on the electronic states can be found by separating the
effective potential in two parts: a time-dependent(ac) and a
time-independent(dc). The eigenvalues and eigenfunctions
of the dc part constitute the quasienergy spectra of the sys-
tem, whereas the ac part will be treated as a perturbation.
The separation of the potential energy follows from a unitary

transformationCsr ,td→
U

fsr ,td, as discussed in detail in
some recent works.12,25 This changes Eq.(5) to

F−
"2

2

d

dz

1

m*szd
d

dz
+ Vfz− astdgGfsz,td = i"

]

] t
fsz,td,

s6d

where Vfz−astdg=V0Qfuz−a0zcossvztdu−L /2g, with a0z

;eA0z/ sm*vzd, is the time-dependent potential, which has
the same form of the bare potential but is translated by an
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amount astd in the z-axis direction (the so-called “laser-
dressed” potential).8,10,26The displacementastd, defined as

− se/m*dFE
0

t

Azst8ddt8G ,

is known as the laser-dressing parameter.10 In the limit
vz t@1, the electron motion is dominated by the oscillation
of the time-dependent QW potential under the influence of
the laser field and, consequently, it “sees” a laser-dressed
potential(see Fig. 3 of Ref. 26 for a picture of the physical
situation), which is somewhat different from the square po-
tential observed in the absence of external fields. AsVfz
−astdg is a periodic function in time for any positionz, these
eigenstates can be found by considering the electron as being
subjected to a time-averaged potentialkVfz−astdgl. Taking
this potential into account, the laser-dressed eigenstates are
the solutions of

F−
"2

2

d

dz

1

m*szd
d

dz
+ VDCszdGfmszd = Emfmszd. s7d

whereVdcszd is the dominant term(the one of order zero) in
the Fourier series expansion ofkVfz−astdgl. We solved Eq.
(7) numerically, by following an accurate discretization
method developed for BenDaniel-Duke type Hamiltonians.27

The effect of the in-plane polarized ILF on the electronic
states can be obtained by integrating Eq.(5) over t directly,
with Astd=A0x sinsvxtdx̂. This leads to the following exact
time-dependent wave function:

Cn,ksr ,td = Cn,ksr ,0dexph− i/"fEnskd

+ 2g"vxgtjexphia0xkxf1 − cossvxtdgj

3 expfig sins2vxtdg, s8d

where 2g"vx is the energy of the laser field,r =sr ' ,zd,
cn,ksr ,0d=eik·r 'xnszd, a0x;eA0x/ sm*vxd, and g
;e2A0x

2 / s8m*"vxd. This electron wave function allows us to
separate the time-dependent SCD equation in a time-
independent, one-dimensional differential equation describ-
ing the motion along thez axis

H−
"2

2

d

dz
F 1

m*szd
d

dz
G + V0szdJxnszd = «n xnszd. s9d

The time-dependent wave function in Eq.(8) is related to the
probability amplitude of a process in which one adds an
electron in a stateun8 ,k8l at time t’ to the system and it
evolves to a stateun,kl at timet. This probability is given by

E d3rCn8,k8
* sr ,t8dCn,ksr ,td = dn,n8dk,k8hsn,k ;t,t8d, s10d

with

hsn,k ;t,t8d ; exph− i/"fEnskd + 2g"vxgst − t8dj

3exph− ia0xkxfcossvxtd − cossvxt8dgj

3 exphigfsins2vxtd − sins2vxt8dgj. s11d

We now introduce the retarded propagator, or Green’s func-
tion, in the sn,k ; td space for noninteracting electrons,
namely,28

G+sn8,k8;n,k ;t . t8d = dn,n8dk,k8G
+sn,k ;t . t8d, s12d

where G+sn,k ; t. t8d=−i /"Qst− t8dhsn,k ; t ,t8d. This is a
two-time Green’s function, which is the solution of

F«n +
s"k − eAd2

2m* − i"
]

] t
GG+sn,k ;t . t8d = dst8 − td

s13d

in the sn,k ; td space and

F sp − eAd2

2m* + V0szd − i"
]

] t
GG+sn,k ;t . t8dCn,ksr ,0d

= dst8 − tdCn,ksr ,0d s14d

in the real space, wheren andk are quantum numbers. Then
G+sn,k ; t. t8d is the actual Green’s function in thesn,k ; td
space. By convertingeix cos y and eix sin y into Bessel func-
tions, the Fourier transform of the retarded Green’s function
simplifies to

FIG. 1. Heterostructure growth direction(z axis) and
polarization/propagation directions for the laser field beams. The
dark layer is the GaAs channel, which is sandwiched by two
AlGaAs layers(light gray). The dark arrows indicate the propaga-
tion directions. Note that the laser radiation propagating along they
axis (z axis) is polarized parallel to thez axis (x axis).

ELECTRONIC PROPERTIES OF A QUASI-TWO-… PHYSICAL REVIEW B 70, 035307(2004)

035307-3



Gn,k
+ sE,t8d =E

−`

+`

dst − t8dexpfi/"sE + ihdst − t8dg

3G+sn,k ;t . t8d

= o
m=−`

+`
F̃mskx,t8d

E − Enskd − 2g"vx − m"vx + ih
,

s15d

where the infinitesimalih has been introduced to avoid di-
vergences. The auxiliary function in the summation is given
by

F̃mskx,t8d = s− 1dmFmskxd o
n=−`

+`

inJm+nsa0xkxd

3exphifnvxt8 − g sins2vxt8dgj, s16d

whereJmsxd is a Bessel function. The functionFmskxd may
also be expressed in terms of Bessel functions,

Fmskxd = o
l=0

`
Jlsgd

1 + dl,0
fJ2l−msa0xkxd + s− 1dm+lJ2l+msa0xkxdg.

s17d

The steady-state properties can be found by averaging the
solutions over the initial timet’ and averagingt’ over a pe-
riodicity of the radiation field,6 i.e., by solving
svx/2pde−p/vx

+p/vxdt8Gn,k
+ sE,t8d. The resulting averaged Green’s

function is

Gn,k
* sEd = o

m=−`

+`
Fm

2 skxd
E − Enskd − 2g"vx − m"vx + ih

. s18d

It is interesting to note that this complex function is such that
edE RehGn,k

* sEdj=0 and edE ImhGn,k
* sEdj=−p, with

om=−`
+` Fm

2 skxd=1.
The laser-driven DOS for quasi-2D electrons occupying

the nth subband can now be determined from the imaginary
part of the Fourier transform of this Green’s function, i.e.,
DnsEd=−sgs/pdokImhGn,k

* sEdj. Sincek is a quasicontinuum
vector, the usual conversion of the summation into a volume
integral in thek space applies, leading to the following ex-
pression for the laser-driven DOS in thenth subband:

DnsEd =
2

p
r0o

m=0

`

QsĒngmdE
0

1 dj

Î1 − j2
Fm

2Sj
Î2m*Ēngm

"
D ,

s19d

whereĒngm;E−«n−2g"vx−m"vx.
As pointed out elsewhere,16,17 the processes of photon ab-

sorption and emission can induce strong changes in the DOS
of quasi-2D electronic systems, mainly for laser field radia-
tions with high intensity(i.e., largeF0x) and low frequencies
svxd. There is, however, a lack of systematic investigation on
the occurrence of such changes in the specific case of non-
resonant laser fields,19 and we think it may be due to the
apparent contradiction in inducing changes in the 2D DOS
(thus in the optical properties of the heterostructure) with

nonresonant photons. Nevertheless, this is not true for a car-
rier system whose dimensionality can be reduced by apply-
ing an ILF on the QW structure, as we are reporting in this
paper. In the case of a nonresonant laser beam, if the radia-
tion frequency is such thatvxt@1, then the rapid oscillation
of the Bessel functions will make their integral null and only
the term corresponding tom=0 in Eq.(19) will survive, thus
reducing the summation to only one term. Explicitly, the
DOS per unit area in thenth subband results

DnsEd =
2

p
r0QsE − «n − 2g"vxd

3E
0

1 dj

Î1 − j2
F0

2Sj
Î2m*sE − «n − 2g"vxd

"
D ,

s20d

where F0skxd=J0sgdJ0sa0xkxd+2ol.0,evenJlsgdJ2lsa0xkxd de-
pends on both the laser intensity and frequency. Note that the
total DOS, i.e.,DsEd, is easily obtained fromDnsEd as stated
above, by doing

DsEd = o
n

DnsEd. s21d

In the low-field and /or high-frequency limits, both laser pa-
rametersg and a0x tend to zero and thusF0skxd→1 since
limx→0Jnsxd=dn,0. In this case, the DOS recovers its usual
ladder profile in the absence of external fields, as stated in
Eq. (4).

III. RESULTS AND DISCUSSIONS

As pointed out in Ref. 6, the interaction of a 2DEG with
an intense laser field(ILF) results in blueshifts for all bound
state energy levels due to the DFKE for both resonant and
nonresonant radiation fields with in-plane polarization. Nev-
ertheless, the possibility of inducing such shifts with non-
resonant, intense laser fields polarized perpendicularly to the
confinement layer(i.e., the QW channel) was not established.
We analyzed this possibility here by developing extensive
numerical calculations for electrons in a GaAs/AlxGa1−xAs
single QW subjected to a monochromatic CO2 laser beam
polarized along thez axis and propagating in they-axis di-
rection with frequencyvz=1.7831014 Hz and amplitude
F0z=180 kV/cm. With these laser parameters, the laser-
dressing parametersa0zd evaluates to,15 Å. We took, for a
GaAs/AlxGa1−xAs QW, a band gap of 1.519 eV between the
conduction and valence bands in the GaAs layer, a band
offset V0sxd=60% DEgap, where DEgap=1.155x
+0.37x2seVd, and assumedmA

* =0.0665m0 and mB
* =mA

*

+s0.1006x+0.0137x2dm0 for the electron effective masses in
the GaAs channel and in the AlxGa1−xAs barriers, respec-
tively. By assuming29 an electron mobility of ,5
3106 cm2/V s we found vzt,9535 for x=0.3 sV0

=227.9 meVd which assures the validity of the approxima-
tions assumed in the laser-dressed potential approach[see
Eqs. (6) and (7)]. For this Al molar fraction the nonreso-
nance condition19 is guaranteed only for well widths below
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Lmax=190Å. To this extent we chose a well width of 150Å
and calculated every bound state energy level exactly(in the
absence of external fields), namely E1=15.911 meV,E2
=63.442 meV, E3=140.721 meV, andE4=227.787 meV
(these are the values with respect to the bottom of the well).
These energy levels are plotted in Fig. 2, together with the
conduction band edge. In the presence of the CO2 laser field,
the potential is changed near to the heterointerfaces posi-
tions, i.e.,z=−L /2 andz= +L /2, and all energy eigenvalues
are affected, being blueshifted. The first three energy levels
are shifted by,1.7 meV, 7.3 meV, and 18.2 meV. The
fourth energy level, initially just below the conduction band
edge in the barriers, becomes unbounded in consequence of
the changes in the effective potential. The increase of the
blueshifts in each bound state energy level with respect to the
laser intensity was also investigated. By changing the QW
parameters tox=0.35 andL=200Å (for this particular Al
molar fractionLmax increases to,215 Å) in viewing to in-
crease the number of bound states, we found a situation in
which there were five bound states well below the conduc-
tion band edge in the barriers(see the dashed lines in Fig. 3).
By increasing the CO2 laser intensity, all the energy levels
are affected presenting an almost linear increase with the
laser-dressing parameter as shown in Fig. 3. Note that the
shifts are greater for higher level indexes. Note also the fifth
level is made unbound for a laser-dressing parameter of
,11.5Å.

So far, to our knowledge, the consequences of subjecting
the carriers to an additional ILF in a crossed configuration, as
shown in Fig. 1, was not yet investigated. We considered
here the additional ILF as being a nonresonant THz laser
svx/2p=131012 Hzd polarized along thex axis and propa-
gating along thez axis. According to previous works,16,17 the

effect of such ILF on the 2D DOS is remarkable in the case
of resonant photons where the process of photon absorption
is the main channel for electron-photon interactions. This
feature results in a functional form for the electron DOS in
terms of the laser intensity and frequency, but the occurrence
of such form is not clear fornonresonantILF. The inclusion
of the effects of the nonresonant THz laser field in our model
led to an additional feature, namely the blueshifts(DFKE) in
the bound state energy levels, and there is also an important
difference as compared with the ones calculated with the
CO2 laser acting alone16,17 in which all energy levels are
shifted by the same amount that corresponds to the energy of
the EM radiation field, given by 2g"vx. For F0x=5 kV/cm
s15 kV/cmd, we found additional blueshifts of 4.15 meV
s37.02 meVd in all energy levels due to the presence of the
THz ILF.

Bringing our attention back to the 150-Å-wide
GaAs/Al0.3Ga0.7As QW (Fig. 2), we investigated the
changes induced on both the bound state energy levels and
the electron DOS by these two crossed ILF radiation beams.
The changes in the DOS with respect to the usual ladder
profile are depicted in Fig. 4. It is clear from this graph that
the effect of the THz laser field is to reduce it with respect to
the free fields DOS(dashed line). The laser-driven DOS
(solid lines) is seen to depend on the energy level and on the
laser intensity according to a functional form. The reduction
observed in the DOS forF0x=5 kV/cm is only reasonable,
but it becomes significant forF0x=15 kV/cm. In fact, we
verified that the DOS reduction due to the THz ILF enhances
with the laser intensity monotonically, and it suggests an
interesting tuning mechanism for the DOS dependency on
the energy. There is also an interesting dependency for DOS
on the laser frequency. This is depicted in Fig. 5, where the
curves for a fixed CO2 laser and an additional, crossed, THz
laser field(with three different frequencies) are plotted. Note
the blueshifts induced by the THz laser fields on the ground

FIG. 2. Modifications in the conduction band edge and bound
state energy levels for a 150-Å-wide GaAs/Al0.3Ga0.7As single QW
induced by an intense CO2 laser field polarized parallel to the
growth axis(z axis). The dashed lines represent the energies in the
absence of external fields. The solid lines are forF0z=180 kV/cm,
corresponding to a laser-dressing parametera0z,15 Å. Note the
fourth bound state energy level, initially just below the barriers, is
made unbound as a consequence of the changes in the effective
potential.

FIG. 3. Blueshifts induced by an intense CO2 laser field on the
bound state energy levels for a 200-Å-wide GaAs/Al0.35Ga0.65As
single QW as a function of the laser-dressing parameter, which was
modified only through the laser intensity. The behavior is almost
linear, and the fifth energy level is made unbound fora0z above
,11.5Å.
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state energy level increase with the reduction of the fre-
quency, as expected for the DFKE-induced blueshift[i.e.,
e2F0x

2 /4m*vx]. Moreover, the peak for the thicker solid line
is clearly below 1.0, a fact that is easy to be understood
whether the factorJ0

2sgd, implicit in the expression ofDnsEd
in Eq. (20), with F0skxd>J0sgdJ0sa0xkxd, is taken into ac-

count. First, at the DOS discontinuities we haveE=«n
+2g"vx, thus the argument of the functionF0

2 is null. This
reduces the integral to juste0

1dj /Î1−j2, which has an exact
value, namelyp /2, and this makes the DOS at the disconti-
nuity (in units ofr0) to be proportional toJ0

2sgd. Since, for a
givenF0x, g increases with 1/vx

3 for decreasing values ofvx,
J0

2sgd is just below 1.0 for small values ofg, but diminishes
rapidly for g.0.5 [e.g., J0

2s0.5d>0.88 but J0
2s0.9d>0.65].

This is the reason for the DOS peak to stay far below 1.0 for
the smallervx. The DOS dependencies on the laser intensity
and frequency we investigated here are important since the
DOS reflects the maximum number of carriers that can oc-
cupy states with energies betweenE andE+dE, thereby af-
fecting the Fermi level calculation intrinsically.16,17 As the
2DEG density in modulation-doped QWs is strongly depen-
dent on the Fermi level position with respect to the subband
energy levels this laser-dressed DOS tuning should alter the
charge transfer process, as pointed out in previous
works.13,16,17 We noted that the THz-laser-driven electron
DOS we obtained with nonresonant photons is somewhat
different from the one obtained previously for the case of
m-photon absorption17 in which the photon emission was
observed to be a secondary channel for electron-photon in-
teractions. Firstly, the blueshift obtained for a THz laser field
with intensity of 4 kV/cm is only,2.5 meV for all energy
levels whereas those we found are much higher and increase
with the index of the energy level due to the presence of the
second, extra CO2 ILF. This can be seen in Fig. 4 by com-
paring the distances between each vertical solid line(discon-
tinuity at E=En) and its respective vertical dashed line(dis-
continuity atE=En

s0d), which refers to the bound state energy
levels in the absence of external fields. ForF0x
=5s15d kV/cm we obtained total blueshifts of 6.35 meV and
13.25 meV(39.22 and 41.17 meV), respectively. Secondly,
provided the lasers we used here were taken nonresonant
with the carriers energy states, the oscillations obtained in
the DOS dependence on energy with a resonant THz laser17

have not been observed although the increase in the DOS
reduction for increasing laser intensities is almost the
same.6,17 The lack of such oscillations may be explained in
terms of the nature of the electron-photon interaction for
nonresonant photons as follows. In the presence of resonant
photons, the opening of additional channels for optical ab-
sorption sm.0d and emissionsm,0d leads to a non-null
DnsEd for E−En,0 and to an increase in the DOS which can
makeDnsEd larger thanr0 (see, e.g., Ref. 16). These features
are not present in our results since in the case of a nonreso-
nant ILF the series(involving Bessel functions of several
orders) established for the averaged Green’s functionGn,k

* sEd
in Eq. (18), which is the “heart” of the DOS in thenth
subband given by Eq.(19), is reduced to only one term(i.e.,
the term corresponding tom=0) due to the absence of reso-
nant photonssmÞ0d. In this way, there remains onlyF0skxd,
which is a series involving Bessel functions of even order.
We verified that for THz laser intensities below 20 kV/cm,
the zeroth order term dominates entirely the behavior in such
a way thatF0skxd>J0sgdJ0sa0xkxd represents a very reason-
able approximation. We checked it out by computing the
DOS with the entire series truncated at the term of order 16

FIG. 4. The DOS for electrons confined in a 150-Å-wide
GaAs/Al0.3Ga0.7As single QW illuminated by two crossed ILFs.
The EM radiation propagating along they axis is an intense CO2
laser field polarized parallel to the growth direction(i.e.,Fzẑ),
whereas the one propagating along thez axis is an intense THz laser
field svx/2p=1.0 THzd polarized along thex axis (i.e., Fxx̂). The
dashed line is for the DOS in the absence of external fields. The
other (solid) lines are forF0z=180 kV/cm. The thinner(thicker)
line is for F0x=5s15d kV/cm, with an additional(DFKE) blueshift
of 4.15s37.02d meV due to the THz laser field.

FIG. 5. The DOS for electrons confined in a 150-Å wide
GaAs/Al0.3Ga0.7As single QW illuminated by two crossed, ILFs.
The dashed line is for the DOS in the absence of external fields. The
other lines are forF0z=180 kV/cm andF0x=5 kV/cm (CO2 and
THz laser sources, respectively). The thicker(thinner) solid line is
for vx/2p=0.5s1.0d THz. The dash-dotted line is forvx/2p
=5 THz. Emphasis is given for the DOS around the ground state
energy.
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for many THz laser intensities and then comparing these ac-
curate results with the ones obtained with the above zeroth
order approximation. We did not detect any significant dif-
ferences whatsoever, which makes clear that the oscillations
in the DOS are provoked by the terms withmÞ0 in the
series ofGn,k

* sEd associated with the resonant photons, not
considered in our present simulations, and not by the exclu-
sion of high-order terms in the summation forF0skxd. It is
interesting to note that the laser-reduced DOS is strongly
dependent on the THz laser intensity, which suggests a
simple optical tuning mechanism for such quantity. More-
over, the blueshifts are significantly enhanced as a conse-
quence of both THz and CO2 lasers making it possible to
tune the bound state energy levels efficiently in a broad range
by using the present laser-crossed configuration.

It is also important to emphasize that we analyzed the
effects of intense lasers only on GaAs/AlGaAs quantum
wells, but it should not be difficult to extend the results to
other semiconductor materials with zinc-blend structure,
such as other III-V and III-nitride compounds, as long as the
parameters used here for GaAs/AlGaAs QWs be adjusted
for these materials. In this case, different values ofLmax will
arise and they should be considered strictly in order to keep
the approximations assumed here valid.

IV. CONCLUSIONS

In closing, we investigated systematically the changes in-
duced by intense, long-wavelength, nonresonant laser fields
on some electronic properties, namely the bound state energy
levels and the electron DOS for quasi-2D electrons in a
single undoped GaAs/AlGaAs quantum well. Our results
show that the effect of such laser fields on the bound state
energy levels is to induce blueshifts, which depend on the
laser intensity and frequency as well as on the polarization
direction. For a CO2 ILF polarized along the growth direc-
tion, the dependence on the laser intensity is monotonic, the
blueshifts being larger for higher lying energy levels. Our
numerical results pointed out that the excited energy levels
can be made unbound for some critical laser intensity. Their
dependence on the laser frequency and polarization was in-

vestigated by comparing the effect of such CO2 ILF with that
of an in-plane polarized THz ILF. The blueshift induced by
the THz ILF is the same for all energy levels being equal to
the energy of the EM radiation fields2g"vxd. We found lin-
ear dependencies of the blueshifts on the laser-dressing pa-
rameter for both ILF polarizations, which suggests an inter-
esting optical mechanism for tuning all bound state energy
levels.

For the electron DOS dependency on energy in the pres-
ence of a nonresonant in-plane polarized THz laser field, we
found reductions that depend on the THz laser intensity and
frequency. The smooth and monotonic increase of such re-
duction with the THz laser intensity suggests an interesting
tuning mechanism for the electron DOS, Fermi level, and
2DEG density, as previously established for resonant
ILFs.13,16,17 In particular, the DOS changes from the usual
steplike shape to a functional form, which reminds one of a
quantum wire(1D DOS). It is expected that these deforma-
tions in the laser-dressed DOS come to induce an increase in
the Fermi energy for a fixed number of carriers, thereby al-
tering their optical and transport properties. The understand-
ing of the effects of intense, long-wavelength, nonresonant
laser fields on the quasi-2D electron DOS and energy levels
suggests to us a way for tuning such quantities by varying
the laser frequency and intensity. This kind of optical control
may be of great interest for those working with optoelec-
tronic devices based on quantum wells or similar low-
dimensional systems under intense laser fields
conditions,27–31 a research field that has been fueled by the
present development of high-power pulsed laser fields, such
as THz laser fields, as well as the building up of new low-
dimensional structures.32–34
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