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A theoretical study of the effects of a laser field on the electronic and optical properties of(GasdAs
heterostructures is presented by using a Kane model for the GaAs bulk semiconductor and working within an
extended dressed-atom approach. For a laser tuned far below any resonances, the effects of the laser-
semiconductor interaction correspond to a renormalization of the semiconductor energy gap and conduction/
valence effective masses. This renormalized one-body approach may be used to give a qualitative indication of
the laser effects on a variety of optoelectronic phenomena in semiconductor heterostructures for which the
effective-mass approximation provides a good physical description. As a test, the exciton Stark shift in quan-
tum wells is calculated and the effects due to the band-structure laser dressing are found to be of the same order
of magnitude as those obtained from many-body diagrammatic techniques. We have also analyzed the effects
of laser dressing on the shallow-donor peak energies in quantum wells, and found them comparable with those
produced by a magnetic field of a few teslas.
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[. INTRODUCTION faces. We also discuss the effects of a laser beam on the
exciton states in semiconductor heterostructures. A realistic
Because of the technical and scientific developmentslescription of the laser effects on shallow-impurity states in
achieved in controlling the doping of artificially tailored Semiconductor heterostructures under magnetic fields would,
semiconductor heterostructures, applications to optoeledd principle, require complex calculations involving, for in-
tronic devices are frequent and very Succesjsﬂjhe basic stance, COUlomb interactions between impurit_ies and_all V-ir-
understanding of these devices requires a comprehension Bfal excitonic states. Nevertheless, a much simpler situation
their fundamental electronic and optical properties. It is well0Ccurs when the laser is tuned far from any resonances, since
known that optical and transport properties have a stron%1e main physics of the laser-semiconductor interaction may
relation with the degree of localization of the electronic e theoretically described by using a nonperturbative one-

states in the material. In semiconductor superlatti&tss), body approximation. From the experimental point of view,

the electronic localization is extremely sensitive to the het-the shifts in the impurity levels induced by the laser light

erostructure barrier width and height, impurity distribution, may be used in a possible application to ultrafast optoelec-

Hecti d acti f ext | fields. Theref " tronic devices where no photon absorption occurs in the de-
efiective mass, and action of external elds. Therelore, g A getector capable of responding to virtual transitions

possibilities of designing efficient optoelectronic SWitCheswhere the number of photons is preserved may be very use-
and modulators may be greatly improved if we are able G| hecause it is suitable to nondemolition measurements.
understand the basic physics involved in the external-field— Recently, a simple approach in which the effect of the
semiconductor interaction. In this respect, a considerablg;ser-semiconductor interaction is taken into account through
amount of work has been devoted to the study of the interthe renormalization, or dressing, of the electron/hole effec-
action of external electric and magnetic fidldgith SL’s, tive masses and semiconductor band gap was proposed by
and the physical processes are now well understood. Therandi et al.®” by using a simple model semiconductor
physical properties of solids may be modified due to interacwithin a two-parabolidk-p band scheme. It was shown that,
tion with an electromagnetic field, the most studied effecteven far from resonances, laser effects on impurity states in
being the energy shift of the electronic states due to the lasequantum wells under magnetic fields are significant and
semiconductor interaction, i.e., the optical Stark efféct, comparable to those of applied magnetic fields, for intensi-
which brings to attention some fundamental aspects of thées adequate to experimental observation. This dressed-band
interaction between light and electrons in semiconductor sysscheme may be very useful to treat situations where the laser
tems. When light interacts with a semiconductor, a detaileds tuned far from any resonances provided the effective-mass
description of the laser-semiconductor interaction requires approximation constitutes an appropriate physical descrip-
many-body treatment, as excitatiofisal or virtua) such as tion, as is the case @f) evaluation of the optical Stark shifts
excitons are created and interact via Coulomb forces. in excitonic states(ii) calculation of energy levels of shal-

In the present work we study how a homogeneous antbw impurities under electric and/or magnetic fields,(idr)
monochromatic laser beam modifies the impurity states obther related phenomena in semiconductor heterostructures
GaAs{Ga,AlAs semiconductor quantum wel{f®W’s) un-  under laser fields. Moreover, it was shown that band-
der applied magnetic fields perpendicular to the QW interdressing effecfs’ on the exciton optical Stark shift may be
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Here we consider a more realistic description of the semi-
conductor system by including spin-orbit coupling within the
Kane modél in order to discuss the dependence of the laser-
dressed energy spectra and renormalized electron/hole effeith
tive masses and energy gap on the model band structure. We

quite important and comparable to many-body correctfons. (Er +AEr +AE; +NAiow E)
6 6 6
H= : 2

3 Er8+AEf8+(N+1)ﬁw

. . 2 0 00
must mention that our calculations are based on a steady- , . Ao| Mo Bk 8RE, 1 2 2
state model whereas actual experiments dealing with changes P He7 S 3 & €% e
in the electronic structure of the semiconductor system are 3)
performed using ultrafast laser pulses and intensities of
GWi/cn? (the pulsed-laser regime in which the agreement 2 Aé

with steady-state results is expected has been extensively inAE[ ~
vestigated both theoretically and experimentally ° €0€o
The work is organized as follows. Section Il presents the 4
laser-dressed approach for a Kane model semiconductor and
details the renormalization both of the semiconductor gap 5 ZAS
and of the conduction/valence band effective masses. As an 2= 3
application, laser-dressed effects on excitonic states in semi-
conductor QW's are considered in Sec. lll, together with awheree, is the semiconductor energy gihe,= e+ A, 8is
discussion of the corresponding results within a many-bodyhe laser detuning given by,—#%w, 6’ =46+A, and A,
theoretical approach. Results and discussion in the case efe¢,+%w. The characteristic energy associated with the
shallow-impurity states in semiconductor QW's under mag-aser-semiconductor interaction is related to\,
netic fields are presented in Sec. IV. FinaIIy, in Sec. V we= eA0|p|/2mOC In EQ(Z), AEF6 is the second-order energy

present our conclusions. correction due to the laser coupling between [fhg,N) and
IT'7,N+1) states(this corresponds to folding back the 3
Il LASER-DRESSED APPROACH EOR A THREE-BAND X3 Hamiltonian matrix into a X2 matrix; notice that the
KANE MODEL SEMICONDUCTOR laser does not couple thﬁg,N+1) and!F7,N+1> states.
The Bloch-Siegert contributiofhs are given byAEf6 and
A theoretical description of the effects of a laser field on , -

: Y AE[ =—AE[ , respectively, and correspond to the correc-
the band structure is performed within the framework of the, ' # T MOSP y P

k-p approximation. We adopt the Kane model to describ ions due to the nonresonant coupling between the states
the set of states formed by the lowest conduction badhy,( I'g,N+1) and |I's,N+2) and the state$F8,N—_1) an(()j

the highest light- and heavy-hole valence barid$' ("), and |F6’2N2>’ separat%d bzychw. We have definedE,

the split spin-orbit band{;), which is split from the other — %"K”/2mo and E;=p?/2m, and reduced effective masses
two degenerate valence bands/ylin what follows, we use  L/#67(8)=1/Mp —1/Mp_ @), where mp - are the Kane

as a basis the states obtained from the diagonalization of tHgodel bulk semiconductor parametéfs.

mo Ep 4EJE) 8 1.2
€0?

8 1 2
— =+
€2 €’ €€l

AEVE
3

)

Kane matrix(see the Appendix'° The effect of a homoge- From the diagonalization of the Hamiltonian in E@),
neous laser field on the band structure may be obtained fromve obtain the eigenvalues, and A_ and the associated
the Hamiltoniaft’ laser-dressed conductiont+) and valence {) electronic

bands given by

e A =\, —Nho, 6
H=H0+ﬁwaTa+m—CAwp-e(aT+a), 1) e @ ©
° e =\_—(N+1)ho, @)
where H is the diagonal matrix obtained from the Kane which results in
model, anda’ (a) is the creationannihilation photon op- .
erator associated with the laser mode of frequemcynd eorhw A3 1 [8A3 A2 4A2
~ = _ = —_— —_— T
polarizatione. The vacuum field amplitude in the volunik €x 2 + 65 2 3 o+ 35 +3A1
is given byA, = (27#ic? Q)2 which is related to the
classical amplitude of the photon vector potenfiglby A, h2k?
=2(Ng)*?A,, for Ny>1, whereNy,>1 is the average num- + 2m.’ ®)

ber of photons in the field. Using the states obtained from the ] . .
diagonalization of the Kane matrix, it is straightforward to and corresponding renormalized effective masses
extend the dressed-atom approdchnd diagonalize the

Hamiltonian of Eq.(1) within the |I's,N+1)=|T'g)®|N 1 1 M A3 M

+1) and |[I's,N)=|I's)®|N) manifold, where|N) repre- m. 2M 1+%§'37t@n ©)
sents a Fock state withl~N, photonst!? The dressed- -

band Hamiltonian matrix then becomes with 1/M = 1/mF6+ 1/mr8, and
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(a) 2-band model (b) 3-band Kane model
n, =10"

1.2 T T : 1.2

FIG. 1. Laser-dressed GaAs energy dispersion
for the (a) two-band and(b) Kane models. All
results are presented in reduced units, with ener-
gies given in terms of the undressed gap energy

0

3 0.9 . . . 0.9 . . . €o=1.519 eV and wave vectors in units of the

; correspondingky. Dotted lines display the un-

5 0.1 : 0.1 . dressed energy dispersion whereas full and

c dashed curves are associated with laser detunings

@ dle, = 0.1 sle, = 0.1 5=0.05%, and §=0.1¢,, respectively. Results
oo are presented forl/l,=10"% with 1,~5

x10* GW/cn?.

’ 3le, = 0.05

-0.1 -0.1
-0.2 - 0.2 -
0.1 0.0 0.1 0.1 0.0 0.1
k/k k/k
(-] o

e [1+(A§38") B+ (4A5I3A1) B, 1(5+ A§I3S" +4AF3A 1)+ (4AF3) By
- VBAZI3+(5+A2/35 + 4A2I3A ;)2

: (10

with 1/u=1/m,—1/m_. As expected, the zero-field limits
+—+ —,) (11 for the conduction or valence electronic bands, effective
masses, and energy gap are correctly recovered from Egs.
(8), (9), and(14), respectively.
The above equations provide the framework for calculat-
By =— A_+ﬁ'y”v (12 ing laser effects on semiconductor systems within the Kane
! band-structure picture. A comparison between the previously
adopted two-band approdthand the present Kane model
for the energy dispersion of GaAs, in the range of small
(13)  wave vector values, is presented in Figs. 1 and 2. The two-
band and Kane results for a fixed laser intensityl Af,
=104, wheré’1,~5x10" MW/cn?, and different detun-
Note that thek-dependent semiconductor energy gap ising parameters are presented in Fig. 1, whereas Fig. 2 dis-
dressed by laser effects, and is given by the difference beslays the corresponding calculations for a fixed laser detun-
tween the above renormalized conduction and valence elegig 5§=0.05, and two values of the laser intensity. The laser

12
€ € €p€g

tronic banddcf. Eq. (8)], effect on the band structure may be seen by a comparison
with the corresponding results in the absence of the laser

BAZ A2 4A2)2 2K displayed by the dotted _Iine;. It is clea}r that laser effects_

oK)= e€p— 5+ el N il el ) TR correspond to a renormalization or dressing both of the semi-

3 38" 3A; 2 conductor energy gap and of the conduction/valence effec-

(14 tive masses. The dependence of the laser-dressed
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(a) 2-band model (b) 3-band Kane model
d/e, = 0.05
1.2

1.2

0

w
~ 0.9 . . . 0.9
> FIG. 2. Same as in Fig. 1, for a laser detuning
g 0.1 . 0.1 . 6l eg=0.05, and different laser intensities.
| o=
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0 0 FIG. 3. Laser-dressed effective masses for the
005 006 007 0.08 0.09 0.10 005 006 007 0.08 0.09 0.10 Conduction (“+) and Va|encem ) GaAs bands
ole L. ~ .
ke ° within the two-band and Kane models. Results in
(@ and (b) are for a fixed laser intensity/l,
3 3 =104, and variable laser detuning, wherdas
(c) 8le, = 0.05 (d) /e, =0.05 and(d) display the dependence on the laser inten-
3-band Kane model sity for a fixed detunings/e,=0.05.
2 2-band model | 2r
o e
3 E 2-band model
1 3-band Kane model 1
0 5 4 o 5 -4
0.0 5.0x10 1.0x10 0.0 5.0x10 1.0x10
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FIG. 4. Laser-dressed GaAs gép units of me\} within the 0 ! 2 3 : s
two-band and Kane models, as a functior@fthe laser detuning Laser intensity (GW/cm’)
for a laser intensit}/1,=10*; (b) the laser intensity for a fixed

detuning/ eg= 0.05. FIG. 5. Laser-intensity dependendell curves of the exciton

(@ binding energy and(b) optical Stark shift for a 100 A

conduction- and valence-band effective masses on the Iasgm Zcégrﬁgﬁ erW ?tnhd aKIaser deé“?'r@io.g Ot'.05' T(tt)% the it

detuning and intensity is shown in Fig. 3 with results for the . present fhe ane modet contributions 1o e exciion
.~ Stark shift due to the laser-induced changes in the GaAs(lgap

two—t_)and a_md Kane.models. In the range of laser detunmgﬁeled “dressed gap); exciton binding energy‘exciton BE”), and

and intensities conS|de_red,_ results fo_r both band models AW confinement of both free electrons and holgsonfinement

qualitatively the samédiffering approximately by 10—20 % QW").

at mosj, the differences increasing for smaller detunings and

high laser intensities as one would expect. Figure 4 displayger to understand the role of the electron-hole interaction

the corresponding behavior of the dreskedd semiconduc- (Which is beyond the single-particle approximatiam the

tor energy gagcf. Eq.(14)] for both the two-band and Kane €Xciton shifts. .

models. Again, one sees that results for the two-band and We have _f|rst performed calculations for Iaser-dres_sed ex-

Kane models are qualitatively the same for the laser intensiiton states in a 100 A GaAs-G#l As QW. The b-like

ties and detunings considered. In conclusion, results in Fig€Xciton grolundh Srt]%te was heva:‘uated within a fraction?l—
1-4 indicate that laser dressing does not strongly depend d:Hmensmna schemeusing the three-band Kane renormal-

: ed GaAs conduction/valence effective mass and dressed
the modeling of the ba_nd structure, and therefore the Presend gap. Results for the laser-intensity dependence of the
Kang-model renormahz_ed effective-mass approach, \_/aI| exciton binding energies and exciton shifts are presented in
vy|th|n the one-particle picture and for large laser detunlngﬁzig. 5 for a laser tuned far from exciton resonances, &e.
,E"e" forda Iaserdtunedtfar f;qmtgny rﬁﬁn?hcm;a)](fbetused =0.0%,,. It is evident from Fig. Ba) that the laser effect is to
0 provide an adequate Indication of the faser eliects on an¥igniﬁcantly enhance the exciton binding enefggtice that
semiconductor heterostructure for which the effectlve-mas,ﬁ1e binding energy may increase 5y50% for a laser inten-

approximation is a good physical description. sity of 5 GW/cnf). The blue laser-induced shift in the ex-
citon peak energies is quite remarkabdee Fig. B)], and
Ill. DRESSED EXCITONS IN SEMICONDUCTOR calculated results qualitatively agree with femtosecond mea-
QUANTUM WELLS surements by Mysyrowicet al1* Also shown in Fig. &)

] o o are the Kane model contributions to the exciton Stark shift
As a simple application of the renormalization schemeqye to the laser-induced changes in the GaAs gap, exciton
we calculate the optical Stark shift of exciton states in GaAshinding energy, and QW confinement of both free electrons
(Ga,ADAs QW's. As this is one of the most studied effects and holes. It is apparent from Fig(th that the exciton blue-
originating from the laser-semiconductor interaction, oneshift is essentially due to laser-induced changes in the GaAs
may compare the results obtained from the present dressesemiconductor gap. Notiogee Fig. 6 that, in the large de-
band approach with previous many-body calculations in ortuning limit, perturbation theoryPT) in the laser-dressed
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60 T T >
2-band PTIMBT// Kani\?jf;-;,
2-band gap ,/' ._.";1/ + + 4 o=
3 a0} \ :
é S L
E ,,/”‘//// Kane gap
e /l L //
$ 20 ey i (a) bare exciton
© S Kane
3 i
0 1 1 1 1
0 1 2 3 4 5
Laser intensity (GW/cm®) —
FIG. 6. Same as in Fig.(B), with the total optical exciton Stark
shift shown as a full curvé¢labeled “Kane”). Also shown are the

laser-induced changes in the GaAs gap for a two-band n{ddél (b) laser dressing
ted curve together with the perturbativéPT) results (dashed
curves from the two-band and three-band Kane models. As dis-
cussed in the text, the two-band PT results in an exciton-shift cor-
rection equal to the corresponding diagrammatic expansion within
many-body theoryfMBT).

three-band Kane gafsee Eq.(14)] results in an exciton
blueshift given by 4\5/35, in contrast with the two-band
model approach;, which gives a larger detuning PT result of
2A}3/ 8. This two-band PT result for the contribution of the
dressed gap to the exciton shift corresponds to the same ex- (c) dressed exciton

citon blueshift, in the large detuning limit, obtained through

a many-body diagrammatic derivation and interpreted by FIG. 7. (a) Coulomb interaction between electron and hole lead-
Combescaotas coming fronPauli exclusion between the two ing to the exciton{b) Laser-dressed-h bubble built from a renor-

e-h pairs forming the biexcitolWe mention therefore that malized electron and a renormalized hdie; Coulomb interaction
the present Kane results demonstrate that dressed-band &t a renormalizece-h pair leading to the laser-dressed exciton.
fects within a three-band model calculation would change ] o ]

the zeroth-order term of the two-band many-body diagram®ne may consider the excitonic absorption of a test beam of
matic approach,and suggest that the contribution due to frequencywr and electron test probe coupling constant

tant as many-body corrections. function G(k, wt) by
It is important to point out that the present exciton calcu-
lations were performed within the fractional-dimensional 2 &
. . ) ; A cdr1Im2, G(k,w1), 15
space approachwhich was shown to give results in quite (w1) T Ek: (k,wr) 9

good agreement with accurate variational procedures. On the - o

other hand, recent perturbation-theory calculations within avhereG(k,wr) is given by

many-body approachlead to values of the exciton binding

energies in semiconductor QW's that agree very well with Gk, wy)=Go(k,w7) + 2 Go(K,w1)Vy 1 Go(k', w7)
those calculated using a variational procedure. One may K’ '

therefore conclude that the present renormalized approach _ (16
for evaluating the exciton binding energy corresponds essen- '

tially to a diagrammatic summation of ladder diagrams assoV, . is the Fourier transform of the one-pair Coulomb po-
Cia.ted W|th |aser—dl‘eSSEE}h bubbles(see F|g 7bu||t from tentia' (e2/r), and éo(kwa) Corresponds to the renorma'_

a renormalized electron and a renormalized hole in the preszed e-h propagator in the absence of Coulomb interactions,
ence of the Coulomb interaction. Alternatively, as this study

is a one-body nonperturbative treatment which incorporates Go(k,w)=[fiw—€5(0) —A2K?2u] 2, (17)
the laser field to all orders, one may use a many-body  _
formalism'™ when considering the exciton optical Stark shift, with €,(0) and 1ft=1/m,—1/m_, being the field renor-
and take into account the effects of the laser-semiconductanalized energy gap and dressed-exciton reduced mass, re-
interaction, in the large detuning limit, through the renormal-spectively.
ization of the effective electron and hole masses and of the The summation of the renormalized ladder diagrdses
semiconductor gap. Fig. 7) may be performed exactfand one obtains for the
In order to probe the laser-dressed semiconductor systerapsorption of a probe beam in the presence of pump photons

+..
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FIG. 8. Laser-dressed weight of the exciton peak as a function g
of (a) the pump-laser intensity for a fixed detunifte,=0.05 and § 157
(b) the pump-laser detuning for a fixed laser intengity,=10"* $ 1560
(or =5 GW/cn?), for a 100 A GaAs-GgAlyAs QW. g ¢ L 100 Al
< =
L]
£ 1550 .
° 0.0 5.0x10° 1.0x10*

Alwr)=4m\2Y, | (r=0)28(fw—hwr), (18 "

~ ~ . . FIG. 9. Laser-intensity dependence(af on-center %-like do-
wherefiw; and ¢;(r) are the dressed-exciton energies andy, energies and ground-state enefg) of the first conduction

wave functions, respectively, which may be evaluated byminiband, (b) on-center $-like donor binding energy, ant) on-
using either many-body perturbation theory, or a variationakenter donor peak energy, for a 100 A GaAs;@dgsAs QW.

approach, frac_tional-dimen§i0nal scheme, etc. Figure 8 diResults are shown within the Kane model and for a laser detuning
plays the fractional-dimensioraltheoretical results for the ley = 0.05.

laser-dressed weight of the exciton line in a 100 A o o
GaAs-Ga -Aly sAs QW. As expected, the exciton weight in- field. We follow a standard variational scheme within a

creases with increased laser intensity, and decreases with jfenormalized laser-dressed effective-mass approach and
creasing laser detuning. choose a $-like on-center trial envelope wave function as a

product of the exact solution of the square well QW potential
and a hydrogeniclike variationakifunction? The on-center
donor energies may then be obtained as functions of the ap-
plied magnetic field, well size, laser intensity, detuning, etc.
The laser-intensity dependence of dressed-donor ground-
As a further application of the present renormalized ap-state energies and QW first energy IeE—@I as well as the
proach, we investigate the effects of laser dressing on dondrs-like donor binding energy and on-center donor peak en-
states in semiconductor QW’s, as impurities play a quite relergy are shown in Fig. 9 for a 100 A GaAs-GAlgAs
evant role in a number of properties in semiconductor sysQW. The theoretical results are obtained within the three-
tems. Here we study the laser effects on the on-center donoband Kane model and for a laser detunifig 0.05%,. One
impurity states of a 100 A GaAs-Gal,As QW under notices that the laser effect on the dressed-donor binding
the presence of an applied magnetic field perpendicular tenergies may be significart=@ meV forl/l,=10 %), with
the QW interfaced.The importance of the laser dressing on a remarkable blueshift of the dones valence peak energy,
the impurity levels may be inferred via a comparison withdue essentially to the laser-induced changes in the QW ef-
the corresponding effects of an externally applied magnetifective gap. The corresponding dressed-donor results for the

IV. DRESSED HYDROGENIC STATES IN
SEMICONDUCTOR QUANTUM WELLS UNDER APPLIED
MAGNETIC FIELDS
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40 ' ' adopting a picture in which the light-matter interaction is
(a’\ taken into account by dressing the semiconductor energy gap

sl E, *+v ] and conduction/valence effective masses. Both the two-band
/ and three-band Kane semiconductor models for the elec-
tronic band structure are shown to give essentially the same

20T qualitative results for the laser dependence of the dressed
on-center donor semiconductor gap and corresponding effective masses, al-
10l AL" though an appropriate quantitative comparison with experi-

ment would certainly require a more realistic description of
L=100A the semiconductor band structure. Furthermore, the present
o 2 2 3 s 10 calculations have unambiguously shown that an adequate de-
B (Tesla) scription of the effects of the laser-semiconductor interaction
25 . , , . on the band structure is of considerable importance as a start-
®) ing point in any more involved many-body approach.

energy (meV)
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L=100A APPENDIX
0 2 4 6 8 10

By assuming the total angular momentunin the same

B (Tesla) direction as the wave vectér, the Kane eigenvalue problem

; ; ; is reduced to a diagonalization of a Hamiltonian matrix in
@ the basis set of thEg, I';, andI'g edges® which is decou-

oo ] pled in the angular momentum projectiong=+1/2 and

3/2. To second order iR, this procedure leads to a heavy-

hole effective mass equal to the bare electron nmagsand

to a new set of eigenenergies and eigenfunctions, i.e., to

parabolic bands written &5

1600

1580+
15701

L=100A )
6

1550 . s s . Zml“e
0 2 4 6 8 10

B (Tesla)

on-center donor peak energy (meV)

(A1)

h2k?

=~ €0, (A2)
2m”, 0

FIG. 10. Same as in Fig. 9 for a laser intendity,=10"* and Erg
detuningé/ eg=0.05 (full curves, with results presented as a func-
tion of an applied magnetic field perpendicular to the QW inter-
faces. Dotted lines are the corresponding results in the absence of f2K2

laser dressing. Er,=

—(egt4), (A3)
2mglh

magnetic-field dependence are displayed in Fig. 10 for fixed ith
laser intensity 1/1,=10"* and detuning paramete®s Wi

=0.05¢,, together with the associated results in the absence 1 1 4p2 o2

of laser dressing. One notices that the laser-dressed shift in i _< 1+ P + P

the donor peak energy is of the same order of magnitude as mp, Mo 3mgey  3Mp(ept+A)
the QW confined donor binding energy, and much stronger

than the corresponding shift induced by the applied magnetic 1 1 ( 4p2 )

, (Ad)

field. The strong blueshift in the donor peak energy could be =—
easily observable, although, to our knowledge, there are no Mpih Mo
experimental measurements concerning laser effects on
shallow-impurity states in doped GaAs-GaAlAs QW's.

B 3m0€0 (AS)

1 1( 2p?

I Smg(eor ) (A6)

“my
V. CONCLUSIONS Mrlr 770

We have presented a theoretical approach of the lasewhere p=—i(s|pyy.»|X(y,z)) are the matrix elements of
field effects on semiconductor low-dimensional systems byhe momentum operator with all other interband elements

035323-8
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being zero by symmetry, and a new basis set defined by the

following normalized wave functions:

. ‘PFG(O)_\/;m Ay

W (K)=Nrp
1 k,p
+ = P (0 A7
k.p
‘If'rz(k):N'r“S(w 0+ \ 3 ) (A8)
1 k,p
Ih _nlh e —
PEHO=NE | V(0= Ry Vs <0>)
(A9)
in which the normalization constants are given by
h2Kkip? [ 2
Np2=1+ z2P — —2) (A10)
mg \3ep 3(e+A)

PHYSICAL REVIEW B4 035323

2 h2k%p?
lh—2_
N F8_1+3F' (A11)
1 ﬁ2k2 2
NP 2=+ P (AL2)

3 mi(ep+A)?

Finally, one may use the above electronic states, extend
the dressed-atom approachand diagonalize the Hamil-
tonian of Eq.(1) within the |T'g,N+1)=|T'g)®|N+1) and
ITs,N)=|T's)®|N) manifold, where|N) represents a Fock
state withN photong/cf. Eq. (2) for the dressed-band Hamil-
tonian matri¥. Notice that the influence of thd;,N+1)
state was taken into account by considering the second-order
energy correction due to the laser coupling between the
IT',N) and|I";,N+ 1) states, which corresponds to folding
back the 3<3 Hamiltonian matrix into a X2 matrix (the
laser does not couple thEg,N+1) and|T';,N+1) states.
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