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In the present work, we perform a comparison of theoretical approaches involving
Coulomb-interaction corrections within the Hartree—Fock approximation and the renormalized
dressed-band scheme in the large detuning limit. We focus on the well-studied optical Stark shift of
the exciton peak in bulk and GaA&sa,A)As semiconductor quantum wells. It is argued that the
Hartree—Fock scheme has severe limitations concerning its application to real experimental
situations, even in the simplest laser field—perturbative regime. It is also shown, through a
comparison between experiments and a three-band Kane-dressed (Gass)As quantum well
calculation, that a proper treatment of band structure and confinement effects due to the quantum
well is of fundamental importance in a theoretical understanding of Stark shift experimental
measurements, and that the renormalized dressed-band approach is a very convenient tool to treat,
in the large detuning limit, processes involving the laser—semiconductor interaction in
low-dimensional heterostructures. 003 American Institute of Physics.

[DOI: 10.1063/1.1614863

I. INTRODUCTION than the Rabi energy\,, the linear(in the field intensity
regime prevails, and the usual perturbative results are recov-
Recently, the effects of the laser field—semiconductor inered. The inclusion of the Coulomb corrections due to the
teraction on the electronic, impurity, and optical properties ofelectron—hole €—h) interaction has been considered in the
semiconductor heterostructures, such as quantum wells angeak-field limit, within the Hartree—Fock approximatfofi
quantum dots, have been studied within an extended dressegk within a perturbative many-body diagramatic technigue,
atom approach, i.e., within a laser dressed-band to study the exciton optical Stark shift in bulk systems. As
formalism?~° In this simple and straightforward scheme, it is discussed below, even for bulk systems and under these ap-
possible to incorporate the laser effects through a renormaproximations the problem is already quite involved and the
ization of the semiconductor energy gap, and conductionipplications of the solutions have severe limitations. Of
valence effective masses. Moreover, it may be applied t@ourse, a treatment which includes Coulomb and laser-
treat a variety of optoelectronic physical processes and pranduced effects on excitons or impurities under magnetic
vides an adequate indication of the laser effects on any lowfields in low-dimensional semiconductor heterostructures
dimensional semiconductor heterostructure system for whickvould be quite a formidable task even in the field-
the effective-mass approximation is a good physical descripperturbative regime.
tion. Of course, a proper understanding of the physics in-  The purpose of the present work is to perform a com-
volved in the laser—semiconductor interaction is of paraparison of theoretical approaches involving Coulomb-
mount importance in the area of optoelectronic devices. Thénteraction corrections and the renormalized dressed-band
laser dressed-band approach has proved useful in the stuggheme. In the case of the well studied problem of the exci-
of several physical situations, such as the optical excitoniton optical Stark shift;® both laser and Coulomb effects on
Stark shifts and laser-induced shifts in shallow-impuritythe exciton binding energies may be incorporated within the
states in GaAs{Ga,A)As quantum wellfQWSs) and quan-  renormalized-mass scheme through a summation of ladder
tum dots under applied magnetic fieftfsThe renormalized diagrams associated with laser-dresse¢h bubbles built
dressed-band scheme is nonperturbative in the field and juom laser-dressee-h pairs in the presence of the Coulomb
tified if the laser is tuned far below any resonances as in thifnteraction? In what follows we restrict the discussion to the
case many-body effects are small corrections to the one-bodylartree—Fock (HF) approximation [within perturbation
approximation. Also, if the laser detuningis much larger theory(PT)] since further correlation effects in the exciton—
exciton interaction cannot be exactly calculated even in the

dAuthor to whom correspondence should be addressed; electronic maiﬁ_eld'perturba-tive ?-nd Iarge'detuning limitsve also briefly
oliveira@ifi.unicamp.br discuss the equivalence between the HF treatment by
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Schmitt-Rinket al.® Ell et al,” and Haug and Kodhand the ~ where E, is the bulk three-dimension&BD) exciton Ryd-
diagramatic approach by Combesedtloreover, since these berg, andEy(l) is the dressed-laser 3D exciton binding en-
calculations are restricted to bulk systems, whereas most eergy calculated with the dressed conduction/valence masses.
periments are concerned with the observation of the optical The above equations provide the framework for calculat-
Stark shifts of excitons in GaAsGa,A))As QWSs, we com- ing laser effects on semiconductor systems within the two-
pare them with the renormalized-mass dressed-band calculband picture. The present renormalized effective-mass ap-
tions for both bulk and semiconductor QWs. It is shown thatproach, valid within the one-particle picture and for a laser
a realistic description of the semiconductor band structuréuned far from any resonances, may be used to give an indi-
and a proper consideration of the confinement effects of theation of the laser effects on any semiconductor heterostruc-
QW are of fundamental importance. In Sec. Il we present dure for which the effective-mass approximation is a good
brief review of the renormalized effective-mass approactphysical description. In what follows we investigate the laser
and of the HF calculations. Section Il is dedicated to resulteffects on the ground-state exciton energies in both bulk
and discussions. Conclusions are in Sec. IV and the ApperGaAs and GaAstGa,A)As QWs. Far from resonances, the
dices are dedicated to the calculation of the HF terms in th@ncorporation of the laser effects through the renormalized
large detuning limit. effective masses leads to a straightforward calculation of the
exciton propertigsfollowing, for example, a simple varia-
tional scheme such as that detailed by Greenal°

Il. THE LASER-DRESSED AND COULOMB

CORRECTIONS WITHIN THE TWO-BAND B. Coulomb corrections within the Hartree—Fock
SEMICONDUCTOR MODEL approximation
A. The dressed-band approximation Within the two-band HF approximation and taking Cou-

We adopt a GaAs two-band model semiconductor in thdompP corrections perturbatively into accom?_ﬁ?, one may
k.p approximation interacting with a laser field, and take theShoW that the weak-field limit of the Stark shift of the-like
matrix elements of the momentum operator as isotropic. ThEXCiton peak is given by
effect of a homogeneous laser field in the two-band model 5, =11, +A, (5)

structure may be obtained from the Hamiltorfidn o ,
where thell s contribution is(see Appendicgs

e
H=H,+howa'a+ —A_p.e(a’ +a), 1) 2A3 Eo Eo
myC Hls:_ 1+2 34—(4 In2—l)3+

5 . ®

whereH, is the diagonal one-electron two-band matrix, and ) o ]
a*(a) is the creationannihilation photon operator associ- whereas the correspondinly; g contribution results in(cf.

ated with the laser mode of frequenayand polarizatiors. ~ APpendices

From the diagonalization of the Hamiltonian, one obtaihs 202 [, E,
the associated laser-dressed conductier) @nd valence AlS:T ?+(4—4 In 2)?+ ..

(=) electronic bands, i.e.,

. (7)

Therefore, in the weak-field limit, theslexciton Stark shift

212 p2p2 o
e+=€giﬁwt3\/4/\§+ 5+ﬂ ﬂ (2 Isgwven by
2 2 Ay 2m. )
2Ag Eo, _Eo
and corresponding renormalized effective masses (see 21327 43\ 535+ | (8)
Brandiet al?®). In the above expressior, is the semicon-
ductor energy gap$ is the laser detuning given b§= e, Here we should mention that the result we have obtained
—fiw, and A;=2€,— 8. The characteristic energy associ- for the A, term differs from
ated to the laser—semiconductor interaction is related to 2
2Aqg Eo Eo
eA0|p| A15=T 7+(6—4In2)7+... , (9)
A0=( )
2mqc

as obtained by CombesCdsee details of the present calcu-

the Rabi energ}3 lation in the AppendicesAlthough they have used equations
Note that the GaAs semiconductor energy gap is dressedthich are basically those defined far,, , Schmitt—Rink

by laser effects, and is given by tke-0 difference between et al.’ Ell et al,” Haug and Kocl{,and von Lehmeret al,™*

the above renormalized conduction and valence electronii order to calculate the shift of thesdexciton peak, have

bands assumed additional approximations of which the limitations

have been discussed by CombeSa@utd Zimmermann?
€= €g— O+ \/4A3+
I1l. RESULTS AND DISCUSSION

The laser-dressed renormalized two-band model results
corresponds to thestlike exciton-peak shift given by

s 2A5\ %
+A—l . 3
The purpose of this section is to compare the results of
the renormalized dressed-band scheme with some existing
2r=(€3— €g) ~[Eo(l) —Eo], (4) HF calculations. In Fig. 1 we present the excitos deak
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FIG. 1. Stark shifts of the &like exciton peak for bulk GaAs, as functions °
of the laser detuning, within the two-band Callaway mddiell curves and +7 (b)5=50meV
Hartree—Fock perturbation theofiAF—PT) approach(dashed lines Also
shown are the results of the zero-order term of the perturbative calculations %.0 5 0)'(102 1.0x10°
(dotted lines. Results are shown for different laser intensities. ’ .
laser Intensity (MW/cmz)
60 .
shift for bulk GaAs as a function of the laser detuning. As 50
expected, it is clear from Fig. 1 the importance of consider- | weeT [/
ing a _nonpe_r_turb_anve approach in the f_|eld intensity, as the $ a0} 2,75
laser intensities increase and the detuning decreases. In par- £
ticular, in Fig. X&) the two-band calculations show a strong £ 30 " 2-band
deviation from the lowest-order PT results. Note that Figs. g
1(b), 1(c), and 1d) are essentially the same except for a S 20;
linear change in the vertical axis, as exciton shifts in the * ol S
weak-field approximation are linear in the laser intensity. i (@ 8=25meV
From this we may infer any result concerning the shifts in %o wre o
the weak-field limit, for this range of laser detuning. In Fig. ) 5.0x10 0x10
. . . . = 2,
2 we show the exciton Stark shift as a function of the laser laser intensity (MW/cm’)

IntenSIty’_ for dlffer_enF values 0d. It is alsp clgar from Fig. FIG. 2. Exciton shifts of the &-like exciton peak for bulk GaAs, as func-
2(c) the increase in importance of considering a nonperturtions of the laser intensity for different values of the laser detuning within
bative approach, ifAy~ 4. In this situation it is again ob- the two-band modgfull curves and HF—PT(dashed lings Also shown are
served that there is a strong deviation from the Iowest—ordetrhe results of the zero-order term of the perturbative calculatidonted
perturbation theory results. Figs. 1 and 2 clearly indicate th('é'nes)'
inadequacy of the HF Coulomb perturbative results in quan-
titatively describing situations of the real experimefdg-
tunings of few tenths of melMinvolving correlatede—h dressed-band approach to perform the calculations for the
pairs. We note that the Coulomb perturbative HF treatment igxciton shifté~® in any confined heterostructure for which
valid under the condition thaty< é andEy< 6, and that the the effective-mass approximation is valid.
convergence of the perturbative expansion on the Coulomb The laser-induced changes in the GaAs gap and exciton
interaction is rather poor in the region of experimental inter-binding energies in GaAgGa,Al)As QWs lead to blueshifts
est (note that the Coulomb perturbative corrections may ben the exciton peak energies. The dressed-band calculation
larger than the 25/5 leading tern. indicates that the most important contribution to the exciton
As mentioned before, the above HF results are restricteblueshift originates from the laser effects on the GaAs gap,
to bulk systems, whereas many experimental situations arether contributions being the changes in the exciton binding
concerned with the observation of the optical Stark shifts ofenergies and QW confinement both of free electrons and
excitons in confined heterostructures such as ®W&40Of  holes?™® In this aspect, the importance of a realistic band-
course, in this case a HF-type calculation is still more diffi- structure modeling may be inferred from the results shown in
cult due to the lack of exact exciton wave functions. On theFig. 3, where we display the shift ofslexciton peak as a
other hand, it is straigthforward to use the renormalized mashinction of the laser intensity for both the two-band Calla-
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2.0 —————— First, its convergence, even in the large detuning limit, is
§=75meV extremely slow. This is a strong restriction on the application
2 1.5p 2-band ] of the field-perturbative HF scheme to real experimental situ-
£ ations, as discussed above. Second, it is certainly not trivial
£ 10 to extend this type of HF calculations to treat band-structure
8 Kane-bulk effects (beyond the two-band approximatioand appropri-
g 05t ately account for the electron/hole confinement in hetero-
00 — Kane-QwW structure systems, such as the discussed Gé@aANAs
"0 20 40 60 80 100 QW. Finally, a comparison between experiments and the
laser intensity (MW/cm®) present three-band Kane-dressed Ga@sANAs QW re-

o ) ) o sults indicates, for a large range of detunings and laser inten-

FIG. 3. Same as in Fig. 2675 meV) including the results, within the . .
laser-dressed Kane model for both bulk GaAs and a 100 ASItES, the importance of a proper treatment of band-structure
GaAs—Gg-AlyAs QW. and QW-confinement effects in a quantitative understanding
of Stark shift experimental measurements. In this sense, the

6. renormalized dressed-band approach is a very convenient
way and three-band Kane mod€l8’in bulk systems and the too] to treat, in the large detuning limit, processes involving

three-band Kane calculatichfor a 100 A GaAs{Ga,ADAs  the laser—semiconductor interaction in low-dimensional het-
QW, with a fixed detuningg=75 meV. One notices that in grgstructures.

the linear-intensity regime, the laser-dressed Kane model

leads, in the lowest order, to an exciton blueshift given by

4A§/325, whereas the two-band model results in a larger shifACKNOWLEDGMENTS

of 2A5/ 8, which corresponds to the zeroth-order term of the . - .
two-band HF diagrammatic approach. Besides the imporCNJ heFiuPtEoRrj vl\éleJDI(égI;e tOJhI?:E;r_ISNBI?;:ﬁn ngenctlgsl
tance of a realistic band modeling, it is also clear from Fig. 3 d; ! » an or partia
that the quantum-well confinement plays a fundamental rolémanmal support.

in the exciton Stark shift. In this sense it is interesting to

compare the theoretical results with experimental measur&sppeNnDIX A

ments concerning thesllike Stark shift in GaAs{Ga,Al)As

QWs. The measurements of von Lehneral, ! for a QW The weak-field limit of the exciton Stark shift

of width ~100 A, laser intensities of 61 W/cn?, and S S+ A (A1)
detuning of 25 meV, leads to a Stark shift of 0.22 meV. In MR
contrast, Joffreet al1* report essentially the same shift for a associated to tha —th exciton state$,,, consists of two
detuning of~65 meV and a QW of the same width, but for parts

laser intensities at least 100 times larger, i.e8 \Mcn?.

The present dressed-band results within the Kane-QW 1II,,=2A, > | byl 2P, (A2)
model (cf. Fig. 3), for the 100 A GaAs{Ga,A)As QW and K

laser detuning of 75 meV, gives a shift /0.5 meV if the and

laser intensity is~10° W/cn?, in fairly good agreement

with the measurements by Joffet al* In the pioneering An=22 (¢f— dre) dair Vi Pu(PE =P, (A3)
experiment of Mysyrowiczet al.,*® the laser intensity was kk'

higher than 1dW/cn, for a GaAs<GaA)As QW of  which correspond to Eqg5) and (6) of Ell etal,” and to
width ~100 A. We may estimate from their Fig. 1 the laser ggs. (16.14—(16.16 of Haug and Kocli. Furthermore, as
detuning to be=25 meV and the shift of theslexciton peak  giscussed by Combescbtthe derivation of Schmitt-Rink
~2meV. Of course, for this intensity and detuning regime, et 51 ° leads basically to the same equations. The Rabi energy
the perturbative limit is no longer vali@f. Fig. 1(@] and the g Ao=d,Ep, with d, being the interband dipole matrix

nonperturbative dressed-band Kane—QW calculation, with @lements andE e '“t+ c.c. the monochromatic laser field,
detuning of 25 meV, gives an exciton Stark shift of P

~10 meV, for 18 W/cn?, which is in qualitative agreement Pr=AoGk= A/ & (A4)

with experiment:? is the light-inducece—h pair amplitude

IV. CONCLUSIONS Ag=Ao+ > ViwPyr, (A5)
k/

In the present work, we have focused our attention in the
well studied optical Stark shift of thesdlike exciton peak in ~ With V\_,,=4me®/|k—k’|? being the Coulomb interaction
bulk and QW semiconductor systems. In the large detuningnd
regime, it is well known that the Coulomb corrections to the 72K2
exciton-peak shift may be treated as a perturbation to the &§,=45+ > (AB)
one-body approximation. The simplest approach to introduce K
these corrections is the HF approximation. As shown, even iwhereu* is the exciton reduced mass. One should note that
the laser field-perturbative regime, it has severe limitationsthe above equations are only correct in the weak-field limit
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(Ap<<6) and valid toO(AS/&). In order to have the laser in Eq. (A2), so that both contributions are evaluated in the
tuned far below any exciton resonances, one should alssame order in the Coulomb interaction, i.@(V®). This

haveEy< 6. leads to

Equations(A1)—(A6) should be solved iteratively and
we take

Pk“P(kl):P(kO)"'GEkE Vk—k’P(k(/)) (A7) HMZZASZ Idmlsz:ZA%E |¢>\k|2 GE

! k k
with
A +E GV, Gy, +2 GIVGL, Vy Gy )
P£0):5_0:AOGO’ (A8) q q +a+q’
k

in Eq. (A3), and +0(V?3), (A10)

P=PI=PO+ GIS Vi P
k' which is related to th&; contribution to the exciton shift in
the perturbation approach by CombeSdstee Eqs.(6.9—

0 0 0)
+Gkk’zk” Vi—k Gy Vi —kr Py (A9) (6.19 of Ref. 9]. Also, it is straightforward to show that

AM=2Aé§1 Vobki( dri— <¢>xk+q>ek+q<ek—Gk+q>=2A3§1 Vbt dri— ¢xk+q>{62+q(e‘k’—68+q>

+E GRiqVa'Gy 1 g q/(GR—Glsg) +Gpg E GRVq/Gy, g~ E GRaqVa'Gy g | | FO(V), (A11)
|
corresponding to th@; contribution by Combescdfsee Eq.
(6.30 of Ref. 9. ME=2A5% [$10d° 2 GRVeGisaVa B
a.q9’
2AO[4| o Eo } (B5)
—+.
APPENDIX B o o

In order to obtain the shift of theslexciton peak, one

uses whereas the\ ;5 contribution, to second order in the Cou-

lomb interaction, is

8 \ 7Ta0
O™ b1k =TT (ke 22 (B1)
[1+(kao)] 0
A= E Aj¢, (B6)
wherea, is the exciton Bohr radius. The totHl,s contribu- =1
tion to the Is Stark shift of the exciton peak, evaluated up to

second order in the Coulomb interaction, i.@(V3), is  with

given by
My =0Q+n+0?, (B2)
T AP=2033 Vel 104268, 68
where .
ZAS Eo Eo 312
2A2 E :—[2 —+0| | — , B7
M{=2A8 2 [h1e,l*Gh= 50[1—3‘%...}, (B3) 5 5 5 (B7)
(1?_21\02 [h1s, k|22 Gpv Gk+q A(lzs)__ZAZE Vol b1sil® Gk+q k+q

A2 312 A2
S T | S
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Agi): - ZAngq Vq¢is,k¢1s,k+qGE+qG(k)

_ 2% 250, B9
SPE ) (89
Agi)ZZASqu Vq¢fs,k¢ls,k+qGE+qG(k)+q
2A%[ _Eq
—T[ g‘l" , (B10)
A&?=2Aék2q Vqb¥s(b1sk— P1sk+q) GGy g
2A§ Eo
Xz’ Vqug+q+q,=T{4|n2§+ .. .},
q
(B11)

A(165): _4Aék2q Vq‘ﬁlcs,k((ﬁls,k_ ¢1s,k+q)G(k)+ qG(k)+q

2A5 E
X2 Vg Gpiqrq =~ —0[8 In2—+ ...
q

1) 1) '
(B12)
AR=2A53 Vadls( d1sk d1skr) GBI+ g
s o 2A5[ Eg
er Vq’Gk‘*’q’_T 4?‘{‘ , (B13
where we have used the following relations:
2
> VyGhiq=H(k) = Tﬁtan’l(k/a), (B14)
q

with B=1/ay, a?=2u* 6/1? (note thatB/a= Ey/5),

4 kdk )
‘]n(alﬁ): f—w (k2+a2)(k2+,82)”tan (k/a)!
T 1+ Bla (B19
Jl(a,ﬁ):_az_lgzm 5 )
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with J,(«,B) easily obtained from the abowe=1 result,
and

64 E
% VqGE+q| ¢1s,k+q|2: (?) a2B4T4(a,B,k)(§) )

Tn(avﬁik)
+1 el
=2 f—ldufo
dqg
X(k2+q2+2kqu+az)(k2+q2+2kqu+,82)“’
(B1o)
2 —1 .
Tu(@ K= oz ltan *(K/p) —tan (k)]
(B17)
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