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Dressed-band approach to laser-field effects in semiconductors
and quantum-confined heterostructures
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A theoretical study of the effects of a laser field on the electronic and optical properties of GaAs-~Ga,Al!As
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.

DOI: 10.1103/PhysRevB.64.035323 PACS number~s!: 73.21.2b, 71.35.Cc, 71.55.Eq, 42.65.2k
n
d
le

n
e
on
ic

e
n
th
es
t

ld
b

te

T
ac
ec
se
,
th
y

ile
s

an
o

er

the
istic

in
uld,
-

vir-
tion
ince
ay

ne-
w,
ht
lec-
de-
ns

use-
.
he
ugh
ec-
d by
or
t,
s in
nd
si-

band
aser
ass
rip-
s
l-

ures
d-

e

I. INTRODUCTION

Because of the technical and scientific developme
achieved in controlling the doping of artificially tailore
semiconductor heterostructures, applications to optoe
tronic devices are frequent and very successful.1 The basic
understanding of these devices requires a comprehensio
their fundamental electronic and optical properties. It is w
known that optical and transport properties have a str
relation with the degree of localization of the electron
states in the material. In semiconductor superlattices~SL’s!,
the electronic localization is extremely sensitive to the h
erostructure barrier width and height, impurity distributio
effective mass, and action of external fields. Therefore,
possibilities of designing efficient optoelectronic switch
and modulators may be greatly improved if we are able
understand the basic physics involved in the external-fie
semiconductor interaction. In this respect, a considera
amount of work has been devoted to the study of the in
action of external electric and magnetic fields2 with SL’s,
and the physical processes are now well understood.
physical properties of solids may be modified due to inter
tion with an electromagnetic field, the most studied eff
being the energy shift of the electronic states due to the la
semiconductor interaction, i.e., the optical Stark effect3,4

which brings to attention some fundamental aspects of
interaction between light and electrons in semiconductor s
tems. When light interacts with a semiconductor, a deta
description of the laser-semiconductor interaction require
many-body treatment, as excitations~real or virtual! such as
excitons are created and interact via Coulomb forces.

In the present work we study how a homogeneous
monochromatic laser beam modifies the impurity states
GaAs-~Ga,Al!As semiconductor quantum wells~QW’s! un-
der applied magnetic fields perpendicular to the QW int
0163-1829/2001/64~3!/035323~9!/$20.00 64 0353
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faces. We also discuss the effects of a laser beam on
exciton states in semiconductor heterostructures. A real
description of the laser effects on shallow-impurity states
semiconductor heterostructures under magnetic fields wo
in principle, require complex calculations involving, for in
stance, Coulomb interactions between impurities and all
tual excitonic states. Nevertheless, a much simpler situa
occurs when the laser is tuned far from any resonances, s
the main physics of the laser-semiconductor interaction m
be theoretically described by using a nonperturbative o
body approximation. From the experimental point of vie
the shifts in the impurity levels induced by the laser lig
may be used in a possible application to ultrafast optoe
tronic devices where no photon absorption occurs in the
vice. A detector capable of responding to virtual transitio
where the number of photons is preserved may be very
ful because it is suitable to nondemolition measurements5

Recently, a simple approach in which the effect of t
laser-semiconductor interaction is taken into account thro
the renormalization, or dressing, of the electron/hole eff
tive masses and semiconductor band gap was propose
Brandi et al.,6,7 by using a simple model semiconduct
within a two-parabolick•p band scheme. It was shown tha
even far from resonances, laser effects on impurity state
quantum wells under magnetic fields are significant a
comparable to those of applied magnetic fields, for inten
ties adequate to experimental observation. This dressed-
scheme may be very useful to treat situations where the l
is tuned far from any resonances provided the effective-m
approximation constitutes an appropriate physical desc
tion, as is the case of~i! evaluation of the optical Stark shift
in excitonic states,~ii ! calculation of energy levels of sha
low impurities under electric and/or magnetic fields, or~iii !
other related phenomena in semiconductor heterostruct
under laser fields. Moreover, it was shown that ban
dressing effects6,7 on the exciton optical Stark shift may b
©2001 The American Physical Society23-1
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quite important and comparable to many-body correction8

Here we consider a more realistic description of the se
conductor system by including spin-orbit coupling within t
Kane model9 in order to discuss the dependence of the las
dressed energy spectra and renormalized electron/hole e
tive masses and energy gap on the model band structure
must mention that our calculations are based on a ste
state model whereas actual experiments dealing with cha
in the electronic structure of the semiconductor system
performed using ultrafast laser pulses and intensities
GW/cm2 ~the pulsed-laser regime in which the agreem
with steady-state results is expected has been extensive
vestigated both theoretically and experimentally4!.

The work is organized as follows. Section II presents
laser-dressed approach for a Kane model semiconductor
details the renormalization both of the semiconductor g
and of the conduction/valence band effective masses. A
application, laser-dressed effects on excitonic states in s
conductor QW’s are considered in Sec. III, together with
discussion of the corresponding results within a many-b
theoretical approach. Results and discussion in the cas
shallow-impurity states in semiconductor QW’s under ma
netic fields are presented in Sec. IV. Finally, in Sec. V
present our conclusions.

II. LASER-DRESSED APPROACH FOR A THREE-BAND
KANE MODEL SEMICONDUCTOR

A theoretical description of the effects of a laser field
the band structure is performed within the framework of
k•p approximation. We adopt the Kane model to descr
the set of states formed by the lowest conduction band (G6),
the highest light- and heavy-hole valence bands (G8

lh,hh), and
the split spin-orbit band (G7), which is split from the other
two degenerate valence bands byD. In what follows, we use
as a basis the states obtained from the diagonalization o
Kane matrix~see the Appendix!.10 The effect of a homoge
neous laser field on the band structure may be obtained f
the Hamiltonian6,7

H5H01\va†a1
e

m0c
Avp̂• ê~a†1a!, ~1!

where H0 is the diagonal matrix obtained from the Kan
model, anda† (a) is the creation~annihilation! photon op-
erator associated with the laser mode of frequencyv and
polarizationê. The vacuum field amplitude in the volumeV
is given byAv 5 (2p\c2/vV)1/2, which is related to the
classical amplitude of the photon vector potentialA0 by A0
52(N0)1/2Av for N0@1, whereN0@1 is the average num
ber of photons in the field. Using the states obtained from
diagonalization of the Kane matrix, it is straightforward
extend the dressed-atom approach11 and diagonalize the
Hamiltonian of Eq. ~1! within the uG8 ,N11&[uG8& ^ uN
11& and uG6 ,N&[uG6& ^ uN& manifold, whereuN& repre-
sents a Fock state withN'N0 photons.11,12 The dressed-
band Hamiltonian matrix then becomes
03532
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H5S EG6
1DEG6

1DEG6
8 1N\v S

S EG8
1DEG8

8 1~N11!\v D , ~2!

with

DEG6
'

L0
2

3d8
F12

m0

m67

Ek
0

d8
2

8Ek
0Ep

0

3 S 1

e0
2

1
2

e08
2

1
2

e0e08
D G ,

~3!

DEG6
8 '

2

3

L0
2

L1
F12

m0

m68

Ek
0

L1
2

4Ek
0Ep

0

3 S 8

e0
2

1
1

e08
2

1
2

e0e08
D G ,

~4!

S2'
2L0

2

3 F12
4Ek

0Ep
0

3 S 8

e0
2

1
1

e08
2

1
2

e0e08
D G , ~5!

wheree0 is the semiconductor energy gap,10 e085e01D, d is
the laser detuning given bye02\v, d85d1D, and L1
5e01\v. The characteristic energy associated with t
laser-semiconductor interaction is related toL0
5eA0upu/2m0c. In Eq. ~2!, DEG6

is the second-order energ

correction due to the laser coupling between theuG6 ,N& and
uG7 ,N11& states~this corresponds to folding back the
33 Hamiltonian matrix into a 232 matrix; notice that the
laser does not couple theuG8 ,N11& and uG7 ,N11& states!.
The Bloch-Siegert contributions11 are given byDEG6

8 and

DEG8
8 52DEG6

8 , respectively, and correspond to the corre

tions due to the nonresonant coupling between the st
uG8 ,N11& and uG6 ,N12& and the statesuG8 ,N21& and
uG6 ,N&, separated by62\v. We have definedEk

0

5\2k2/2m0 and Ep
05p2/2m0 and reduced effective masse

1/m67(8)51/mG6
21/mG7(8) , where mG6,7,8

are the Kane
model bulk semiconductor parameters.10

From the diagonalization of the Hamiltonian in Eq.~2!,
we obtain the eigenvaluesl1 and l2 and the associated
laser-dressed conduction (1) and valence (2) electronic
bands given by

e15l12N\v, ~6!

e25l22~N11!\v, ~7!

which results in

e65
e06\v

2
1

L0
2

6d8
6

1

2
A8L0

2

3
1S d1

L0
2

3d8
1

4L0
2

3L1
D 2

1
\2k2

2m6
, ~8!

and corresponding renormalized effective masses

1

m6
5

1

2M F11
M

3m68

L0
2

d8
bg6

M

m68
PG ~9!

with 1/M51/mG6
11/mG8

, and
3-2
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P5
@11~L0

2/3d8!bg1~4L0
2/3L1!bg8#~d1L0

2/3d814L0
2/3L1!1~4L0

2/3!bg9

A8L0
2/31~d1L0

2/3d814L0
2/3L1!2

, ~10!

FIG. 1. Laser-dressed GaAs energy dispers
for the ~a! two-band and~b! Kane models. All
results are presented in reduced units, with en
gies given in terms of the undressed gap ene
e051.519 eV and wave vectors in units of th
correspondingk0. Dotted lines display the un-
dressed energy dispersion whereas full a
dashed curves are associated with laser detun
d50.05e0 and d50.1e0, respectively. Results
are presented for I /I 051024, with I 0'5
3104 GW/cm2.
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Note that thek-dependent semiconductor energy gap
dressed by laser effects, and is given by the difference
tween the above renormalized conduction and valence e
tronic bands@cf. Eq. ~8!#,

ẽ0~k!5e02d1A8L0
2

3
1S d1

L0
2

3d8
1

4L0
2

3L1
D 2

1
\2k2

2m
~14!
03532
s
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with 1/m51/m121/m2 . As expected, the zero-field limit
for the conduction or valence electronic bands, effect
masses, and energy gap are correctly recovered from
~8!, ~9!, and~14!, respectively.

The above equations provide the framework for calcu
ing laser effects on semiconductor systems within the K
band-structure picture. A comparison between the previou
adopted two-band approach6,7 and the present Kane mode
for the energy dispersion of GaAs, in the range of sm
wave vector values, is presented in Figs. 1 and 2. The t
band and Kane results for a fixed laser intensity ofI /I 0
51024, where6,7 I 0'53107 MW/cm2, and different detun-
ing parameters are presented in Fig. 1, whereas Fig. 2
plays the corresponding calculations for a fixed laser det
ing d50.05e0 and two values of the laser intensity. The las
effect on the band structure may be seen by a compar
with the corresponding results in the absence of the la
displayed by the dotted lines. It is clear that laser effe
correspond to a renormalization or dressing both of the se
conductor energy gap and of the conduction/valence ef
tive masses. The dependence of the laser-dres
3-3
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FIG. 2. Same as in Fig. 1, for a laser detunin
d/e050.05, and different laser intensities.

FIG. 3. Laser-dressed effective masses for
conduction (m1) and valence (m2) GaAs bands
within the two-band and Kane models. Results
~a! and ~b! are for a fixed laser intensityI /I 0

51024, and variable laser detuning, whereas~c!
and~d! display the dependence on the laser inte
sity for a fixed detuningd/e050.05.
035323-4
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DRESSED-BAND APPROACH TO LASER-FIELD . . . PHYSICAL REVIEW B64 035323
conduction- and valence-band effective masses on the
detuning and intensity is shown in Fig. 3 with results for t
two-band and Kane models. In the range of laser detun
and intensities considered, results for both band models
qualitatively the same~differing approximately by 10–20 %
at most!, the differences increasing for smaller detunings a
high laser intensities as one would expect. Figure 4 disp
the corresponding behavior of the dressedk50 semiconduc-
tor energy gap@cf. Eq. ~14!# for both the two-band and Kan
models. Again, one sees that results for the two-band
Kane models are qualitatively the same for the laser inte
ties and detunings considered. In conclusion, results in F
1–4 indicate that laser dressing does not strongly depen
the modeling of the band structure, and therefore the pre
Kane-model renormalized effective-mass approach, v
within the one-particle picture and for large laser detunin
~i.e., for a laser tuned far from any resonances!, may be used
to provide an adequate indication of the laser effects on
semiconductor heterostructure for which the effective-m
approximation is a good physical description.

III. DRESSED EXCITONS IN SEMICONDUCTOR
QUANTUM WELLS

As a simple application of the renormalization schem
we calculate the optical Stark shift of exciton states in Ga
~Ga,Al!As QW’s. As this is one of the most studied effec
originating from the laser-semiconductor interaction, o
may compare the results obtained from the present dres
band approach with previous many-body calculations in

FIG. 4. Laser-dressed GaAs gap~in units of meV! within the
two-band and Kane models, as a function of~a! the laser detuningd
for a laser intensityI /I 051024; ~b! the laser intensity for a fixed
detuningd/e050.05.
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der to understand the role of the electron-hole interact
~which is beyond the single-particle approximation! on the
exciton shifts.

We have first performed calculations for laser-dressed
citon states in a 100 Å GaAs-Ga0.7Al0.3As QW. The 1s-like
exciton ground state was evaluated within a fraction
dimensional scheme13 using the three-band Kane renorma
ized GaAs conduction/valence effective mass and dres
band gap. Results for the laser-intensity dependence of
exciton binding energies and exciton shifts are presente
Fig. 5 for a laser tuned far from exciton resonances, i.ed
50.05e0. It is evident from Fig. 5~a! that the laser effect is to
significantly enhance the exciton binding energy~notice that
the binding energy may increase by'50% for a laser inten-
sity of 5 GW/cm2). The blue laser-induced shift in the ex
citon peak energies is quite remarkable@see Fig. 5~b!#, and
calculated results qualitatively agree with femtosecond m
surements by Mysyrowiczet al.14 Also shown in Fig. 5~b!
are the Kane model contributions to the exciton Stark s
due to the laser-induced changes in the GaAs gap, exc
binding energy, and QW confinement of both free electro
and holes. It is apparent from Fig. 5~b! that the exciton blue-
shift is essentially due to laser-induced changes in the G
semiconductor gap. Notice~see Fig. 6! that, in the large de-
tuning limit, perturbation theory~PT! in the laser-dressed

FIG. 5. Laser-intensity dependence~full curves! of the exciton
~a! binding energy and~b! optical Stark shift for a 100 Å
GaAs-Ga0.7Al0.3As QW and a laser detuningd/e050.05. In~b! the
dotted curves represent the Kane model contributions to the exc
Stark shift due to the laser-induced changes in the GaAs gap~la-
beled ‘‘dressed gap’’!, exciton binding energy~‘‘exciton BE’’ !, and
QW confinement of both free electrons and holes~‘‘confinement
QW’’ !.
3-5
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three-band Kane gap@see Eq.~14!# results in an exciton
blueshift given by 4L0

2/3d, in contrast with the two-band
model approach,6,7 which gives a larger detuning PT result
2L0

2/d. This two-band PT result for the contribution of th
dressed gap to the exciton shift corresponds to the same
citon blueshift, in the large detuning limit, obtained throu
a many-body diagrammatic derivation and interpreted
Combescot3 as coming fromPauli exclusion between the tw
e-h pairs forming the biexciton. We mention therefore tha
the present Kane results demonstrate that dressed-ban
fects within a three-band model calculation would chan
the zeroth-order term of the two-band many-body diagra
matic approach,3 and suggest that the contribution due
more realistic band-dressing calculations may be as im
tant as many-body corrections.

It is important to point out that the present exciton calc
lations were performed within the fractional-dimension
space approach13 which was shown to give results in quit
good agreement with accurate variational procedures. On
other hand, recent perturbation-theory calculations withi
many-body approach15 lead to values of the exciton bindin
energies in semiconductor QW’s that agree very well w
those calculated using a variational procedure. One m
therefore conclude that the present renormalized appro
for evaluating the exciton binding energy corresponds es
tially to a diagrammatic summation of ladder diagrams as
ciated with laser-dressede-h bubbles~see Fig. 7! built from
a renormalized electron and a renormalized hole in the p
ence of the Coulomb interaction. Alternatively, as this stu
is a one-body nonperturbative treatment which incorpora
the laser field to all orders, one may use a many-bo
formalism15 when considering the exciton optical Stark shi
and take into account the effects of the laser-semicondu
interaction, in the large detuning limit, through the renorm
ization of the effective electron and hole masses and of
semiconductor gap.

In order to probe the laser-dressed semiconductor sys

FIG. 6. Same as in Fig. 5~b!, with the total optical exciton Stark
shift shown as a full curve~labeled ‘‘Kane’’!. Also shown are the
laser-induced changes in the GaAs gap for a two-band model~dot-
ted curve! together with the perturbative~PT! results ~dashed
curves! from the two-band and three-band Kane models. As d
cussed in the text, the two-band PT results in an exciton-shift
rection equal to the corresponding diagrammatic expansion wi
many-body theory~MBT!.
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one may consider the excitonic absorption of a test beam
frequencyvT and electron test probe coupling constantlT ,
which is described in terms of the dressed-exciton Gree
function G̃(k,vT) by

A~vT!}4lT
2 Im(

k
G̃~k,vT!, ~15!

whereG̃(k,vT) is given by

G̃~k,vT!5G̃0~k,vT!1(
k8

G̃0~k,vT!Vk,k8G̃0~k8,vT!

1•••, ~16!

Vk,k8 is the Fourier transform of the one-pair Coulomb p
tential (e2/r ), and G̃0(k,vT) corresponds to the renorma
ized e-h propagator in the absence of Coulomb interactio

G̃0~k,v!5@\v2 ẽ0~0!2\2k2/2m#21, ~17!

with ẽ0(0) and 1/m51/m121/m2 , being the field renor-
malized energy gap and dressed-exciton reduced mass
spectively.

The summation of the renormalized ladder diagrams~see
Fig. 7! may be performed exactly,3 and one obtains for the
absorption of a probe beam in the presence of pump pho

-
r-
in

FIG. 7. ~a! Coulomb interaction between electron and hole lea
ing to the exciton;~b! Laser-dressede-h bubble built from a renor-
malized electron and a renormalized hole;~c! Coulomb interaction
for a renormalizede-h pair leading to the laser-dressed exciton.
3-6
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A~vT!}4plT
2(

i
uf̃ i* ~r50!u2d~\ṽ i2\vT!, ~18!

where\ṽ i and f̃ i(r ) are the dressed-exciton energies a
wave functions, respectively, which may be evaluated
using either many-body perturbation theory, or a variatio
approach, fractional-dimensional scheme, etc. Figure 8
plays the fractional-dimensional13 theoretical results for the
laser-dressed weight of the exciton line in a 100
GaAs-Ga0.7Al0.3As QW. As expected, the exciton weight in
creases with increased laser intensity, and decreases wit
creasing laser detuning.

IV. DRESSED HYDROGENIC STATES IN
SEMICONDUCTOR QUANTUM WELLS UNDER APPLIED

MAGNETIC FIELDS

As a further application of the present renormalized
proach, we investigate the effects of laser dressing on do
states in semiconductor QW’s, as impurities play a quite
evant role in a number of properties in semiconductor s
tems. Here we study the laser effects on the on-center do
impurity states of a 100 Å GaAs-Ga0.7Al0.3As QW under
the presence of an applied magnetic field perpendicula
the QW interfaces.2 The importance of the laser dressing
the impurity levels may be inferred via a comparison w
the corresponding effects of an externally applied magn

FIG. 8. Laser-dressed weight of the exciton peak as a func
of ~a! the pump-laser intensity for a fixed detuningd/e050.05 and
~b! the pump-laser detuning for a fixed laser intensityI /I 051024

~or I 55 GW/cm2), for a 100 Å GaAs-Ga0.7Al0.3As QW.
03532
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field. We follow a standard variational scheme within
renormalized laser-dressed effective-mass approach
choose a 1s-like on-center trial envelope wave function as
product of the exact solution of the square well QW poten
and a hydrogeniclike variational 1s function.2 The on-center
donor energies may then be obtained as functions of the
plied magnetic field, well size, laser intensity, detuning, e

The laser-intensity dependence of dressed-donor grou
state energies and QW first energy levelEc

0 as well as the
1s-like donor binding energy and on-center donor peak
ergy are shown in Fig. 9 for a 100 Å GaAs-Ga0.7Al0.3As
QW. The theoretical results are obtained within the thr
band Kane model and for a laser detuningd50.05e0. One
notices that the laser effect on the dressed-donor bind
energies may be significant ('4 meV for I /I 051024), with
a remarkable blueshift of the donor→ valence peak energy
due essentially to the laser-induced changes in the QW
fective gap. The corresponding dressed-donor results for

n

FIG. 9. Laser-intensity dependence of~a! on-center 1s-like do-
nor energies and ground-state energyEc

0 of the first conduction
miniband,~b! on-center 1s-like donor binding energy, and~c! on-
center donor peak energy, for a 100 Å GaAs-Ga0.7Al0.3As QW.
Results are shown within the Kane model and for a laser detun
d/e0 5 0.05.
3-7
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magnetic-field dependence are displayed in Fig. 10 for fi
laser intensity I /I 051024 and detuning parameterd
50.05e0, together with the associated results in the abse
of laser dressing. One notices that the laser-dressed sh
the donor peak energy is of the same order of magnitud
the QW confined donor binding energy, and much stron
than the corresponding shift induced by the applied magn
field. The strong blueshift in the donor peak energy could
easily observable, although, to our knowledge, there are
experimental measurements concerning laser effects
shallow-impurity states in doped GaAs-GaAlAs QW’s.

V. CONCLUSIONS

We have presented a theoretical approach of the la
field effects on semiconductor low-dimensional systems

FIG. 10. Same as in Fig. 9 for a laser intensityI /I 051024 and
detuningd/e050.05 ~full curves!, with results presented as a fun
tion of an applied magnetic field perpendicular to the QW int
faces. Dotted lines are the corresponding results in the absen
laser dressing.
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adopting a picture in which the light-matter interaction
taken into account by dressing the semiconductor energy
and conduction/valence effective masses. Both the two-b
and three-band Kane semiconductor models for the e
tronic band structure are shown to give essentially the sa
qualitative results for the laser dependence of the dres
semiconductor gap and corresponding effective masses
though an appropriate quantitative comparison with exp
ment would certainly require a more realistic description
the semiconductor band structure. Furthermore, the pre
calculations have unambiguously shown that an adequate
scription of the effects of the laser-semiconductor interact
on the band structure is of considerable importance as a s
ing point in any more involved many-body approach.
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APPENDIX

By assuming the total angular momentumJ in the same
direction as the wave vectork, the Kane eigenvalue problem
is reduced to a diagonalization of a Hamiltonian matrix
the basis set of theG6 , G7, andG8 edges,10 which is decou-
pled in the angular momentum projectionsmJ561/2 and
3/2. To second order ink, this procedure leads to a heav
hole effective mass equal to the bare electron massm0, and
to a new set of eigenenergies and eigenfunctions, i.e.
parabolic bands written as10

EG6
5

\2k2

2mG6

, ~A1!

EG8
5

\2k2

2mG8

lh
2e0 , ~A2!

EG7
5

\2k2

2mG
7
lh

2~e01D!, ~A3!

with

1

mG6

5
1

m0
S 11

4p2

3m0e0
1

2p2

3m0~e01D! D , ~A4!

1

mG
8
lh

5
1

m0
S 12

4p2

3m0e0
D , ~A5!

1

mG
7
lh

5
1

m0
S 12

2p2

3m0~e01D! D , ~A6!

where p52 i ^supx(y,z)ux(y,z)& are the matrix elements o
the momentum operator with all other interband eleme

-
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being zero by symmetry, and a new basis set defined by
following normalized wave functions:

CG6
~k!5NG6S CG6

~0!2A2

3

\kzp

m0e0
CG8

lh ~0!

1
1

A3

\kzp

m0~e01D!
CG7

lh ~0!D , ~A7!

CG8

lh ~k!5NG8

lh S CG8

lh ~0!1A2

3

\kzp

m0e0
CG6

~0! D , ~A8!

CG7

lh ~k!5NG7

lh S CG7

lh ~0!2
1

A3

\kzp

m0~e01D!
CG6

~0!D ,

~A9!

in which the normalization constants are given by

NG6

22511
\2kz

2p2

m0
2 S 2

3e0
2

1
1

3~e01D!2D , ~A10!
s-

E.

-

.

-
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Nlh

G8

22511
2

3

\2kz
2p2

m0
2e0

2
, ~A11!

Nlh
G7

22511
1

3

\2kz
2p2

m0
2~e01D!2

. ~A12!

Finally, one may use the above electronic states, ext
the dressed-atom approach,11 and diagonalize the Hamil
tonian of Eq.~1! within the uG8 ,N11&[uG8& ^ uN11& and
uG6 ,N&[uG6& ^ uN& manifold, whereuN& represents a Fock
state withN photons@cf. Eq. ~2! for the dressed-band Hamil
tonian matrix#. Notice that the influence of theuG7 ,N11&
state was taken into account by considering the second-o
energy correction due to the laser coupling between
uG6 ,N& and uG7 ,N11& states, which corresponds to foldin
back the 333 Hamiltonian matrix into a 232 matrix ~the
laser does not couple theuG8 ,N11& and uG7 ,N11& states!.
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