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We have used the variational procedure in the effective-mass and nondegenerate parabolic band approxima-
tions in order to investigate the effects of a magnetic field on the exciton effective mass and dispersion in
semiconductor heterostructures. Calculations are performed for bulk GaAs, and two-dimensional and quasi-
two-dimensional excitons in coupled GaA&a, A)As quantum wells for applied magnetic fields perpendicu-
lar to the layers. A simple hydrogenlike envelope wave function provides the expected behavior for the exciton
dispersion in a wide range of the center-of-mass momenta, and an analytical expression for the exciton
effective mass is obtained. Present results lead to a magnetic-field dependent exciton effective mass and
dispersion in quite good agreement with available experimental measurements in coupledGzaA§As
quantum wells.
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I. INTRODUCTION tion of the particles in the direction perpendicular to the
magnetic field, of the coupling to higher Landau levels, and
In the last few decades a considerable amount of theorebf the spin-orbit interaction. By using magnetoabsorption
ical and experimental studies has been carried out on thand electroabsorption techniques, Frigteal® studied the
exciton properties in multiple quantum welQW) hetero-  effects of the applied magnetic fields parallel and perpen-
structures. The central motivation of these studies has beadicular to the QW layers on the exciton behavior, and dis-
the possible applications of these systems in optoelectronicussed how in-plane magnetic fields change the nature of the
devices. From the physical point of view, the main interest isexciton by inducing a two-body velocity-dependent interac-
concerned with the change of the physical properties of extion. Bayer and co-worketsnvestigated the heavy-hole and
citons when the electrons and holes are confined in differeight-hole excitons in coupled double QW’s by photolumi-
regions of the direct space or in different points of the in-nescence(PL) and photoluminescence excitatiofPLE)
verse space. In particular, when the electron and hole argpectroscopy in magnetic fields up to 13 T. Other auftfors
confined in the same space region and in the same point studied the problem of the quasi-2D exciton in a transverse
thek space, the overlap of the single-particle wave functionsmagnetic field, and obtained an expression for the exciton
is large as, for example, in a single QW heterostructure, andpectrum in an arbitrary field for a large separation between
the exciton is called a direct exciton. On the other hand, ithe confining-electron and -hole plarfeShe effects of an
may happen that, due to the presence of confining potentialg)-plane magnetic field on the photoluminescence spectra in
the spatial separation of the electron and hole is such that doupled QW’s was also studied by Gorbatsevich and
leads to a small overlap of the single-particle wave functionsTokatly’” and Butovet al.® and more recently by Changt
and to dramatic changes of the physical properties of thal.l* Moreover, Parlangeliet al? investigated the optical
system, as in coupled double QW's: in this case, the excitoproperties of GaAs/Al::Ga) ssAS asymmetric double QW'’s
is referred to as an indirect exciton. under in-plane magnetic fields, and observed the energy-
The application of a magnetic field on semiconductor hetimomentum dispersion of spatially indirect excitons.
erostructures provides very useful band-structure data, and a Experiments of particular interest to this work were the
variety of magneto-optical studies have been performed tstudies by Butovet all® and by Lozovik et al,*®* who
obtain valuable experimental and theoretical information orperformed the first experimental measurements of the
exciton states under external magnetic fields. Most of thelispersion of a quasi-2D exciton in a coupled double
theoretical work in the literature do not take into account theGaAs/ Al 3Ga, g/ AS QW heterostructure under an external
coupling between the center-of-mags.m) motion and magnetic field, and indirectly obtained the exciton effective
the internal structure of the exciton. Gor’kov and mass in the direction perpendicular to the magnetic field as a
Dzyaloshinski® have investigated the c.m./internal structurefunction of the applied field. They also formulated the
coupling for three-dimensiondBD) excitons and, more re- quantum-mechanical problem of the quasi-2D exciton under
cently, a number of studies have been performed in order tan applied magnetic field and numerically soRfet14the
investigate the influence of the exciton c.m. momentum orSchrédinger equation in the imaginary-time formalism. The
the exciton properties in the cases of two-dimensigaa)) aim of the present work is to study 3D, 2D, and quasi-2D
and quasi-2D excitorns* For example, Paquet al? inves-  excitons, within a variational procedure which enables one to
tigated the properties of a Bose condensate of noninteractingptain a realistic exciton wave function in an analytical way,
2D magnetic excitons considering the influence of the moa clear advantage for performing calculations related to a
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number of optical quantities associated with the exciton .. i e- _\ - .

properties. Also, we shall obtain an analytical expression of ¥(Fefh) = epr(PL * 5B X r) -R}(I),;L(p,ze,zh),

the exciton effective mass in the direction perpendicular to

the applied field by using the corresponding exciton varia- (4)

tional wave _function, and show th_at the pre_sent results |e"?‘9l/hereF:Fe—Fh is the internal exciton coordinatp;=pe—pn,

to a magnetic-field-dependent exciton effective mass and dis- . . . - -

persion in quite good agreement with available experimenta'F’ th? |r_1-plane_ internal ex_cnon coordmall'(_i\,—(llM)(mepe

measurementd:13 _+mhph) is the |_n—plane exciton c.m._cqord|naﬂm,:me+mh
The paper is organized as follows. In Sec. Il we give ourS the total exciton mass, anll =satisfies

theoretical derivations for 3D, 2D, and quasi-2D excitons, . . R

propose the trial wave function to be used in the variational |:Hez+ Hn,+ Hop = —](Dli =Ex®s , (5)

calculations, and obtain the analytical expression to evaluate e

the magnetic-field dependent exciton effective mass. Sectiowherer = /p?+(z,—z,)? and

[l is concerned with the present theoretical results together -

with a discussion and comparison with experimental'ddfa A= Pez +Vy(z) (6a)
in coupled GaAs-GggAlg3As QW’s. Finally, our conclu- ¢ 2m, TV
sions are given in Sec. IV.
a2
Fine= 2 4+ V(7 (6b)
Il. THEORETICAL FRAMEWORK " om, MY

We consider the problem of an exciton in a semi- A 1 e .

conductor heterostructuﬁre, grown along thaxis, under an Hop = z_f,i + yﬂg (pXP,)
applied magnetic fieldB, within the effective-mass and K K

. . . e . 2
nondegenerate-parabolic band approximationA(f is the - ..z . P

) X o . + +F.p+—.

vector potential associated to the magnetic field, the Hamil- 8Mc2(B XPHFp 2M (60)
tonian for the exciton may be given by

In the above equationgy is the exciton energyy is the

2 2 . e .
g:i(aﬁf’,&e) + 1 <6h_§A*h> gxcnon reguceci masg;=(m,—mg)/M, P, =-i#(d/d;), and
2me c 2my, c F=(e/Mc)P, X B. Here we note that the dependence of the
exciton energy orP, is given by the last two terms in Eq.
+ V(2 + V2 ~ ————, (1) gy oii". 18 gven oy | -d
€fe—Tpl (60), and that the ternf -p represents the direct coupling

L between the c.m. and the in-plane internal exciton coordi-
wherep,, p, andm,, m, are the momentum operators and thenate, i.e., it is determined by the interaction of the transverse
effective masses of the electron and hole, respectingly, electric dipole -ep with the electric field(1/e)F in the c.m.
andV,, are the electron and hole confining potentials, respecframe.
tl\_/ely, eis the absolute _value of the electron chargés the The conservation O'BJ_ allow us to reduce the original
dielectric con§tan§c?n3|der§d trjeﬁsame throughout the hetqpiem with six degrees of freedom into one with only four
erostructurg A.=A(fe) and A,=A(rp). degrees of freedom. Equati@) will be used to study exci-

Introducing the operator associated to the exciton c.mton properties in the 2D, quasi-2D, and 3D cases.
magnetic momentuin

A. 3D exciton
5_2 e 2 e~ ez . . For the 3D exciton, one may use E&) with V,=V,=0.
P=pe+ —Ac+pPn— —Ap— B X (fe—1}), 2 ! e~ *h
Pe c °© P ¢ e (Fe=Th) 2 As a consequence, ttrecomponent of the ¢.m. exciton mo-

o _ mentum is also a constant of motion, and by introducing the
it is easy to show that its three components commute bec.m. coordinatZ=(1/M)(msz.+myz,) and the relative coor-

tween themselves, and it satisfies dinatez=z,-z,, one obtains
2 A - 1 1.
dP Hep+ Hpp= —p2 + —PZ, 7
dt == VeVe(ze) = ViVi(zy), 3) AR

wherep,=-i#(d/ 9z) and l52= -in(al 9Z). The last term of Eq.

which leads to the conservation of tlﬁq:(f?x, |5y) trans-  (7) only contributes by a constant to the exciton energy, and

2 ) o one may include it irEx. The study of the 3D exciton then
verse components oP. By assuming the magnetic field (gqyces to solving the problem

along the growth direction, and taking the symmetric gauge N
A(F)=3B X T for the vector potential, one may seek for si- hap®p (F) = Ex®p (7), (8)

multaneous eigenfunctions of E@.) and |5L as with
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potential>!3 In this case, the exciton wave function associ-

o =2 . & ; . o
hsp = 2MPz *+Hap er (9 ated to the exciton ground state, with ene@wc, is given
‘ by
andr=1p?+22. (5 0)?
®,(F) =N, exp{l—PL 5 %], (14)
B. Quasi-2D and 2D excitons 2h 4lg

As is well known, in a multiple QW heterostructure the Where w.=eB/uc is the cyclotron frequency anhl.. is a
electron and hole forming the exciton may be located in thenormalization constant. The above results suggests a trial
same well or in different wells of the heterostructure, corre-wave function of the form

sponding to direct or indirect excitons, respectively. If the (- o)’
wells of the heterostructure are deep and narrow, then the LGE Nexp[ 2p p- % —)\r} (15)
movement of the electron and hole may be considered as 2h 4l

essentially 2D. Under these conditions, the properties of th

h
exciton may be described by finding the solutions of the fo describe the exciton ground state associated tG&qwe

note that Eq(15) leads to the correct behavior &f (Refs.

problem = -
13 and 14 as|P,|—0 and|P, | — o, and therefore one may
ho® (p) = Ex®p (p) (10)  expect that it would provide a good interpolation for the
exciton energy as function of the in-plane c.m. momentum.
with The variational parametér is obtained via the minimization
of
oo = oo - & (11)
T Ex(\) = (@5 |hap|®p ). (16

wherer =\p?+d? andd is the distance between the electron  Of course, the wave functiof15) may be used to describe

and hole confining planes. d=0 the exciton is called a the exciton ground state in the 2D and quasi-2D cases by
direct exciton or a 2D exciton, whereasdf- 0, the exciton takmg r—\p2+d2 together with a variational parameter ob-

is called an indirect exciton or a quasi-2D exciton. tained through the minimization of

C. Variational calculation Ex(\) = <q)'5i|h2D|(D'5L>' 17
As one is not able to exactly solve Eq®) and (10), Finally, in all cases the ground-state exciton endegyand

approximated procedures are needed in order to obtain tHee exciton binding energl¢g are related by

exciton properties. In this sense, the variational procedure is

a very useful tool for obtaining approximated solutions for Ey= lﬁwc— Eg. (18)

the exciton problem under the influence of the heterostruc- 2

ture confining potential and applied external fields. We shall

therefore use the variational scheme to obtain the ground

state of 3D, 2D, and quasi-2D excitons under applied mag- D. Exciton effective mass
netic fields, and taking into account the effects of the c.m./
internal structure coupling. Before obtaining the exciton effective mass, one may re-

From Eqg.(8) one may see that the exciton moves in ancall that botthD andh3D remain invariant, foPL—O under
effective potential with two local minima separated by thethe inversion of the spatial coordinates. As a consequence,

vectof13 the corresponding wave functions may be chosen with a de-
fined parity and, therefore, the averagepois equal to zero
Po= e(I;ZB X PL, (12 in th[s case. On the other hand, #8r # 0, the operator$,p,

and hyp are invariants under simultaneous inversion of the
one of that corresponding to the Coulomb potential and th&pacial coordinates armi, and thereforeEX(PL) is an even

other to the magnetic-parabolic potentlal For a nonzerqunctlon OfPJ_ Moreover, all terms ”hzo and h3D are also

value of the applied magnetic field, afd =0, both minima  jnvariant under an arbitrary rotatidharound thez axis, with

cqmude and E_q(Eé) may be approximately solved via the the exception of -p, which transforms according to the rule
trial wave functiod

W F-T%=—(P, xB) - Th=—(TP, xB) - p
®y(F) =Ny ex =\r|, (13) Mc Mc - ’

|2
. - — (19
where\ is a variational parametelz=v#c/eB is the mag- .
netic length, and\N, is a normalization constant. and therefore the dispersidgy(P,) depends approximately

As |I5L|Hoo, |pol —, and the properties of the exciton on P? for small values of|l5i|, i.e., the c.m. momentum-
states are essentially determined by the magnetic-paraboldependence of the exciton energy is given by
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2 3 T

P
Ex(P.) = Ex(0) + Nx (20)

for small values 011I5l|, whereMy is the exciton effective
mass in the plane perpendicular to the applied magnetic field.

We shall obtain thé/ly exciton effective mass by suppos-
ing that the exciton envelope wave functi(;m.éL is exactly

known. Then, according to the Hellmann-Feynman R A R
theorem® ] 1 2
E (P h °
ol d
+ﬁ =\ ®p Té (DEQ FIG. 1. 3D ground-state exciton ener(fgr bulk GaAsg in units
P P of the exciton Rydberg as a function of the in-plane c.m. momen-
1/. tum for different values of the applied magnetic field. The magnetic
= M(PL ) (21 fields are given in units ofs=fiw./2R, (notice dashed lines with

the corresponding values 6f).

with 8=2D, 3D and noticing that
. the c.m. momentun®, (or p, =Py /Py), which is a function
JEx(P.=0) _ of the magnetic field as discussed by Lozowk all314
- =0 22 \wh he exciton beh h ik

P Whenp<p the exciton behaves as an hydrogenlike system

(hydrogenlike regime whereas wherp>p, the exciton

and properties change abruptymagnetoexciton regimeAs p
— o the exciton behaves as a free and uncorrelated electron-

1 FEX(P.=0) _FEx(P,=0) hole system whose energy is the sum of the lowest electron

My JP? - P 23 and hole Landau-level energies, .8, (or g if the en-

- ) ergy is expressed iR, units; see Fig. L The behavior of the
it is straightforward to show that exciton properties as functions of the c.m. momentum may
1 1 eB o be understood in terms of the Lorentz’ force acting sepa-

= —[ ———((Dp ] ) rately upon the electron and hole. psincreases beyond of
Mx M P,=0 p, the electron-hole pair becomes more and more polarized,
1 eB o due to the increasing Lorentz’ force. As a consequence, the
= M{l } N (24 Coulomb attraction between the electron and the hole falls
P,=0 more and more, and the exciton binding energy tends toward

Finally, by substituting Eq(15) into Eq. (24), one obtains to zero. For small values of the c.m. moment(ps< py,), th.e
effects of the Lorentz’ force over the electron-hole pair are

M weak, and the exciton remains near to the condition of a
2 (25 hydrogenlik
Tan ydrogenlike system.
? Figure 2 shows the in-plane c.m. momentum dependence
of the binding energy for the 3[Fig. 2(a)], 2D [Fig. 2(b)],
where (p?)y= <(I)P |p2|(I)P >|P -5 Obviously, asB—0, My  and quasi-2D excitons fa=0.5a, andd=aq [Figs. 2¢) and
—.M and one recovers the exciton total mass, as expected2(d) respectively, where a, is the exciton effective Bohr
radius. Calculations were performed for different values of
IIl. RESULTS AND DISCUSSION _the appl!ed magnetic field, st_arting wiB=1 T and _increas-
ing the field-value by 1 T untiB=10 T. As the exciton c.m.
We have calculated the ground-state exciton endéigy momentum increases the binding energy decreases, and tends
[see Eq(18)] as a function of the in-plane c.m. exciton mo- towards zero a tends to infinity. Of course, when the dis-
mentum for different values of the applied magnetic field.tanced (between the planes which confine the electron and
The parameters we have used weng=0.067m, and mj, hole) increasegFig. 2(c) and 2d)], the exciton binding en-
=0.18m, (my is the free-electron map$or the electron and ergy decreases due to a smaller Coulomb interaction. How-
heavy-hole effective masses, respectivély’ and e=12.35  ever, when the magnetic field is increased, the exciton wave
for the GaAs dielectric constant. Theoretical results arefunction becomes more localized for all values of the in-
shown in Fig. 1, with energies in units of the exciton Ryd- plane c.m. momentum, leading to an increase in the exciton
berg(R)) and as a consequence, the exciton energy may biginding energy. The magnetic-field dependence of the exci-
rewritten asEx/R,=vyg—Eg/R,, where ys=fin/2R, is a  ton binding energies is shown in Fig. 3. Figuréa)and 3b)
quantity proportional to the magnetic fieldjz=1 corre- correspond to the 3D and 2D excitons, respectively, whereas
sponds to an applied magnetic field=e8.5 T). The in-plane  Figs. 3c¢) and 3d) correspond to quasi-2D excitons with
c.m. momentum i9p=P /P, in units of Py=e’M/efi. One  =0.3a, and d=0.5a,, respectively. Calculations were car-
may distinguish two regimes for the exciton. The transitionried out for various values of the exciton c.m. momentoum
between these two regimes takes place at a certain value tifis well known that the exciton binding energy depends on

MX:
l_
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2D exciton (b} (a) -
d=0 4
p=023<p, |
- B=1T _
2 .
= )
E]
-Q. -
-
& ; ]
oLl 1 .
Z 10 20
g p/a,
quasi-2D exciton (d) -}
d=a, ] £ |
s |}
s |
e 1
a —
FIG. 2. Exciton binding energies as functions of the in-plane 0

c.m. momentum for different values of the applied magnetic field

(notice that full curves correspond to increasing values of 1 T from

B=1T to B=10T). (a) corresponds to the 3D case, wher¢as FIG. 4. Probability density|¥|2 for a 3D exciton as a function

relates to the 2D case, aid and(d) to the quasi-2D exciton with  of the in-plane coordinate. The probability density is evaluated at

d=0.58; and d=a,, respectively, where, is the exciton Bohr =0 andz=0. In (a) we show the hydrogenlike exciton regime,

radius. whereas inb) we display the magnetoexciton regime. The full dot
at the bottom axis is the position of the magnetic-orbit center.

the magnetic field asB in the zero c.m. momentum limif.

Whenp> py, this dependence changes abruptly, and for suflated to the localization properties of the exciton in real

ficiently large values op the exciton binding energy trans- space. In Fig. 4 we examine the behaviorpgp¥p|?, in cy-

forms into a linear function oB with a decreasing slope lindrical coordinates, as a function pf for z=0 and¢=0,

whenp is increased. where p=\x?+y? is the exciton in-plane coordinate, the
An important quantity related to the exciton wave func-axial angle, and the coordinate in the magnetic-field direc-

tion is the exciton probability density, which is closely re- tion. Results correspond to a 3D exciton #+1 T, and for
two different values ofp at both sides o, =0.235. Full

dots at the bottom axes represent the absolute valys,of
denoted ag,, which is the distance from the origin of coor-
dinates to the magnetic-orbit center. Wher p, [see Fig.
4(a)] the probability density behaves as in the hydrogenlike
case, as expected, whereap it p, [see Fig. 4b)] one may
see a Gaussian profile of the probability density which is
! = 0 peaked near the magnetic-orbit center. These facts clearly
0 10 20 0 10 20 illustrate the transition of the exciton from the hydrogenlike
B (Tesla) B (Tesla) regime to the magnetoexciton regime.

3.0

F(@) 3D exciton -(b) 2D exciton

5.0

-((.:) 'ql.'laéi-IZD' e)'(ci'to;1 1
I d=03a, ]
[ p=o j

3 (&) 'qt;aéi-éD'e;(ci'toh 1
d=05 a, 1

As the in-plane c.m. momentum is increased, one may
expect that the probability density peak position becomes
closer to the magnetic-orbit center. As a consequence, one
may also expect that the average of the exciton in-plane co-

ordinate tends towards, as p increases. Figure(& shows

the momentum dependence of the avergge(solid lineg

and of the magnetic-orbit center positipg (dashed lines

for different values of the magnetic field froB=1 T to B

=10 T in steps of 1 T. Notice that in the limg— o the

average(p) tends towards,. In Fig. 5b) it is shown the
FIG. 3. Magnetic-field dependence of the exciton binding ener_momentgm dep_endence of the exmlton quantum-confined

gies for different values of the in-plane c.m. momen&. corre- Bohr radius?® defined asa,=(¥|1/r|¥)~?, for the same val-

sponds to the 3D case, wherdhsrelates to the 2D exciton, arid) ues of the applied magnetic field used in Figa)5 Notice

and (d) to the quasi-2D case wittd=0.3a, and d=0.5a,, that both{p) anday are measures of the exciton spatial ex-

respectively. tension. Again one may see the transition between the two

E,/R

B (Tesla) B (Tesla)
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:

Energx (eV)

B=10T

:

K (10°cm™)

o]
1 FIG. 6. Exciton dispersion for different values of the applied
magnetic field. Her&K=P, /% is in units of 1¢ cm™. Solid lines

. represent present calculations for the quasi-2D case wlith

p=04 ] =115 A, whereas full dots correspond to the experimental results
Fp=02 from Butov et al. (Ref. 10 and Lozoviket al. (Ref. 13 in coupled
A wrerwr—— GaAs-Ga Al g 3AS QW's.

0 10 20

B (Tesla) B (Tesla) tentials, and propose a more realistic variational wave func-
FIG. 5. Average of the in-plane coordinate Vx?+y? and of the tlo?:.for"the exccljt_onlgrogn(':l:_sta;e.th fic-field d

quantum-confined Bohr radius for a 3D exciton as functions of the inally, we dispiay In Fig. € magnetic-e epen-

in-plane c.m. momentum for different values of the applied mag_dence of the exciton effective mass, expressed in units of the

netic field[(a) and(b), respectively, and as functions of the applied free-electron magsn=M/my, see Eq(25)], for 2D (dashed

magnetic field for various values of the c.m. momeiftaand(d), ~ in€), 3D (doted ling, and quasi-2D(solid line) excitons.
respectively. Dashed lines irta) correspond to the c.m. momentum Full dots correspond to the experimental results from Butov
dependence gy et all® and Lozovik et al!® for an indirect exciton in a

GaAs/GagAly3As double-coupled QW withd=115 A.
exciton regimes, and the linear-momentum dependence @ur theoretical calculation corresponding to the quasi-2D ex-
(p) and ay in the magnetoexciton regime. Obviously, the citon was also performed fat=115 A, according to the ex-
exciton becomes more spatially extended and polarizenl as Perimental specifications. Notice that, in all cases, the exci-
increases. Figures® and 5d) show the average dp) and _ton effective mass increases \{vhen thg magnetic field is
of the exciton quantum-confined Bohr radius as functions oficreéased. In the case of a quasi-2D exciton, for large values
the applied magnetic field, respectively, for different valuesCf the magnetic field the discrepancy between the theoretical
of p. In the hydrogenlike regime the magnetic-field depen-Curve and the experlmental points becc_)me_s larger. This prob-
dence of(p) anday is quite slow, whereas in the magnetoex- lem may be solved, in part, by including in the th_eqrencal
citon regime these magnitudes depend hyperbolically on thE0de! the effects of the double-coupled QW confining po-
magnetic field. Results from Fig. 5 were performed for a 3ptential.

GaAs exciton, and we note that results obtained for 2D and
quasi-2D excitons, although not shown here, are very similar. IV. CONCLUSIONS

We have also c_ompared our thepretical calculations.with In summary, we have solved the Schrédinger equation
some of the experimental data prewously reported. In Fig. 6corresp0nding to the 3D, 2D, and quasi-2D excitons by using
full dots correspond to the experimental results from Butov
et al1%and Lozoviket al.'® who studied the dispersion of an

indirect exciton in GaAs/GaAlg3As double-coupled 25 [T T T
QW'’s. Moreover, they have determined a mean interlayer 20 quasi-2Dexciton
separation in the indirect exciton regime corresponding to F d=115A 1
d=115 A which is close to the distance between the QW 157 ]
centers. The experimental data are therefore compared with £ 1.0 4
the present theoretical calculationsolid lines for a -
quasi-2D exciton withd=115 A and for the magnetic-field 0S| & ]
values in the experiment. We included in the exciton-peak 0.0

energy the effects of the heterostructure confining potential 0 5 10
by summing the electron and hole confining energies to the B (Tesla)
exciton energy and gap energy, according to the sample

specifications done by Butost al'® Notice the good agree- FIG. 7. Exciton effective massi=My/m, as a function of the

ment between experimental measurements and present calghagnetic field for 2D(dashed ling 3D (dot line), and quasi-2D
lations. For a better quantitative agreement between experisolid line) excitons. Full dots correspond to the experimental re-
mental and theoretical results, one may explicitly include insults from Butovet al. (Ref. 10 and Lozoviket al. (Ref. 13 in
the exciton Hamiltonian the electron and hole confining po-coupled GaAs—Ga gAl3As QW's.
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the variational procedure. We proposed a simple hydrogerconfining potential as well as of the complex band structure
like trial wave function, which provides the correct in the theoretical calculations.

behaviot31* of the calculated magnitudes in the limgt

—0 andp—mo, and that is very usefql in order'to carry out ACKNOWLEDGMENTS
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