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We present a theoretical study, within the effective-mass approximation, of the magnetoabsorption
spectra of intraexcitonic terahertz transitions of light-hole and heavy-hole confined magnetoexcitons
in GaAs-~Ga,Al!As quantum wells. The semiconductor quantum wells are studied under magnetic
fields applied in the growth direction of the semiconductor heterostructure. The various
magnetoexciton states are obtained in the effective-mass approximation by an expansion of the
exciton-envelope wave functions in terms of products of hole and electron quantum-well states with
appropriate Gaussian functions for the various excitonic states. Intramagnetoexciton transitions are
theoretically studied by exciting the allowed excitonic transitions withs1 ~or s2! far-infrared
radiation circularly polarized in the plane of the GaAs-~Ga,Al!As quantum well. Theoretical results
are obtained for the intramagnetoexciton transition energies and magneto-absorption spectra
associated with excitations from 1s-like to 2p6 , and 3p6-like magnetoexciton states, and found in
overall agreement with optically detected resonance measurements. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1489495#
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I. INTRODUCTION

Optical measurements of semiconductor heterostruct
are of great value in understanding the physical nature
confined electrons, holes, and Coulomb-bound states suc
impurities and excitons. In particular, a quantitative desc
tion and full comprehension of the role played by impuriti
and excitons in low-dimensional semiconductor heterostr
tures are not only of basic scientific relevance but also
considerable importance due to the prospects for build
new optoelectronic physical devices. Excitonic features
sentially dominate the optical properties of semiconduc
heterostructures, such as GaAs-~Ga,Al!As quantum wells
~QWs! and multiple quantum wells~MQWs!, and effects due
to magnetic fields applied along the growth axis of GaAs a
Ga12xAl xAs semiconductor layers provide valuable inform
tion on carrier subbands and exciton states via magn
optical studies. Magnetoexcitons are observed as a s
of hydrogenic-like ground and excited states
GaAs–Ga12xAl xAs QWs and MQWs under magnetic field
in the perpendicular direction to semiconductor layers. T
allowed transition energies among the various magnetoe
ton states are found in the far-infrared~FIR! or terahertz
region ~i.e., energies of the order of 10 meV or 2.4 THz!.

Recently, several internal excitonic transitions were o
served by Salibet al.,1 who found dominant 1s→2p1

a!Electronic mail: oliveira@ifi.unicamp.br
1220021-8979/2002/92(3)/1227/5/$19.00

rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

143.106.190.137 On: Thu
es
of
as
-

c-
f
g
s-
r

d
-
o-
ies

e
i-

-

heavy-hole~hh! magnetoexciton transitions inL580 Å and
L5125 Å ~well width! GaAs–Ga0.7Al0.3As MQWs under
growth-direction applied magnetic fields. Their magne
exciton experimental spectra also revealed ‘‘weak’’ a
‘‘very weak’’ features which they tentatively assigned to h
1s→3p1 and 1s→4p1 transitions, respectively. Also, th
optically detected resonance~ODR! spectra by Salibet al.1

presented other features which were attributed either to h
cyclotron resonances~CRs! or termed as of uncertain origin
Independently, Cerneet al.2,3 monitored changes in the exc
tonic photoluminescence spectra which were induced by
radiation with the electric-field polarized in the plane of t
QW, and observed FIR 1s→2p1 hh magnetoexciton absorp
tion in GaAs–Ga12xAl xAs QWs under magnetic fields ap
plied along the growth direction. More recently, ODR spe
troscopic measurements were used by Nickelet al.4–6 in the
study of electron and hole CRs and various internal mag
toexcitonic transitions in a number of GaAs-~Ga,Al!As
MQW structures. Their results indicated~see final paragraph
of Ref. 4! the need of further work to confirm the 2p6 as-
signments, to resolve the nature of the higher-energy intra
citonic transitions, and to observe light-hole~lh! CR and as-
sociated intraexcitonic transitions.

From the theoretical point of view, a variational proc
dure within the effective-mass approximation, with hydr
geniclike envelope wave functions for the exciton states, w
performed by Duqueet al.7 in an investigation of lh and hh
magnetoexcitonic transition energies in GaAs-Ga12xAl xAs
7 © 2002 American Institute of Physics
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 [This a
QWs. A further theoretical study, within the effective-ma
approximation, considered an expansion of the m
netoexciton-envelope wave functions in terms of products
hole and electron QW states with appropriate Gauss
functions8–10 for the various excitonic states.11 Both theoret-
ical approaches result in very good agreement between
two calculations for the hh 1s→2p6 magnetoexciton transi
tions, whereas for higher-energy magnetoexciton transitio
the two calculations give quantitatively different results f
the transition energies.11 A comparison with experimenta
data indicated that, although some of the theoretical mag
toexciton transition energies agree quite well with expe
mental measurements, other calculated transitions only
produce qualitative features of the experiment. Also, b
theoretical calculations indicated that some of the calcula
transitions should be~and were not! observable in the experi
mental spectra. In the hope of achieving a better underst
ing of the terahertz transitions of confined magnetoexcit
in GaAs–Ga12xAl xAs QWs and of the ODR experimenta
data by Salibet al.,1 Cerneet al.,2,3 and Nickelet al.,4–6 in
this work, we present a detailed theoretical study on the m
netoabsorption spectra of intraexcitonic transitions
GaAs–Ga12xAl xAs QWs under magnetic fields applie
along the QW growth direction.

The work is organized as follows. Section II presents
magnetoabsorption coefficient associated with intraexcito
transitions excited by circularly polarized light~s1 or s2!
in the plane of the GaAs–Ga12xAl xAs QW. Theoretical re-
sults, comparison with experiment, and discussion are sh
in Sec. III for the intraexcitonic 1s→np6 transitions. Fi-
nally, in Sec. IV, we present our conclusions.

II. THE MAGNETO-ABSORPTION COEFFICIENT
FOR INTRAEXCITONIC TRANSITIONS

Here, we work in the effective-mass approximation, a
consider exciton states in GaAs–Ga12xAl xAs QWs of width
L in the presence of a magnetic field parallel to the grow
direction of the heterostructure. The values of the squ
potential-well barriersVc(ze) andVv(zh) are assumed to b
65% and 35% of the total energy-band-gap discontinu
respectively, and therefore dependent on the Al concen
tion. Also, we consider the spin–orbit splitting to be lar
enough so that the interaction betweenJ53/2 andJ51/2
states may be disregarded, and, for simplicity, we take
relative motion of the carriers and that of the center of m
as independent, although one may only make this separa
in the plane of the well.12,13 Moreover, we assume indepen
dent excitons by discarding the off-diagonal elements in
hole Hamiltonian,14,15 i.e., effects due to hole-subband mi
ing are neglected in the calculation. Also, image-charge
fects are not considered and the electron–hole~e–h! Cou-
lomb interaction is assumed to be screened by an ave
static dielectric constant of the GaAs and Ga12xAl xAs bulk
materials. In particular, we are interested in thea~v! mag-
netoabsorption coefficient for intraexcitonic transitions.
the dipole approximation,a~v! associated with transition
from initial statei to final statef is essentially given by
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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a i→ f~v!}
1

v
u^FM ,M8,m8

f
~r,ze ,zh!u

3 ê"Pr uFM ,M8,m
i

~r,ze ,zh!&u2

3d~EM ,M8,m8
f

2EM ,M8,m
i

2\v!, ~1!

where ê corresponds to the photon polarization,M and M 8
are magnetic quantum numbers for the conduction
valence band, respectively,Pr is the relative mechanica
momentum of the e–h pair, andFM ,M8,m

p (re ,rh)
[FM ,M8,m

p (r,ze ,zh), wherer is the e–h relative coordinat
in the plane of the QW, is the exciton-envelope wave fun
tion associated to thepth exciton state, with angular momen
tum m in the z direction. In Eq.~1!, the exciton-envelope
wave functionsFM ,M8,m

p (r,ze ,zh) may be written in terms of

single-particlef k
M(ze) and f k8

M8(zh) solutions of the effective-
mass equation for electron or hole motion, respective
along thez axis of the QW, i.e.,8–10

FM ,M8,m
p

~r,ze ,zh!5(
k,k8

ck,k8
M ,M8,m,p

~r,f! f k
M~ze! f k8

M8~zh!,

~2!

with

ck,k8
M ,M8,m,p

~r,f!5(
j

Ck,k8, j
M ,M8,m,pvm, j~r,f!, ~3!

and

vm, j~r,f!5r umueimfe2r2/l j
2
, ~4!

with the expansion in Eq.~3! made in a restricted set o
Gaussian functions with appropriate l j length
parameters.8–10 Note that the exciton has a totalz-direction
angular momentumM ~which is a good quantum number!,15

which is given by the sum of thez-direction angular mo-
menta of the envelope functionm and those of the Bloch
functions of electronM and hole–M 8, i.e., M5m1M
2M 8. In the calculations, we assume the hh and lh exci
Hamiltonians,14,15 and the GaAs conduction-band effectiv
mass and dielectric constant asme50.0665~in units of the
free electron massm0! ande512.5, respectively; the relevan
mass parameters and the Luttinger valence-band param
are taken as in Bauer and Ando.15 We label the magneto
exciton energy states asn,m (M ,M 8), which correspond to
n,m-like exciton states composed of aM electron~with M
561/2! and a2M 8 hole ~with M 8561/2, 63/2!. By writ-
ing the relative mechanical momentum asPr5pr1e/cAr ,
wheree is the proton charge,A is the vector potential asso
ciated with theB5Bẑ magnetic field~ẑ in the QW growth
direction!, and choosing the symmetric gauge, one finds

ê"Pr5
\

A2i
e6 ifS ]

]r
6

i

r

]

]f
7

Be

2\c
r D , ~5!

for the photon circularly polarized in the QW plane, i.e.,ê
51/A2x̂61/A2ŷ, corresponding to polarizations1 ~or s2!.
By defining

Nmm8 j j 85^vm8, j 8~r,f!u ê"Pruvm, j~r,f!&, ~6!
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 [This a
and using Eq.~5!, one obtains

Nmm8 j j 85
2p\

A2i
dm,m871~Aj j 8m1Bj j 8m!, ~7!

with

Aj j 8m5E
0

`S umu7m

r De2b j j 8r
2
r2pdr, ~8a!

and

Bj j 8m5E
0

`S 2
2

l j
2 7

Be

2\cDe2b j j 8r
2
r2p11dr, ~8b!

with p5(umu1um61u11)/2, andb j j 851/l j
211/l j 8

2 . If the
initial state is the 1s-like exciton state, one finds

N0m8 j j 85
2p\

A2i
dm8,61S 2

1

l j
2 7

Be

4\cD 1

b j j 8
, ~9!

and that thea~v! magnetoabsorption coefficient for the in
traexcitonic 1s→np6 transitions reduces to

a~v!}
1

v (
m8, f

U (
k,k8, j , j 8

~Ck,k8, j 8
M ,M8,m8, f

!* Ck,k8, j
M ,M8,m50,1sN0m8 j j 8U2

3d~EM ,M8,m8
f

2EM ,M8,m50
1s

2\v!, ~10!

in which final states withm8511(21) correspond to tran
sitions excited by right-~left-hand side! circularly polarized
light s1(s2). For thed-function in Eq.~10!, we introduced
a phenomenological half-widthG'2 cm21 by replacing the
d-function by a Lorentzian function in the evaluation of th
absoption coefficient. An schematic picture of the allow
1s→2p6 hh magnetoexciton transitions associated to
two optically active hh 1s ~21/2,23/2! and 1s ~11/2,13/2!
magnetoexcitons is depicted in Fig. 1, fors2- and
s1-circularly polarized FIR radiation in the GaAs
~Ga,Al!As QW plane@one could draw an equivalent diagra
for the two optically active lh 1s ~11/2,21/2! and 1s
~21/2,11/2! magnetoexcitons#. Note that the twos2 ~or
s1! transitions in Fig. 1 are identical if hole-subband mixin
is neglected. Also notice that, in the high-magnetic-fie
limit, when the Coulomb energy of the excitons may
viewed as a small perturbation on magnetic-field effec

FIG. 1. Schematic diagram of allowed hh intramagnetoexciton transit
under left- (s2) and right-hand side (s1) circularly polarized light in the
GaAs-~Ga,Al!As QW plane. On the left-hand side,M is the exciton total
angular momentum in thez direction.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Dm511 transitions essentially correspond to the excitat
of an electron from an electronic Landau levelne to ne11,
whereasDm521 would be associated to the promotion of
hole from the Landau levelnh to nh11.

III. RESULTS AND DISCUSSION

In what follows, we compare our theoretical results w
experimental measurements, which are performed
GaAs–Ga0.7Al0.3As superlattices~SLs!, although we have ig-
nored SL tunneling effects and performed calculations
single isolated GaAs–Ga0.7Al0.3As QWs. We would like to
stress that, in the approach by Duqueet al.,7 the exciton
envelope wave functions were described as products
variational hydrogeniclike wave functions and electron a
hole ground-state solutions of the effective-mass equat
along thez axis, for the barrier potentials of the GaAs
~Ga,Al!As QW. The present scheme considers the vari
magnetoexciton wave functions as products of symme
adapted Gaussian functions with appropriate hole and e
tron solutions of the QW potentials@contribution of the
ground state and excited QW states, cf. Eq.~2!#. As men-
tioned before, for the hh 1s→2p6 magnetoexciton transi
tions, one finds very good agreement between the two

s

FIG. 2. Results for aL5100 Å GaAs–Ga0.7Al0.3As QW under a magnetic
field applied along the growth direction of the heterostructure:~a! lh and hh
1s→2p1 calculated magnetoexciton transition energies~full curves! for the
case of right-hand side circularly polarized light (s1) in the well plane.
Also shown are the experimental data~full circles! taken from Cerneet al.,2

~b! Intraexcitonic lh and hh 1s→np6 magnetoabsorption coefficient for th
case of left- (s2) and right-hand side (s1) circularly polarized light in the
QW plane. The column of numbers on the left-hand side gives values o
applied magnetic field in T.
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proaches, whereas quantitatively different results11 are found
for higher-energy hh 1s→3p6 and lh 1s→2p6 and 1s
→3p6 magnetoexciton transitions. Here we just point o
that the present scheme better describes higher-energy s
as the magnetoexciton envelope wave functions include
effects of excited electron and hole states in its expansio

The energies corresponding to lh and hh 1s→2p1 mag-
netoexcitons1 transitions are shown in Fig. 2~a! for a 100 Å
GaAs–Ga0.70Al0.30As QW. Notice that the experimental FIR
data by Cerneet al.2 are in good agreement with lh and h
1s→2p1 intraexcitonic theoretical transitions. Note that t
higher-energy experimental transitions, which Cerneet al.2

do not assign to any specific intraexcitonic transition,
found to correspond to lh 1s→2p1 magnetoexcitons1

transitions. Figure 2~b! displays the calculated lh and hh in
traexcitonic magnetoabsorption coefficient, fors2 left- and
s1 right-hand side circularly polarized light in the we
plane, also in the case of aL5100 Å GaAs–Ga0.7Al0.3As
QW. One then clearly sees that thes2 and s1 oscillator
strengths of the lh and hh 1s→2p6 intraexcitonic transitions
are of the same order of magnitude. This unambiguou
indicates that both the lh and hh 1s→2p2 exciton transitions
should be observable in the measured spectra. Also,

FIG. 3. Results for aL580 Å GaAs–Ga0.7Al0.3As QW under a magnetic
field applied along the growth direction of the heterostructure:~a! lh and hh
1s→2p1 and 1s→3p1 calculated magnetoexciton transition energies
the case of right-hand side circularly polarized light (s1) in the well plane.
Also shown are the experimental data~full circles! taken from Salibet al.,1

~b! Intraexcitonic lh and hh 1s→np6 magnetoabsorption coefficient for th
case of left- (s2) and right-hand side (s1) circularly polarized light in the
QW plane. The column of numbers on the left-hand side gives values o
applied magnetic field in T.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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clearly sees, in the low-magnetic-field regime, some wea
higher-energy features ina~v!, which correspond to lh and
hh 1s→3p6 exciton transitions. These features would
observable in theL5100 Å GaAs–Ga0.7Al0.3As QW pro-
vided one is able to perform the experiment with high
spectral resolution.

Figure 3~a! shows the energies for thes1-excited lh and
hh 1s→2p1 and 1s→3p1 exciton transitions in the case o
a L580 Å GaAs–Ga0.7Al0.3As QW. A comparison of the
present s1-excited magnetoexciton theoretical transitio
with available FIR measurements1 indicates fair overall
agreement, although the assignment of some of the exp
mental features to specific intraexcitonic transitions is unc
tain. Again, results in Fig. 3 indicate that measurements w
left-hand sides2 circularly polarized FIR radiation would
reveal the corresponding lh and hh 1s→2p2 and 1s
→3p2 magnetoexciton transitions. We note that the pres
calculations indicate that the observed intraexcitonic tran
tions occur in both hh and lh magnetoexcitons, which co
trasts with the assignment by Salibet al.1 of the observed
FIR resonances to hh transitions only. Also, results in Fig
indicate that the experimental feature at 2T and'140 cm21

would correspond to the lh and hh 1s→3p1 transitions, and
not to the hh 1s→4p1 transitions, as suggested by Sal
et al.1

We stress that the present calculation does not incl
the effects due to the hole-subband mixing. This approxim
tion should be reasonable provided the QW width is not
large, in which case the mixing between lh and hh valen
states could be significant. Experimental FIR data6 for
GaAs–~Ga,Al!As multiple QWs, with well widths of 125,
150, and 200 Å, seem to be associated to two distinct
1s→2p2 magnetoexciton transitions, corresponding
strong hole-subband mixing. The experimental findings
these ‘‘large’’ L>125 Å well-width multiple QWs may be
interpreted as follows: A 636 Kohn–Luttinger calculation
for excitons would lift the degeneracy of boths2 ~or s1!
transitions~cf. Fig. 1!, although one should expect a ve
small spin splitting9,10 of the electron states for intramagn
toexciton transitions associated with ‘‘electron transition
(Dm511) within the exciton, and therefore would obta
two near degenerate 1s→2p1 transition energies; on the
other hand, a full 636 ~or 434! calculation of the internal
excitonic transitions related to ‘‘hole transitions’’ (Dm5
21) would certainly imply in a measurable difference f
the two 1s→2p2 transitions, as hole-spin splitting is quit
large.9,10 In that respect, a full quantitative understanding
the experimental data related to theL>125 Å multiple QWs
would certainly require a full Kohn–Luttinger calculation fo
the intramagnetoexciton transitions.

IV. CONCLUSIONS

Summing up, theoretical results in GaAs-~Ga,Al!As
QWs are obtained for intramagnetoexciton transition en
gies corresponding to excitations from 1s-like to 2p6-, and
3p6-like magnetoexciton states. We have also presented
sults for thea~v! magnetoabsorption coefficient correspon
ing to the intraexcitonic 1s→np6 transitions, for the case o

e
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s2 left- ands1 right-hand side circularly polarized photon
in the QW interface. Our results demonstrate that thes2 and
s1 oscillator strengths of the lh and hh 1s→np6 intraexci-
tonic transitions are of the same order of magnitude,
that the lh and hh 1s→2p2 exciton transitions should
be observable in both theL580 Å and L5100 Å
GaAs–Ga0.70Al0.30As QWs measured spectra if one uses F
s2 circularly polarized photons. Theoretical results sugg
that the higher-energy experimental magnetoexciton tra
tions in the FIR data for theL5100 Å GaAs–Ga0.70Al0.30As
QW, which were not assigned to any specific intraexcito
transition, would correspond to lh 1s→2p1 magnetoexciton
s1 transitions. Also, the present calculations unambiguou
indicate that the observed intraexcitonic transitions occu
both hh and lh magnetoexcitons, which contrasts with pre
ous assignment of the observed FIR resonances to hh tr
tions only. Finally, further experimental and theoretical stu
ies, with both right- and left-hand side polarized F
radiation in the plane of the QW, are forthcoming to una
biguously associate specific hh or lh intraexcitonic tran
tions to FIR features in the measured spectra.
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