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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,AlAs 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 with (or o~) far-infrared
radiation circularly polarized in the plane of the Ga&3a,Al)As quantum well. Theoretical results

are obtained for the intramagnetoexciton transition energies and magneto-absorption spectra
associated with excitations fronsdike to 2p.., and 3 --like magnetoexciton states, and found in
overall agreement with optically detected resonance measuremen00@®American Institute of
Physics. [DOI: 10.1063/1.1489495

I. INTRODUCTION heavy-hole(hh) magnetoexciton transitions in=80A and
_ _ L=125A (well width) GaAs—Gg-AlysAs MQWSs under

Optical measurements of semiconductor heterostructur%ﬁowth_direction applied magnetic fields. Their magneto-
are of great value in understanding the physical nature ofyciton experimental spectra also revealed “weak” and
confined electrons, holes, and Coulomb-bound states such &gy weak” features which they tentatively assigned to hh
impurities and excitons. In particular, a quantitative descripq1s_,3p, and 1s—4p, transitions, respectively. Also, the
tion and_full cpmpreh_ension_ of the rol_e played by impuritiesoptica"y detected resonan¢®DR) spectra by Salitet al’
and excitons in low-dimensional semiconductor heterostrucpresented other features which were attributed either to hole
tures are not only of basic scientific relevance but also OEycIotron resonancelCRs or termed as of uncertain origin.
considerable imp.ortance. due to. the pros_pec_ts for bU”dinQ’ndependentIy, Cernet al>2 monitored changes in the exci-
new optoelectronic physical devices. Excitonic features esgic photoluminescence spectra which were induced by FIR
sentially dominate the optical properties of semiconductorgiation with the electric-field polarized in the plane of the
heterostructures, such as Gal&a,AlAs quantum wells 5\ and observed FIRSL>2p. hh magnetoexciton absorp-
(QWSs) and multiple quantum well§ViQWs), and effects due  yjon in GaAs—Ga Al As QWs under magnetic fields ap-
to magnetic fields applied along the growth axis of GaAs a”dplied along the growth direction. More recently, ODR spec-
Ga _,Al,As semiconductor layers provide valuable informa’troscopic measurements were used by Nigkel*~®in the
tion on carrier subbands and exciton states via magnetQsy,qy of electron and hole CRs and various internal magne-
optical studies. Magnetoexcitons are observed as a seri@Sexcitonic transitions in a number of GatGa,A)As
of hydrogenic-like ground and excited states Ny structures. Their results indicatésee final paragraph
GaAs-Ga.,Al,As QWs and MQWSs under magnetic fieldS o pet. 4 the need of further work to confirm thep2 as-
in the perpendicular direction to semiconductor layers. Thejignments; to resolve the nature of the higher-energy intraex-
allowed transition energies among the various magnetoexCiionic transitions, and to observe light-hdle) CR and as-
ton states are found in the far-infrar€BIR) or terahertz sociated intraexcitonic transitions.
region (i.e., energies of the order of 10 meV or 2.4 THz From the theoretical point of view, a variational proce-

Recently, several internal excitonic transitions were ob-yre within the effective-mass approximation, with hydro-

. l . L

served by Salibetal,” who found dominant §—2p.  genjclike envelope wave functions for the exciton states, was
performed by Duquet al.” in an investigation of Ih and hh
dElectronic mail: oliveira@ifi.unicamp.br magnetoexcitonic transition energies in GaAsG&Al,As
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QWs. A further theoretical study, within the effective-mass 1.
approximation, considered an expansion of the mag- aiﬂf(w)ocZ|<FM,|\/|’,m'(vaeaZh)|
netoexciton-envelope wave functions in terms of products of

hole.and_l%lectron QW states_ wi_th appropriate Gaussian ><%-P,|F',vl’,\,l,’m(p,ze,zh))|2
functiond1%for the various excitonic statésBoth theoret- ; :
ical approaches result in very good agreement between the XO(Eym m ~Emmrm o), (1)

t.WO calculations for f[he hhs—2p.. magnetoex'CIton tranlsil- where e corresponds to the photon polarizatid,and M’
tions, whereas for higher-energy magnetoexciton transitions

) . s X dre magnetic quantum numbers for the conduction and
the two calculations give quantitatively different results for g q

. . . : ; valence band, respectivelyg, is the relative mechanical
the transition energied. A comparison with experimental P ¥

_ : p
data indicated that, although some of the theoretical magndl'omentm of the e—h pair, andFf . p(re.rr)
m(PZe,2p), Wherep is the e—h relative coordinate

toexciton transition energies agree quite well with experi—_EFM,M',

mental measurements, other calculated transitions only rd? the plane of the QW, is the exciton-envelope wave func-
produce qualitative features of the experiment. Also, botHion @ssociated to theth exciton state, with angular momen-
theoretical calculations indicated that some of the calculatel™ M in the z direction. In Eq.(1), the exciton-envelope
transitions should bénd were natobservable in the experi- Wave functions=p, . (p, Ze;zh) may be written in terms of
mental spectra. In the hope of achieving a better understandingle-particlef} (z,) andf'ﬁ", (zp) solutions of the effective-
ing of the terahertz transitions of confined magnetoexcitongnass equation for electron or hole motion, respectively,
in GaAs—Ga_,Al,As QWs and of the ODR experimental along thez axis of the QW, i.e%71°
data by Salibet al,! Cerneet al,?* and Nickelet al,*~%in
this work, we present a detaileq theoreFica[ study on _the mag- an (P ZeZn) = 2 ww"m'p<p,¢)f&”<ze)f3'<zh),
netoabsorption spectra of intraexcitonic transitions in e Kk
GaAs—-Ga_,Al,As QWs under magnetic fields applied (2
along the QW growth direction. with

The work is organized as follows. Section Il presents the
magnetoabsorption coefficient associated with intraexcitonic MM’ .m, MM’ .m,
transitions excited by circularly polarized light™ or o) P p(p"ﬁ):; Crkr pvmyi(p"ﬁ)’ )
in the plane of the GaAs—Ga,Al,As QW. Theoretical re-
sults, comparison with experiment, and discussion are show@nd
in Sec. lll for the intraexcitonic 4—np. transitions. Fi- _ : 2,2
nally, in Sec. IV, we present our conclusions. vmvj(p’d’)_p‘m‘elm(be o @)
with the expansion in Eq(3) made in a restricted set of
Gaussian  functions  with  appropriateA;  length
parameter§-1° Note that the exciton has a totaidirection
angular momentunM (which is a good quantum numbgr
which is given by the sum of the-direction angular mo-

Here, we work in the effective-mass approximation, andMénta of the envelope functiom and those of the Bloch
consider exciton states in GaAs—GaAl,As QWs of width ~ functions of electronM and holeM’, ie., M=m+M
L in the presence of a magnetic field parallel to the growth M. In the calculations, we assume the hh and Ih exciton
direction of the heterostructure. The values of the squarkf@miltonians,***and the GaAs conduction-band effective-

potential-well barrierd/ (z,) andV,(z;) are assumed to be Mass and dielectric constant a@z0.0GGS(in units of the

65% and 35% of the total energy-band-gap discontinuity,free electron mass) ande=12..5, respectively; the relevant
respectively, and therefore dependent on the Al concentrd@ss parameters and the Luttinger valence-band parameters
tion. Also, we consider the spin—orbit splitting to be large @€ taken as in Bauer and Antfowe label the magneto-
enough so that the interaction betwedn3/2 andJ=1/2  €xciton energy states a¥m (M,M’), which correspond to
states may be disregarded, and, for simplicity, we take th8¢m-like exciton states composed of\& electron(with M
relative motion of the carriers and that of the center of masg™ = 1/2) and a— M’ hole (with M'=£1/2, +3/2). By writ-

as independent, although one may only make this separatidig the relative mechanical momentum Bs=p, +€/cA,,

in the plane of the well?3 Moreover, we assume indepen- Wheree is the proton chargeh is the vector potential asso-
dent excitons by discarding the off-diagonal elements in th&iated with theB=Bz magnetic field(z in the QW growth

hole Hamiltoniar*5i.e., effects due to hole-subband mix- direction, and choosing the symmetric gauge, one finds

ing are neglected in the calculation. Also, image-charge ef-

fects are not considered and the electron—Heleh Cou- P =
lomb interaction is assumed to be screened by an average

static dielectric constant of the GaAs and;GgAl,As bulk
materials. In particular, we are interested in @) mag-
netoabsorption coefficient for intraexcitonic transitions. In
the dipole approximationg(w) associated with transitions
from initial statei to final statef is essentially given by Nmm,“,=(vm,,j,(p,¢)|E~P,|vm,j(p,¢)>, (6)

Il. THE MAGNETO-ABSORPTION COEFFICIENT
FOR INTRAEXCITONIC TRANSITIONS

) Jd i 0 Be

gl 4

¢ o p o 2he”) ©

for the photon circularly polarized in the QW plane, i.e.,
=1/\/2%x+ 1/\/2y, corresponding to polarization™ (or o~).
By defining
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M hh exciton 160
v 2p, (+1/2,43/2 <
P, ( ) g 140!
-2 2p_ (+1/2,+3/2) =
c L > 120;
+2 2p, (-1/2,-3/2) 5
c
0 2p, (-1/2,-3/2) ® 100}
(=]
R 1s (+1/2,+3/2) § 80}
c U [ 2] g 60 ]
L=100A @)
+1 1s (-1/2,-3/2) 40 . .
0 2 4 6
FIG. 1. Schematic diagram of allowed hh intramagnetoexciton transitions magnetic field (T)
under left- @) and right-hand sided™) circularly polarized light in the
GaAs{Ga,A)As QW plane. On the left-hand sidé/ is the exciton total — . , . ,
angular momentum in thedirection. .2 B(T) 0_}1\3'2P. 6.1 1s2p
[ n ", + " +
E] 6 RANVAN
. . g 5 thz shh
and using Eq(5), one obtains s — {/L
= | ¢ Aa AL
o AN
2mh [} 3 S
_ [=] EANY,A -
Nimm jj» === Omm'51(Ajj'm*t Bjjrm), () o “hh h 153p T53p
\/EI c 2 AV, Al
, 2 | 1 Mk
with - AN e
_ 8 1] hh th (b)
Ajjrm= F( ) o220 (8a) E
mJol p P 40 80 120 160
and photon energy (cm™)

. * 2 _ Be —Bip? 2p+1 FIG. 2. Results for & =100 A GaAs—Gg-Al,As QW under a magnetic

Bjjrm= Ty2t5z~8 VT dp, (8b) field applied along the growth direction of the heterostruct(aieth and hh

0 N\ 2AicC . o
J 1s—2p, calculated magnetoexciton transition energfadi curves for the
; _ _ 2 2 case of right-hand side circularly polarized light %) in the well plane.
= +\m=z1|+ = T+ O . ‘

Wlth P (|m| |m 1|. 1)/2’. andg; 1/)\1 . 1/)\1 If the Also shown are the experimental d4fall circles) taken from Cernet al.?

initial state is the $-like exciton state, one finds (b) Intraexcitonic Ih and hh 4—np.. magnetoabsorption coefficient for the

case of left- ¢~) and right-hand sidec*) circularly polarized light in the
N _ 2mh S _ 1 _Be) 1 9 QW plane. The column of numbers on the left-hand side gives values of the
om’jj"— \/Ei m’,x1 XJZ +4ﬁC Bij ' 9) applied magnetic field in T.

and that thea(w) magnetoabsorption coefficient for the in- N ) o
traexcitonic 5—np. transitions reduces to Am=+1 transitions essentially correspond to the excitation

of an electron from an electronic Landau levglto n.+1,

1 MM’ m’ f M,M’,m=0,1s 2 whereasAm= — 1 would be associated to the promotion of
o CMM/ M fye cMMIm=01sy promotion of a
() o Ef kkz” (Cor ™ ) Cue om’i] hole from the Landau leved,, to n,+ 1.
X S(Eyy o m—Enpwtr meo— @), (100 1l RESULTS AND DISCUSSION
in which final states witim’ =+ 1(—1) correspond to tran- In what follows, we compare our theoretical results with

sitions excited by right{left-hand side circularly polarized experimental measurements, which are performed for
light o* (o). For the&function in Eq.(10), we introduced GaAs—Gg-AlsAs superlattice$SLs), although we have ig-

a phenomenological half-widthi~2 cm™* by replacing the nored SL tunneling effects and performed calculations for
S&function by a Lorentzian function in the evaluation of the single isolated GaAs—GaAlysAs QWs. We would like to
absoption coefficient. An schematic picture of the allowedstress that, in the approach by Dugeeal,’ the exciton
1s—2p. hh magnetoexciton transitions associated to theenvelope wave functions were described as products of
two optically active hh % (—1/2,—3/2) and 1s (+1/2,+3/2) variational hydrogeniclike wave functions and electron and
magnetoexcitons is depicted in Fig. 1, far - and hole ground-state solutions of the effective-mass equation,
o*-circularly polarized FIR radiation in the GaAs- along thez axis, for the barrier potentials of the GaAs-
(Ga,AlAs QW plangone could draw an equivalent diagram (Ga,A)As QW. The present scheme considers the various
for the two optically active Ih & (+1/2-1/2) and 1s  magnetoexciton wave functions as products of symmetry-
(—1/2,+1/2) magnetoexcitoris Note that the twoo~ (or  adapted Gaussian functions with appropriate hole and elec-
o) transitions in Fig. 1 are identical if hole-subband mixing tron solutions of the QW potentialgcontribution of the

is neglected. Also notice that, in the high-magnetic-fieldground state and excited QW states, cf. E2)J. As men-
limit, when the Coulomb energy of the excitons may betioned before, for the hh d—2p. magnetoexciton transi-
viewed as a small perturbation on magnetic-field effectstions, one finds very good agreement between the two ap-
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200 clearly sees, in the low-magnetic-field regime, some weaker,
higher-energy features ia(w), which correspond to |h and
hh 1s—3p. exciton transitions. These features would be
observable in theL=100A GaAs—-GgsAl,As QW pro-
vided one is able to perform the experiment with higher
spectral resolution.
Figure 3a) shows the energies for the"-excited Ih and
hh 1s—2p, and 1s—3p, exciton transitions in the case of
a L=80A GaAs-GgAl;,As QW. A comparison of the
L=80A (@ present ot -excited magnetoexciton theoretical transitions
: . . with available FIR measuremehtsndicates fair overall
2 4 6 8 . .
agreement, although the assignment of some of the experi-

-
(23
(4

transition energy (cm™)
@ »
(= (=]

8
)

magnetic field
9 M mental features to specific intraexcitonic transitions is uncer-
_ , , , , tain. Again, results in Fig. 3 indicate that measurements with
2 B(T) c_ils-2p. left-hand sideo ™ circularly polarized FIR radiation would
c 7\ o :1s-2p X
3 6 SUA *JVL’ reveal the corresponding Ih and hhs%2p_ and 1Is
£ i —3p_ magnetoexciton transitions. We note that the present
& 5 ANA MU : o ) L :
e . e '"'hfj{‘/t calculations indicate that the observed intraexcitonic transi-
"qo'; S P rer e tions occur in both hh and Ih magnetoexcitons, which con-
o 8 PR\ NS trasts with the assignment by Sal al® of the observed
§ 2 M > e -3, FIR resonances to hh transitions only. Also, results in Fig. 3
I 1 SAALL M h indicate that the experimental feature at and~140 cni !
2 | o mun o would correspond to the |h and his+ 3p. transitions, and
h A " :
« i h : : not to the hh $—4p, transitions, as suggested by Salib
40 80 120 160 et all
photon energy (cm™) We stress that the present calculation does not include

FIG. 3. Results for =80 A GaAs—Ga.Al, AS OW und i the effects due to the hole-subband mixing. This approxima-
. 3. Results for &= s—GgAlg As under a magnetic . . . -

field applied along the growth direction of the heterostruct(agth and hh tion Sh_OUId pe reasonable prpwded the Qw width is not too
1s—2p. and 1s—3p, calculated magnetoexciton transition energies for large, in which case the mixing between Ih-and hh valence
the case of right-hand side circularly polarized light'( in the well plane.  States could be significant. Experimental FIR 8afar

Also shown are the experimental défall circles) taken from Salitet al,* GaAs—(Ga,AI)As multiple QWs, with well widths of 125,

(b) Intraexcitonic Ih and hh 4—np.. magnetoabsorption coefficient for the ; f ot
case of left- ¢~) and right-hand sidedt*) circularly polarized light in the 150, and 200 A’ seem to be associated to two distinct hh

QW plane. The column of numbers on the left-hand side gives values of thé-s_’2pf magnetoexcito.n transitions, ) CorreSanqing to
applied magnetic field in T. strong hole-subband mixing. The experimental findings for

these “large” L=125A well-width multiple QWs may be
interpreted as follows: A 86 Kohn—Luttinger calculation

proaches, whereas quantitatively different redlitise found ~ fOr €xcitons would lift the degeneracy of both™ (or a’)
for higher-energy hh 4-3p. and |h 1s—2p. and 1s transnlor_]s(cf._F_lg. 1]6)’ although one should expect a very
—.3p.. magnetoexciton transitions. Here we just point outSMall spin Spl'tF”_"a' of the electron states for intramagne-
that the present scheme better describes higher-energy sta}@€XCiton transitions associated with “electron transitions”
as the magnetoexciton envelope wave functions include the*M=*1) within the exciton, and therefore would obtain
effects of excited electron and hole states in its expansion. WO néar degeneratesl-2p, transition energies; on the
The energies corresponding to |h and lh-12p, mag- othgr hgnd, a f'u.II &6 (or 4x4) calculation of 'the internal
netoexcitono transitions are shown in Fig(@ for a 100 A excitonic transfuqns relateq to “hole tran5|t|qns’A(n=
GaAs—Gg-AlgsAs QW. Notice that the experimental FIR —1) would certainly |r_n_ply in a measur_able _dlffere_nce _for
data by Cerneet al2 are in good agreement with Ih and hh e t‘g’(l)o]SHZP* transitions, as hole-spin splitting is quite
1s—2p. intraexcitonic theoretical transitions. Note that the [2rge-""" In that respect, a full quantitative understanding of
higher-energy experimental transitions, which Ceetel2  the éxperimental data related to the 125 A multiple QWs
do not assign to any specific intraexcitonic transition, arevould certainly require a full Kohn—Luttinger calculation for
found to correspond to |h -2p, magnetoexcitons®  the inframagnetoexciton transitions.
transitions. Figure @) displays the calculated Ih and hh in-
traexcitonic magnetoabsorption coefficient, ter left- and
o right-hand side circularly polarized light in the well
plane, also in the case of la=100A GaAs—-Gg-Al,As Summing up, theoretical results in GafGa,AhAs
QW. One then clearly sees that tbe and o* oscillator QWSs are obtained for intramagnetoexciton transition ener-
strengths of the Ih and hhs1-2p.. intraexcitonic transitions gies corresponding to excitations frons-like to 2p..-, and
are of the same order of magnitude. This unambiguouslBp--like magnetoexciton states. We have also presented re-
indicates that both the Ih and his4-2p _ exciton transitions  sults for thea(w) magnetoabsorption coefficient correspond-
should be observable in the measured spectra. Also, oriag to the intraexcitonic 4—np.. transitions, for the case of

IV. CONCLUSIONS
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