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%e report highly resolved photoluminescence excitation spectra of excitons in intrinsic pseudomorph-
ic In Ga, „As/GaAs quantum wells (QW's). The QW parameters are chosen such that only the n, =1
electron and hole subbands are confined and the light-hole —heavy-hole exciton splitting exceeds the exci-
ton binding energy. By using circularly polarized light the fine structure of excitonic transitions is well

resolved in the spectra of quantum wells at magnetic fields H 8 T. We observe a strong mixing of light-

and heavy-hole excitons which causes optical transitions into high-angular-momentum exciton states
and results in strong anticrossing effects. Two excited states of the exciton located at =1 and 2.5 meV

above the 1s light-hole exciton state have been observed and are related to exciton states with the
carrier-wave-function delocalized into the GaAs barriers.

I. INTRODUCTION

Since the pioneering work of Dingle, excitons in semi-
conductor quantum wells (QW's) have been subject to
numerous studies motivated by the pronounced effects of
quasi-two-dimensionality in the excitonic features of opti-
cal spectra. The quantities of interest are energies and
oscillator strengths of the optical transitions associated
with the excitation or recombination of exciton states.

Experimentally, excitons in intrinsic GaAs/
Al„Ga& „As QW's have been studied extensively by
different methods including photoluminescence and pho-
toluminescence excitation. ' ' Excitonic properties in
the presence of an external magnetic Geld are of special
interest, and provide information about the excitonic
binding energies and coupling of excited exciton
states. In particular, exciton transitions forbidden in
a simple two-band model, ' and anticrossing behavior of
excited exciton states, ' ' ' have been observed in mag-
netic field.

A large number of theoretical studies of the QW exci-
ton in a magnetic field have been published based on a
simple model of a two-dimensional hydrogen atom. '
Later it was shown that the complex valence-band struc-
ture and strong coupling of light and heavy holes in
GaAs/Al„Ga, „As QW's results in many peculiarities in
the excitonic spectrum. '

In our paper we present photoluminescence (PL) and
photoluminescence excitation (PLE) spectra of excitons
in shallow strained In„Ga, „As/GaAs QW's. The
strain-induced splitting of the valence band in these QW's
nearly coincides with the valence-band offset. The ques-
tion of the energy position of the light-hole band in these
QW's (above or below the GaAs valence band) is still un-
der discussion. This peculiar position of the light-hole
subband is expected to result in an additional resonance

between excited excitonic states in the barrier and in the
QW. ' ' ' Here we will show that experimental studies of
shallow QW's of high quality can reveal these effects and
allow us to follow their disappearance with increasing
QW depth. We have presented highly resolved photo-
luminescence excitation spectra of excitons in undoped
shallow strained In„Ga, „As/GaAs quantum wells
which contain only one bound electron and hole subband
state ( n, = 1). Due to the internal strain of the
In„Ga, „As QW layer, the light-hole —heavy-hole exci-
ton splitting in this QW exceeds the exciton binding ener-
gy. This allows us to study the coupling of the light- and
heavy-hole exciton states in detail.

The paper is organized as follows. The experimental
details are described in Sec. II. In Sec. III, PL and PLE
spectra of excitonic states in narrow In„Ga, „As/GaAs
QW's in magnetic fields H & 8 T are described in detail.
The magnetic-field behavior of exciton transitions includ-
ing light and heavy holes is discussed in Secs. IV and V.
In Sec. IV we analyze a strong mixing of light- and
heavy-hole excitons which results in the appearance of
optical transitions into high angular momentum exciton
states, and in strong anticrossing effects. In Sec. V we
discuss the nature of two additional excited states of the
exciton located near (=1 and 2.5 meV above) the ls
light-hole exciton state and relate them to states with
wave functions which are strongly delocalized into the
GaAs barriers (QW-confined quasi-three-dimensional ex-
citons).

II. KXPKRIMKNT

The measurements were performed on undoped
In„Ga, „As/GaAs heterostructures with a single QW or
several QW's of difFerent thickness grown by solid source
molecular-beam epitaxy (MBE) on a GaAs substrate.
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QW's with x=0.033 and 0.045 and thicknesses in a wide
range (2 —10 nm) were investigated. The samples were
immersed in pumped liquid helium in a cryostat equipped
with a superconducting coil. Both PL and PLE spectra
were recorded with the use of a tunable Ti-sapphire laser
and a double-grating monochromator. The experiments
were performed in the Faraday configuration, with o+
and o. helicities of the exciting light. The emission was
detected by a cooled photomultiplier.

marked A and 8 is about 2—3 meV. The investigation of
the transition energies for QW's with different
thicknesses and an In content x=0.045 reveals a rather
weak dependence of the energy gaps between the lines la-
beled A and 8 and the 1slh transition. It increases by less
than 1 meV when the QW thickness changes from 3 to 7
nm. With increasing QW width the intensity of the lines
A and B decreases, and for QW's with widths larger than
10 nm line A is not resolved at the high-energy side of
the 1slh line, whereas line 8 transforms into a rather

III. PL AND PLK SPECTRA

The conduction band of the shallow and rather narrow
In„Gai „As QW's investigated here consists of only one
n, = 1 subband, whereas the valence band consists of two,
heavy hole (hh) and light hole (lh), n, = 1 subbands.
Representative PL and PLE spectra for the 5-nm QW at
zero magnetic field are shown in Fig. 1 . The emission
spectrum shows only one strong and rather narrow line
(the linewidth at half maximum is =0.5 meV) due to the
recombination of the heavy-hole exciton in the ground
state which we label as lshh. Here the first number indi-
cates the main quantum number, s corresponds to the
zero angular momentum of the hole envelope function,
and the letters hh are used to indicate that we deal with
excitons with a heavy hole.

In PLE measurements the intensity was detected at the
half maximum of the low-energy side of the Ishh emis-
sion line. The PLE intensities are expected to reQect the
absorption spectra. The high quality of the QW permits
observation of a well-resolved narrow line 2shh at the
1 .505 eV, which is due to the transition into the 2s state
of the hh exciton. Higher-energy hh exciton transitions
are not resolved. The energy gap between 1s and 2s states
of the hh exciton is =6.3 meV, in qualitative agreement
with calculations.

Figure 1 also displays strong and very narrow lines in
the spectral range 1.507—1 .5 1 1 eV, corresponding to the
energy range of the lh transitions. The line at 1.5072 eV
is due to the excitation of the lslh excitons. " Only this
line is well resolved in QW's with rather large potential
fluctuations. The gap between this line and two others
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FIG. 1. PL and PLE spectra of a 5-nm

Ino ~5Gao 955AS/GaAS QW at 1.8 K.

FIG. 2. PLE spectra of a 5-nm Ino ~5Gao 955AS/GaAs QW in

different magnetic fields normal to the QW plane in a polar-

ization. {a) Magnetic-field strength 0 ~ 1 .32 T. (b) Magnetic-
field strength 0 & 1.5 T.
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weak hump at the edge of the band-to-band transitions,
as observed earlier in Ref. 11. The energy gap between
transitions lslh and A or B is inuch smaller than the en-
ergy difference between the ground and excited states for
a quasi-2D exciton in type-I GaAs/Al Ga, As QW's.
Therefore the peculiar structure of the valence band in
strained In, Ga, „As/GaAs seems to be responsible for
this unusual behavior of excited states of the lh excitons.

Additional information about the excitonic states is ob-
tained from the magnetooptical spectra. Figures 2(a)
and 3(a) present the PLE spectra of a 5-nm
Inp p45Gap 955As/GaAs QW in the range of small magnet-
ic fields H =0.33-1.32 T recorded in the a and o + po-
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F&&. 3. PLE spectra of a 5-nm Ina 045Gao 955As/GaAs QW in
diferent magnetic fields normal to the QW plane in o+ polar-
ization. (a) Magnetic-field strength H & 1.32 T. (b) Magnetic-
field strength H ) 1.5 T.

larization, respectively. The behavior of the magneto-
PLE spectra at higher fields is illustrated in Figs. 2(b) and
3(b), respectively. As shown in Figs. 2 and 3 the PLE
spectra in magnetic field reveal a very rich structure.
First of all, Figs. 2(a) and 3(a) show that the allowed tran-
sitions to the states nshh (n =2—4) are already well
resolved both in 0.+ and o polarization at fields as low
as 0.3 T.

With increasing magnetic field the lines due to different
transitions shift to higher energy and we observe various
crossings and anticrossings between different transitions.
For example, the nshh emission lines cross the emission
line lslh connected with the lh exciton recombination
without any indication of the interaction of the nshh and
lshh states. This is well seen in Fig. 3(b) at H=2-2. 33
T, when the 2shh line moves through the lslh line, or in
Figs. 2(a) and 3(a) at H =0.66-1.1 T when there occurs
the crossing of the 3shh and 1slh lines. The absence of in-
teraction of these transitions is due to different sym-
metries of the nshh and islh states. Note that in con-
trast, we observe a strong interaction, for example, be-
tween a structure occurring at 1.5076 eV for H =0.88 T,
while the transition moves close to the lslh line (1.5084
eV). Both lines exchange oscillator strengths and show a
pronounced anticrossing behavior in the transition ener-
gies for a magnetic field of ~ 1 T.

A comparison of the spectral positions of the nshh
lines in o and o+ polarizations in Figs. 2 and 3 shows
that the spin splitting for these states is smaller than the
line half-width. As expected for such transitions, they
show rather regular fan charts for energies well below the
energy of the lslh exciton state.

The fan charts of the absorption peaks obtained with
0 and 0.+ polarization are shown in Figs. 4 and 5, re-
spectively. In addition to the nshh lines, there are several
additional lines marked nd '+' that appear in spectra
with increased magnetic field slightly below the islh tran-
sition. In contrast to the nshh lines, these lines display
well-pronounced anticrossings with the lslh excitons.
Figure 2(b) illustrates the anticrossing of the 3d and
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FIG. 4. Magnetic-field dependence of the exciton states excit-
ed with cr polarization for a 5-nm-thick QW, and H normal to
the QW plane.
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FIG. 5. Magnetic-6eld dependence of the exciton states excit-
ed with o+ polarization for a 5-nm-thick QW and H normal to
the QW plane.

IV. COUPLING OF THE 1slh EXCITOlV
WITH EXCITED ndhh STATES OF hh EXCITONS

The theoretical consideration of the influence of
valence-band mixing on excitonic states was carried out
by Bauer and Ando. To indicate the symmetry of an
exciton (consisting of an electron and hole from the n, = 1

subband), a notation of (n, m) was used. Here n is

lslh lines that is most pronounced. The anticrossing of
the 1slh and 31+ lines is shown in Fig. 3(a) at
H=0. 55 —1.1 T. In Fig. 2(a) one can also find the an-
ticrossing of the 4d and 1slh lines at H =1 T, and that
of the 5d and lslh lines at =0.5 T. As can be seen
from the magneto-PLE spectra in Figs. 2 and 3, after an-
ticrossing the nd lines acquire the properties of the lslh
emission, whereas the original 1slh line decreases in in-
tensity and disappears from the spectrum when the reso-
nance conditions are disturbed. This means that the cou-
pling of the lslh state with excited hh states marked nd
causes the appearance of otherwise forbidden transitions
of hh excitonic states, i.e., states with high angular mo-
menta. A comparison of the spectra in Figs. 2 and 3,
respectively, shows that the states appearing in the cr

and o+ polarization are different from each other, and
that the interaction is most pronounced for the states ac-
tive in the 0. polarization.

The behavior of lines A and 8 also shown in Figs. 2
and 3 differs markedly from that of the 1slh line. Line A

splits into two well-separated components active in
different polarizations, but none of them shows any
marked interaction both with the nshh or nd lines. Line
8 also splits into two components active in different po-
larizations. Note that in contrast to the 1slh line these
components show well-pronounced anticrossing with the
nshh lines rather than with the nd lines. This indicates
that the 1slh states and line 8 are of different symmetries.

the number of the Landau level, and m is the angular
momentum number (m =. . . , —2, —1,0, 1,2, . . . ) denot-
ed as m =. . . , d, p, s, p, d, . . . , respectively. In mag-
netic field the label 3d corresponds, for example, to the
transition involving the second hole Landau level and the
zero electron Landau level. The label 3d+, on the other
hand, indicates a transition involving the second electron
and the zero hole Landau level. The calculation of Ando
and Bauer predicts that the most pronounced interaction
occurs for 3d hh and lslh excitonic states of I 6 symme-

try. This coupling was recently found in magneto-optical
studies of narrow GaAs/Al„Gai As QW's. It appears
in the PLE spectra with 0. polarization.

Figures 2(b) and 4 show that the anticrossing of 31 hh
and "ls"lh states in our QW occurs at magnetic fields
H = 1.7—4 T. Indeed, it can be seen from Fig. 2(b) that
at H=1.7 T a line corresponding to the 3d hh transition
appears slightly below the allowed 2shh transition. This
behavior is consistent with the results of Ando and
Bauer. The intensity of this line increases strongly
when approaching the energy of the lslh exciton with in-
creasing field. In the same field range (H=1.7 T) the
1slh emission line at 1.509 eV begins to move strongly to
higher energies and its intensity decreases monotonically.
With increasing H the original 3d hh line reaches the
spectral position of the islh exciton [see data for H=5.5
T in Fig. 2(b)] and can again be considered as a "ls"lh
term with the hole angular momentum M= —,'. In partic-
ular, the comparison of Figs. 4 and 5 shows that at
0=6-7 T the energetic position of this transition in the
0. polarization again nearly coincides with the "1s"1h
term in the cr+ polarization. In contrast to the strong in-

teraction observed, e.g. , for the 3d and 1slh transitions,
Figs. 2(a) and 4 show no interaction between 2shh and
1slh transitions. This is due to the different symmetry of
these states (nshh: I 7, 1slh: I 6 ), which prevents an in-

teraction independent of the helicity of the exciting
light ~~

In addition to the 3d hh —"1s"lh state coupling, one
finds in Figs. 2-S many more of smaller strength. First
we note, the coupling of the "1s"lh with the 3d+hh state
[compare Figs. 3(a) and 5]. Different from the 3d hh
state interaction, this coupling appears in the o + polar-
ization. Because the 3d+ state involves the third elec-
tron Landau level and the first-hole Landau level, the
transition occurs at higher energies than the 3d transi-
tion discussed above. Therefore we observe an anticross-
ing behavior of the 3d+ state and the "1s"lh already at
small fields of the order of 1 T. The 3d+hh emission line
appears in the spectrum in Fig. 3(a) slightly below 3shh at
=0.7 T, and reaches its maximum intensity indicating
the change of its character to 1slh already at 1.5 T. As
shown in Fig. 5 for higher magnetic fields, the variation
of this transition versus 0 is quite similar to that of 1shh.
The increased magnetic field results in a diamagnetic
shift of this line to higher energies. The magnitude of the
shift is a little smaller than that for the lshh transition.
This is connected with a larger value of the in-plane mass
for the lh state.

Let us now consider the coupling of the lslh magne-
toexcitons with higher hh states which are clearly dis-
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tinguished in Fig. 2(a) at H(1.5 T. These are again
most pronounced in the 0. polarization. Due to symme-

try considerations, a strong coupling of the 1slh states
(M =

—,') is expected only with nd hh states. Therefore

we assign the emission line appearing at 0.77 T near the
position of the 3shh state to the 4d hh transition. With
increasing magnetic field this line grows in intensity due
to its change into 1slh. But, as seen from Figs. 2 and 4, a
very strong coupling of this term with the approaching
3d hh results in its further transformation to the 3d hh
never being of real "1s"lh character. At last, a similar
situation takes place at 0=0.5 T, when there occurs an
interaction of the "1s"1h state with the approaching
Sd hh state.

As clearly can be seen, e.g., in Figs. 2 and 4, we observe
a strong dependence of the level repulsion on the
difference in the value of n. The repulsion between the
nd hh and "ls"ih states decreases monotonically with n,
in accordance with the calculations. Figure 4 shows
that it is =3 meV for n =3, 0.6 meV for n =4, and only
0.2 meV for n =5, and is not observed for larger n. In
the o+-polarized spectra the repulsion of the nd+hh and
1slh states is significantly smaller than discussed above
for nd hh states. It is equal to =0.4 meV for the n =3
state, and it is not resolved for states with larger n.

V. QW-CONFINED EXCITED
QUASI-THREE-DIMENSIONAL (3D)

EXCITONIC STATES

In addition to the hh and 1slh exciton transitions dis-
cussed in Sec. IV, Fig. 1 shows two more pronounced
lines denoted A and 8. To determine the symmetry of
the corresponding excitonic states, we refer to the fan
charts. Being of the same symmetry as 1slh, all the
higher nslh transitions have to display qualitatively the
same behavior as 1slh. Figures 2 and 3 show that neither
line A nor B interacts with, e.g., nd hh states. There-
fore these lines can be assigned to nslh excitons. Indeed,
Figs. 2 and 3 show that line A, located 1 meV above the
ground state, is split in magnetic field into two (sr+ and
o ) components. We found no marked coupling for both
of these components, either with nshh states of I 7g sym-

metry or with ndhh and mixed ndhh-1slh states of I 6

symmetry. The upper excited state interacts with 2shh
and 3shh states both in the o+ and o polarizations.
This implies that this state is of I 7g symmetry and there-
fore cannot be related to the nslh states, which are of I 6
symmetry.

One more argument against connecting lines A and 8
with ns(n ~2) exciton states is their relatively small di-
amagnetic shift hd;, ;. It can be seen from Fig. 5 that for
both A and 8 components 6d;, „~&~=Ed;, &„and simul-

taneously it is several times smaller than hd;, 2,hh.
In principle, besides nslh states, parity allowed optical

transitions (due to the lower symmetry of the QW) are
possible from the even two-dimensional (2D) lh excitonic
states with high angular momenta. However, they are
also to be excluded from the consideration. In addition
to the sma11 diamagnetic shift, mentioned above, which is
not expected for such transitions, there are two more ar-
guments that deal with states not related to 2D-ndlh tran-
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FIG. 6. Magnetic-field dependence of the exciton states for a
5-nm-thick QW and H parallel to the QW plane.

sitions. Figure 1 shows that lines A and B have a rela-
tively high oscillator strength comparable to that of the
1slh state. Furthermore, Fig. 3 indicates that none of the
A and 8 transitions has any additional splitting in mag-
netic fields intrinsic to high angular momentum states.
The magnetic field splits these lines into doublets with
one component active in 0.+ polarization and the other
active in o

In order to explain transitions A and 8, we most likely
have to consider states for which the wave functions are
significantly delocalized into the GaAs barriers. As men-
tioned above, the QW is too shallow to have any excited,
confined free-electron or free heavy-hole states. Howev-
er, such a confinement is possible when the Coulomb in-
teraction is included. There are several arguments to as-
sociate states A and B with exciton states whose hole (or
electron) is located mainly in the GaAs barriers. First,
the half-width of lines A and B is very small. As shown
in Fig. 1 the half-width of lines A and B is smaller than
the half-width of the lslh transition by a factor of 2. This
indicates a reduced inhuence of alloy fluctuations and
surface roughness, and would be consistent with the par-
ticipation of only one 2D level in the optical transition.

The second argument for an assignment of the A and B
transitions is based on a comparison of the diamagnetic
shift for difFerent states in the magnetic field normal

(Aditi ) and parallel (hz;, i ) to the QW plane. Figure 6
shows the variation of the different transition energies in
a magnetic field oriented parallel to the quantum-well
plane. In this geometry the interaction of the transitions
is strongly reduced and we observe different diamagnetic
shifts of the transitions. It can be seen from Figs. 5 and 6
that for hh excitons hd;, l

is markedly smaller than hz;, i.
This effect is connected with an enhanced particle
confinement in the z direction by the QW potential. Thus
the ratio of b z;,i to 4z;, l

is equal to =2 for the lshh state.
It increases nearly two times for the 2shh state because of
the larger size of the 2shh wave function in the QW
plane. In contrast, for lines A and B the ratio b,~;,i to
hd;, 1

is close to unity, which indicates a quasi-3D charac-
ter for the wave functions. Therefore we interpret lines
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A and 8 as due to transitions involving excitons formed
by an electron (or hole) bound in the In„Gai „As QW
and a hole (electron) delocalized into GaAs barriers.
This interpretation is consistent with the small PLE
linewidth, the strong enough PLE intensity, and the
small anisotropy of the diamagnetic shift.

The determination of the symmetry of the considered
excitonic states is possible from their mixing with other
states. Figure 5 shows a well-pronounced anticrossing of
line 8 with 2shh and 3shh transitions that indicates that
it involves a state of I 7g symmetry. The lowest excitonic
state with this symmetry is expected to be the state with a
hole wave function having two nodes in the x direction
(similar to that noted as the h, 3 state in Ref. 22). Note,
however, that it is hardly reasonable to classify states
delocalized into the GaAs barriers as 1h or hh states.
Line A does not show any significant mixing with other
excitonic states. That does not allow us to say much
about the structure of the corresponding exciton state.

The interpretation shown above has to answer the
question of why the considered QW-confined quasi-3D
exciton states with high angular momenta are located so
near to the transition energy of the 1slh state. This can
be explained if we take into account that the 1h subband
in the strained In, Ga, „As/GaAs QW's lies slightly
below the valence band in GaAs (type II). Therefore the
confinement of the hole in the lslh exciton is already
strongly determined by the Coulomb attraction of the
electron localized in the In„Gai „As layer. A repulsive
potential created by an increased light-hole energy in the
In„Ga& As layer would result in a warping of the hole
density in the z direction (normal to the QW plane) and,
hence, in a decreasing gap between the nodeless ground
state and the excited QW-confined states with additional
nodes. Thus the excitonic states originating from high
angular momentum 30 excitons oriented along the z
direction are expected to have a relatively small energy
separation from the lslh state, and a relatively weak di-
amagnetic shift for 0 normal to the QW plane. The
states of 2p symmetry are dipole forbidden; however,
those of 3d symmetry are expected to have a high enough
oscillator strength to be observable in absorption.

VI. CONCLUSION

We have presented highly resolved photoluminescence
excitation spectra of excitons in undoped shallow
strained In„Ga, „As/GaAs quantum wells which con-
tain only one bound electron and hole subband state
(n, = 1). Due to the internal strain of the In„Ga, „As
QW layer, the light-hole —heavy-hole exciton splitting in
this QW exceeds the exciton binding energy. This allows
us to study the coupling of the lh and hh exciton states in
detail. Using circularly polarized light we were able to
resolve the fine structure in the PLE spectrum of quan-
tum wells with and without magnetic field. We observe a
strong mixing of lslh excitons with excited states of the
hh exciton with angular momentum m =2 (nd*hh exci-
tons) which results in the appearance of optical transi-
tions into high angular momentum states, and in strong
anticrossing effects.

Two additional, excited states of the QW-confined
quasi-3D excitons with unexpectedly small energy gaps
between them and the 1slh state of =1 and 2.5 meV were
found. These energies are markedly smaller than the en-

ergy of the 2s excitons in type-I QW's. The transitions
have a symmetry different from the I"6 symmetry intrin-
sic to nslh QW states. Their small energies are attributed
to the type-II alignment of light-hole states in the
strained In„Ga, „As/GaAs QW's, which results in a
delocalization of the hole wave function into the GaAs
barriers. This is consistent with the observed symmetry,
the weak anisotropy of the diamagnetic shift of these
lines, and their narrow PLE linewidth.

ACKNOWLEDGMENTS

We would like to thank G. E. W. Bauer for useful dis-
cussions and critical reading of the manuscript. The
financial support of the Volkswagen Foundation and the
Russian Foundation for Fundamental Physics is grateful-
ly acknowledged.

*Permanent address: Institute of Solid State Physics, Russian
Academy of Sciences, Chernogolovka, 142432, Russia.

R. Dingle, in Festkorperproblerne XV (Advances in Solid State
Physics), edited by H. J. Queisser (Vieweg, Braunschweig,
1975).

R. C. Miller, D. Kleinman, W. T. Tsang, and A. C. Gossard,
Phys. Rev. B 22, 1134 (1981).

R. C. Miller, A. C. Gossard, G. D. Sanders, Y.-C. Chang, and
J. N. Schulman, Phys. Rev. B 32, 8452 (1985).

J. C. Maan, G. Belle, A. Fasolino, M. Altarelli, and K. Ploog,
Phys. Rev. B 30, 2253 (1984).

~W. Ossau, B. Jakel, E. Bangert, G. Landwehr, and G.
Weimann, Surf. Sci. j.74, 188 (1986).

D. C. Rogers, J. Singleton, R. J. Nicolas, C. T. Foxon, and K.
Woodbridge, Phys. Rev. B 34, 4002 (1986).

W. Ossau, B. Jakel, and E. Bangert, in High Magnetic Fields in

Semiconductor Physics, edited by G. Landwehr (Springer,
Berlin, 1987).

8M. Potemski, L. Vina, G. E. W. Bauer, J. C. Maan, K. Ploog,
and G. Weimann, Phys. Rev. B 43, 14707 (1991).

9L. Vina, G. E. W. Bauer, M. Potemski, J. C. Maan, E. E. Men-
dez, and W. I. Wang, Phys. Rev. B 41, 10 767 (1990).

' D. C. Reynolds, K. R. Evans, K. K. Bajaj, B. Jogai, C. E.
Stutz, and P. W. Wu, Phys. Rev. B 43, 1871 (1991).

~ ~J. P. Reithmayer, R. Hoger, and H. Richert, Phys. Rev. B 43,
4933 (1991).
L. W. Molenkampp, G. E. W. Bauer, R. Eppenga, and C. T.
Foxon, Phys. Rev. B 38, 6147 (1988).

'3L. Vina, R. T. Collins, E. E. Mendez, and W. I. Wang, Phys.
Rev. Lett. 58, 832 (1987);59, 602 (1987).



50 EXCITON MIXING IN THE MAGNETOPHOTOLUMINESCENCE. . . 7473

E. C. Koteles, C. Jagannath, J. Lee, Y. J. Chen, B. S. Elman,
and J. Y. Chi, in Proceedings of the 18th International Confer

ence on the Physics of Semiconductors, Stockholm, 1986, edit-

ed by O. Engstrom (World Scientific, Singapore, 1987).
H. I. Ralph, Solid State Commun. 3, 303 (1965).
L. Vina, E. E. Mendez, W. I. Wang, L. L. Chang, and L.
Esaki, J. Phys. C 20, 2803 (1987).
A. H. Mcdonald and D. S. Ritchie, Phys. Rev. B 33, 8336
(1986).

' U. Ekenberg and M. Altarelli, Phys. Rev. B 35, 7585 (1987).
9B.Zhu and K. Huang, Phys. Rev. B 36, 8102 (1987).
L. C. Andreanni and Pasquarello, Europhys. Lett. 6, 259
(1988).

S. R. Eric Yang and L. J. Sham, Phys. Rev. Lett. 58, 2598
(1987).
G. E. %.Bauer and T. Ando, Phys. Rev. B 38, 6015 (1988).
J. A. Brun and G. Bastard, J. Phys. C 189, L789 (1985).

24Though the optical transitions from gerade excitonic states

with any angular momenta are not parity forbidden, their os-

cillator strength is very low, as the angular momentum has to
be scattered in the photon absorption act. As a consequence

such transitions are usually not observed in optical spectra.
None of them is observed in our QW for the hh exciton

states, until it borrows oscillator strength from the coupling
with the 1slh exciton.


