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Optically detected resonance spectroscopy has been used to study resonant absorption of electrons, holes,
and their complexes in GaAs/AlxGa12xAs quantum wells~QW’s! in magnetic fields up to 15 T. In undoped
multiple-QW samples with well widths of 12.5, 15, and 20 nm, in addition to an electron and two hole
cyclotron resonances, 1s→np1,2 ~in the hydrogenic notation! internal exciton transitions~IET’s! arising from
two distinct neutral heavy-hole magneto-excitons were observed. The unique capability of observing electron
and hole cyclotron resonance as well as several IET’s in a single sample permitted verification of a predicted
relationship resulting from the symmetry of the magnetoexciton Hamiltonian, namely,\(ve2vh)5E1s-np1

2E1s-np2
, whereve(vh) is the electron~hole! cyclotron frequency, andE1s-np1

(E1s-np2
) is the energy of the

1s→np1 (1s→np2) transition.

I. INTRODUCTION

In semiconductor quantum-well structures that confine
charge carriers strongly, a series of quasi-two-dimensional
~2D! excitons exists corresponding to the various interband
transitions between confined electron and hole subbands.1

Such neutral excitons have been studied in a number of dif-
ferent materials systems for many years, predominantly by
photoluminescence, absorption~and photoluminescence ex-
citation spectroscopy!, and reflectivity.2,3 Excited states of
neutral excitons are connected to the ground state by electric-
dipole transitions satisfying the usual selection rules, e.g.,s
to np in the three-dimensional hydrogenic notation at zero
magnetic field.4 At low magnetic fields these energy levels
and transition energies are only slightly modified by the
magnetic ‘‘perturbation,’’ leading to the usual Zeeman split-
tings. At very high magnetic fields, however, the magnetoex-
citon states are more suitably described by considering the
Coulomb interaction to be a perturbation on the high field
free-carrier~electron and hole! Landau oscillator states. In
this limit for each subband there is an excitonic state associ-
ated with each electron and hole Landau level, and the in-
traexcitonic transitions can be considered to be Coulomb-
shifted electron cyclotron resonance~CR! ~evolving from the
1s→2p1 low field transition! and Coulomb-shifted hole CR
~evolving from the 1s→2p2 transition!. Here the subscript
6 denotes the quantum number (mz561) for projection of
orbital angular momentum of the relative motion, and the
spectroscopic notation has been used. The transition energy
is blueshifted from the corresponding CR energy in each
case.

Despite the abundance of interband studies of excitons in
various semiconductor quantum-well systems, which gener-
ally probe onlys states,5 very little work has been done on
internal transitions,6 which probe thep-like excited states.
The hydrogenic exciton system in semiconductors is super-
ficially very similar to its close relative, the hydrogenic do-
nor. However, the fundamental difference, namely, the mo-

bility of the hole and the center of mass of the exciton, leads
to a different relationship between the energies of certain
internal transitions and the cyclotron resonance energies,7 as
discussed below. The internal transitions offer an additional
tool for understanding the excitonic state in the dilute situa-
tion and its evolution with excess electron density and mag-
netic field.8–10 For the high exciton density situation it may
also provide the possibility to probe exciton-exciton interac-
tions and the signature of an exciton condensate.

Over the past 10 years a new type of optical detection
technique has been developed and used by a number of
groups for investigation of CR and other transitions in
bulk11–13 and quasi-2D semiconductor structures14–16 in the
far-infrared~FIR!, or terahertz, region of the spectrum. Gen-
erally, with this technique one monitors changes in the pho-
toluminesence, which are induced by resonant absorption of
FIR radiation. This technique possesses several significant
advantages over conventional FIR techniques. In addition to
high sensitivity and resolution, the spectral specificity of
both the near-IR photoluminescence~PL! lines and the FIR
absorption can be utilized to gain information about various
mechanisms of energy transfer. This technique was used in
the first observation of internal transitions of excitons in
direct-gap quantum-well~QW! structures,17,18 and in later
nonlinear studies.19 The use of a FIR laser broadens the util-
ity of this technique from its original implementation in the
microwave region20 and permits a wide variety of electronic
excitations to be accessed and studied. This has been ex-
ploited recently in detailed studies of electron CR, and inter-
nal transitions of neutral and charged donors in GaAs quan-
tum wells in magnetic fields.16 In most implementations a
sample is illuminated simultaneously by two beams, one vis-
ible and one in the FIR. The chopped FIR laser excites elec-
tronic transitions whose energies are tuned into resonance
with the photon energy by an applied magnetic field. Result-
ing changes induced in the near-IR PL simultaneously ex-
cited by a visible laser having photon energy greater than the
effective band gap of the structure under investigation are
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synchronously detected. The changes in intensity and shape
of a particular band-edge PL feature, which are induced by
resonant absorption of FIR radiation, are monitored. The
high sensitivity permits the detection of resonances involving
very low densities of~photoexcited! free carriers and exci-
tons in undoped structures, and impurities in intentionally
doped QW’s. The spectral specificity offers the possibility of
obtaining detailed information about mechanisms of energy
transfer from the various internal transitions excited by the
FIR to the different recombination channels.

We have used optically detected resonance~ODR! spec-
troscopy to extend our earlier measurements on narrow
quantum wells17,7 to encompass a range of well widths, and
have measurede-CR, h-CR, and internal transitions of neu-
tral excitons over a range of magnetic fields and photon en-
ergies. These experiments permit a detailed comparison with,
and verification of, the predicted symmetry-related effects,
and also provide accurate measurements of the hole CR en-
ergies for transitions originating in theNh50 Landau level
~LL ! of the mJ56 3

2 valence band.
In the following we provide a brief theoretical back-

ground emphasizing the symmetry of the Hamiltonian perti-
nent to discussion of the various transitions and their rela-
tionship with the cyclotron resonances~Sec. II!. We follow
this in Sec. III by a description of the experimental setup and
a discussion of the ODR techniques. In Sec. IV we present
and discuss the experimental results, and finally summarize
and conclude in Sec. V.

II. THEORETICAL BACKGROUND

The Hamiltonian for a two-dimensional neutral exciton in
a semiconductor with simple parabolic conduction and va-
lence bands in a magnetic field can be written as

H5
prel

2

2m
1

e2B2

8mc2 r 22
e2
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2
~vce2vch! l̂ z
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e
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where m is the reduced electron-hole mass,M5me1mh ,
with me(h) the electron~hole! mass, l̂ z is the operator for
projection of the relative angular momentum along the mag-
netic field direction,B is the magnetic induction,r is the
relative coordinate in the plane perpendicular toB, « is the
background dielectric constant, andK is the momentum of
the center of mass of the exciton. The last term in Eq.~1! is
associated only with the motion of the center of mass and the
next-to-last term describes the coupling between the center-
of-mass motion and the relative motion.21 Magneto-PL lines
are dominated by transitions withK50; at K50 the solu-
tions to Eq.~1! are a set of discrete states that evolve from
the usual hydrogenic states at low fields~1s, 2p61,0,
3d62,61,0, etc. in the 3D spectroscopic notation! to high-
field states associated with each electron~hole! LL.4 In the
high-field case for quasi-2D systems, the states can be la-
beled by the electron~hole! Landau quantum number,ne
(nh), andne2nh , the projection of relative angular momen-
tum mz . A quantum numberi corresponding to the subband
index is implicit. Since the projection of angular momentum

along the field direction is always a good quantum number
irrespective of the strength of the magnetic field, allowed
electric-dipole transitions satisfy the selection ruleDmz
561. This neglects small warping terms in the valence
band.

As a result of the cylindrical symmetry leading to Eq.~1!,
at K50 the following important relationship is satisfied:7

E1s→np1
2E1s→np2

5\(vce2vch), where vce(h) is the
electron~hole! cyclotron resonance frequency, and
E1s→np1(2)

is the transition energy from the ground state to
an excited state~labeled by the 3D principal quantum num-
ber n, the total angular momentum quantum numberl ~in
spectroscopic notation!, and by the projection of relative an-
gular momentum quantum numbermz561.

The top of the valence band of GaAs is complex; in a
quantum well in a magnetic field there are two optically
active exciton recombination lines for the so-called heavy
holes:J5 3

2 , mJ56 3
2 , with J the total angular momentum

andmJ its projection along an axis. The energy splittings of
these two excitons in a field are directly related to splittings
of the6 3

2 hole states. This is easily seen from Fig. 1, which
shows a plot of the highest hole Landau levels in the valence
band for a 12.5-nm GaAs quantum well. Here the hole states
are labeledunhmJ&, wherenh5n82mJ2 1

2 , with n8 the har-
monic oscillator index, andmJ the z component of total an-
gular momentum (J5 3

2 ). The hole wave function takes the
closed form:@Fn822,3/2,Fn821,1/2,Fn8,21/2,Fn811,23/2#. The
following Luttinger parameters were used in the calculation:
g156.85, g252.1, g352.9, and k51.2. The large spin
splitting of themJ56 3

2 states for thenh50 LL is apparent
at high magnetic fields. The relationship between the 2p1

and 2p2 energy differences and the electron and hole energy
differences holds even for these complex valence bands, as
long as the Hamiltonian is cylindrically symmetric.

In this system at high fields the selection rules onmz, the
relationshipmz5ne2nh for the lowest transitions, and the
selection ruleDo50, with o the orbit-center quantum num-
ber (mz5n2o), lead to the result that theDmz
511 transitions correspond toDne511, and theDmz
521 transitions correspond toDnh511. Thus theDmz

FIG. 1. Calculated Landau-level structure for holes in the va-
lence band of a GaAs/Al0.3Ga0.7As QW structure with 12.5-nm
wells. The parameters of the calculation are given in the text.
‘‘Heavy-hole’’ CR transitions (N50→N51) for the two spin
states (mJ56

3
2 ) are indicated.
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511 transitions correspond to excitation of the electron
from ne to ne11 and theDmz521 transitions correspond
to excitation of the hole fromnh to nh11. These results will
be used later to understand the large observed splitting be-
tween the 1s→np2 transitions and the lack of an observable
splitting between the 1s→np1 internal exciton transitions
~IET’s! for the two optically active magnetoexcitons.

III. EXPERIMENTAL DETAILS

The basic experimental setup for the present ODR mea-
surements has been described previously.16 We have recently
developed a variant of this technique, reflectance ODR,
which involves monitoring changes in the band-edge reflec-
tivity features induced by resonant far-infrared absorption.22

In the present experiments half of a SPEX Model 14013
4-

meter instrument was used as a single grating monochro-
mator. The energy window of the monochromator was set to
encompass the desired PL feature~typical energy windows
were 5 cm21!. The PL signal in this spectral window was
detected either with a Si photodiode or a photomultiplier
detector, and a PC, controlled by a program that has been
calibrated by magneto-PL spectra taken every 0.5 T, stepped
the monochromator drive to track the particular PL feature~s!
of interest within the energy window as the field was swept.
The output signal from a lock-in amplifier~difference be-
tween the PL with FIR laser on and that with FIR laser off!
is proportional to changes in intensity and/or shape of a par-
ticular band-edge PL feature, which have been induced by
the absorption of FIR radiation. The visible excitation laser
beam in these experiments was the 632.8-nm line from a 20-
or 35-mW HeNe laser. Under normal conditions, detectable
signals correspond toDI /I 50.001 or better; typical signals
are; of 0.01.

Three molecular-beam-epitaxy-grown, undoped
GaAs/AlxGa12xAs multiple-QW~MQW! samples were stud-
ied in this work; well widths are 12.5, 15, and 20 nm, barrier
widths are 12.5, 10, and 20 nm, andx50.3, 0.15, and 0.15,
respectively.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The results presented in this section extend our earlier
work on IET’s of neutral excitons.17 We present experimen-
tal ODR data for three samples and compare the results for
the measured IET’s and electron and hole CR with theoreti-
cal calculations and with the symmetry-based relationship
discussed in Sec. II.

Examples of ODR scans for sample 1 are given in Fig. 2.
The upper panel shows electron CR at 1.7 T, themJ52 3

2

hole CR at 4.3 T, and themJ51 3
2 hole CR at 9.5 T at an

FIR laser energy of 23.1 cm21 (l5432.6mm). These two
principle hole CR transitions originating from the different
spin states of the highest heavy-hole subband~hh1! Landau
level (u0,1 3

2 &→u1,1 3
2 & and u0,2 3

2 &→u1,2 3
2 & as shown in

Fig. 1! are clearly identified from circular polarization stud-
ies and comparison with the theoretical calculations de-
scribed in Sec. II. The predominantly negative-going ODR
signals reflect a decrease in the PL associated with the free
hhX caused by the CR absorption of FIR radiation. The
lower trace in Fig. 2 shows several of the IET’s as well as

electron CR at 7.8 T at a FIR laser energy of 103.6 cm21

(l596.51mm). The 1s→2p1 IET’s, as well as one of the
two 1s→2p2 IET’s resulting from theu1 1

2 ,2 3
2 & exciton are

identified. A near degeneracy of the two 1s→2p1 transi-
tions ~over this field region! prevents observation of two in-
dividual features. Measurements with circularly polarized
light at 84.2 cm21 (l5118.8mm) show that the nearly de-
generate 1s→2p1 features are stronger in the electron-CR-
active polarization and the 1s→2p2 features are stronger in
the opposite polarization, consistent with this assignment.
The near degeneracy of the 1s→2p1 features and the
symmetry-derived relationship are discussed further below.

As seen in the summary plot of Fig. 3, the observedmJ
513

2 hole CR occurs systematically about 2 cm21 above the
calculated position while themJ52 3

2 hole CR agrees with
the calculation to better than 1 cm21. The solid line through
the electron CR data points is the result of a three-band cal-
culation of the nonparabolicity of the conduction band on the
electron LL’s. The calculation ignores the resonant magne-
topolaron interaction of CR with the LO phonon at 296
cm21, which depresses the CR energy measurably at mag-
netic fields above about 10 T. As discussed below, the simul-
taneous observation of electron and hole CR in these samples
along with the IET’s allows the symmetry-derived relation-
ship discussed in Sec. II to be tested. This relationship is also
helpful in disentangling the complex spectrum of IET’s and

FIG. 2. ODR scans from sample 1 at 4.2 K as a function of
magnetic field for FIR laser wavelengths of 432mm ~upper panel!,
and 96.5mm ~lower panel!. IET’s in the lower panel are marked
with ~2! and /or~1! to indicate the electron and hole spin states of
their constituents, i.e., (1

1
2 ,2 3

2 ) or (2 1
2 ,1 3

2 ), respectively.
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identifying the individual transitions.
The three highest-energy excitonic features in the sum-

mary plot of Fig. 3 are identified as the 1s→3p1 transitions
~nearly degenerate as in the 2p1 case!, and the 1s→3p2

(mj56 3
2 ) transitions. These features can be seen in

the lower trace of Fig. 2 at fields of 1.9 T (3p1), 2.8 T
@3p2(2 3

2 )#, and 3.2 T@3p2(1 3
2 )#, respectively. Compari-

son of the energy differences between electron and hole
CR’s with those of the 1s→3p2 to 1s→3p1 transitions is
in agreement with this assignment. At 84.2 cm21 the two
1s→3p2 transitions are not resolved due to the small split-
ting in this low-field region.

In Fig. 3 the arrows at magnetic fields of 4 and 6 T dis-
play the relationship between the electron/hole-CR and the
1s→2p6 transition energies. The dashed arrows represent
the energy differences between electron CR and the appro-
priate hole CR~from the data of Fig. 3!. In the case of the
mJ51 3

2 hole CR, a fit through the data points~parallel to
the theoretically calculated line! was used. The solid arrows
have the same length as the respective dashed arrows. With
the bottom of the solid arrows placed at the respective 1s
→2p2 transition, the top of the arrow ‘‘predicts’’ the posi-
tion of the 1s→2p1 transition. As seen in the figure, the CR
energy difference is very close to the 1s22p6 energy dif-
ference, and thus verifies the predicted symmetry-based re-
lationship within experimental error for this sample. A quan-
titative comparison is given below.

A comparison of ODR data for the three samples is pre-
sented in Fig. 4 at two laser wavelengths. Figure 4~a! com-
pares the ODR spectra at 118.8mm. The systematic shift of
the 1s-2p1 IET features to higher fields with increasing well
width is apparent. Thee-CR shows very little apparent de-
pendence on well width over this range. In the field region
between 6 and 9 T due to nonparabolicity,e-CR is expected
to shift down in energy by 3–4 cm21 between well widths of
20 and 12.5 nm. This corresponds to a shift in magnetic field

of 0.2–0.3 T, much greater than that observed. This apparent
independence ofe-CR on well width appears to result from
localization of the electrons~particularly in sample 1! in lat-
eral potential fluctuations. Localization leads to a blueshifted
CR relative to the free carrier CR.22 A clear indication of
these effects is seen in samples 2 and 3. In sample 2 thee-CR
is broad with an odd line shape~indicative of more than one
line!, and in sample 3 there aretwo sharp lines observed. The
dominant peak occurs at about 6.12 T in the latter case, while
a weaker peak occurs at about 6.22 T, the expected position
for free carrier CR. In the summary data of Figs. 5 and 6, the
higher-field peak is plotted. The relative strengths of the two
peaks in samples 2 and 3 depend on the excitation intensity
and the FIR laser intensity~carrier temperature! with the free
carrier feature dominant at the higher intensities.

Figure 4~b! shows a similar comparison of ODR spectra
for samples 2 and 3 at a laser wavelength of 184mm. In this
case all the IET’s for sample 1 lie at higher photon energies
at all fields and are not observable at 184mm. Due to the
small slope with magnetic field, the shifts to higher fields
with increasing well width are even more dramatic. Qualita-

FIG. 3. Summary plot of the transition energies of the observed
IET’s and CR vs magnetic field for sample 1. Dashed lines are
guides to the eye. Solid lines fore-CR andh-CR are calculations as
described in the text. The open triangles are hole cyclotron reso-
nances, the solid symbols represent 1s→np6 transitions, as indi-
cated. The lower dashed arrows show the energy difference be-
tweene-CR andh-CR(1 3

2 ) ~at 4 T! andh-CR(2 3
2 ) ~at 6 T!. The

upper solid arrows are the lower arrows vertically displaced to
originate on the 1s→2p2(1) transition ~at 4 T! and the 1s
→2p2(2) transition~at 6 T!.

FIG. 4. ~a! Comparison of ODR spectra for samples 1, 2, and 3
at a laser wavelength of 118.8mm. The various transitions are la-
beled.~b! Similar comparison for samples 2 and 3 at a laser wave-
length of 184mm.
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tively, shifts to higher fields~lower energies! of the IET’s
with increasing well width are expected, since reduced con-
finement leads to smaller binding~and IET! energies atB
50.

In Fig. 5 the ODR results from sample 2~15-nm well
width! are summarized for several FIR laser lines. The gen-
eral features are very similar to those obtained for sample 1.

At the longest wavelengths electron and hole CR are ob-
served, while at shorter wavelengths electron CR and inter-
nal transitions of neutral, heavy-hole excitons are seen. As
also shown in Figs. 4~a! and 4~b! the ODR features for the
wider wells of sample 2 occur at systematically lower ener-
gies than the corresponding transitions from the narrower
wells of sample 1. This general behavior is also apparent
from a comparison of Fig. 5 with Fig. 3; over the entire field
range investigated, corresponding IET’s occur at lower en-
ergy in this plot than in the summary plot for sample 1. The
extrapolated value of the 1s-2p energy atB50 is also sub-
stantially lower in sample 2 than in sample 1, as anticipated
from the weaker confinement.

The hole cyclotron resonances for this sample are not as
strong as those for sample 1, but resonances were neverthe-
less observed at several laser wavelengths. Within experi-
mental error the data for the both themJ52 3

2 and1 3
2 holes

agree with the calculation shown by the solid lines in Fig. 5.
The agreement for the1 3

2 CR is excellent. For comparison,
a calculation with a different set of Luttinger parameters is
also given in Fig. 5 by the dotted lines. The agreement for
the mJ52 3

2 CR is still within experimental error, but with
these Luttinger parameters, the calculated1 3

2 h-CR lies sys-
tematically about 2 cm21 higher than the experimental
points. As can be seen from the arrows at 4 and 6 T in this
figure, within experimental error the symmetry-derived rela-
tionship is obeyed for both themJ51 3

2 and2 3
2 transitions

for this sample.
The ODR data for sample 3~20-nm wells! are summa-

rized in Fig. 6. Again, as seen in Figs. 4~a! and 4~b!, the data
for the various IET’s for this sample are systematically lower
in energy than the corresponding data of either sample 1
~Fig. 3! or sample 2~Fig. 5!. In this caseh-CR for themJ
52 3

2 holes was observable only at one laser wavelength. It
lies between 1 and 2 cm21 higher than the calculated value
with the Luttinger parameters used for the other samples. In
this field region there is negligible difference between the
calculated2 3

2 h-CR for either set of Luttinger parameters.
Again, the calculation with the alternative Luttinger param-
eters is shown by the dotted lines. Theh-CR data for the
mJ51 3

2 , on the other hand, lies about 1–2 cm21 higher in
energy than the calculated line position with the original Lut-
tinger parameters. In this case there is much better agreement
with the calculation with the alternative Luttinger param-
eters. However, given the uncertainties in the well widths
~65%! and the barrier compositions~60.03 inx!, it is diffi-
cult to make a conclusive statement about which of the sets
of Luttinger parameters provide the best agreement with the
h-CR data. Both sets provide reasonably good agreement for
the 2 3

2 h-CR for all samples, but neither set gives consis-
tently good agreement for the1 3

2 h-CR.
A check of the symmetry-derived relationship for this

sample is again indicated by the arrows at 4 and 6 T. For the
hole in themJ52 3

2 state the agreement is quite good; on the
other hand, for the hole in themJ51 3

2 state the agreement is
poor; \vce(2 1

2 )2\vch(1 3
2 ) is greater thanE2p1(2 1

2 )
2E2p2(1 3

2 ) by almost 10 cm21. This disagreement is dis-
cussed below.

The general behavior of the IET’s with well width~con-
finement! is qualitatively as expected. The energies of par-
ticular IET’s decrease at constant field as the well width is

FIG. 5. Summary plot of the transition energies of the observed
IET’s ande-CR andh-CR’s vs magnetic field for sample 2. Dashed
lines are guides to the eye. Solid lines for theh-CR’s are calcula-
tions described in the text withx50.15, and 60%/40% conduction-
band/valence-band offsets; the dotted lines are the calculated
h-CR’s for the following set of Luttinger parameters:g156.79,
g251.92, g352.73. The lower~dashed! arrows show the energy
difference betweene-CR and h-CR(1 3

2 ) ~at 4 T!, and h-CR
(2

3
2 ) ~at 6 T!. The upper~solid! arrows are the lower arrows ver-

tically displaced to originate on the 1s→2p2(1) transition~at 4 T!
and the 1s→2p2(2) transition~at 6 T!.

FIG. 6. Summary plot of the observed IET’s and CR vs mag-
netic field for sample 3. Dashed lines are guides to the eye. Solid
lines for theh-CR’s are calculations described in the text withx
50.15, and 60%/40% conduction-band/valence-band offsets; the
dotted lines are theh-CR’s for the following set of Luttinger pa-
rameters:g156.79,g251.92,g352.73. The lower~dashed! arrows
show the energy difference betweene-CR andh-CR(1 3

2 ) ~at 4 T!
and h-CR(2 3

2 ) ~at 6 T!. The upper~solid! arrows are the lower
arrows vertically displaced to originate on the 1s→2p2(1) tran-
sition ~at 4 T! and the 1s→2p2(2) transition~at 6 T!.
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increased. The data for the 12.5-nm wells of sample 1 ex-
trapolate to a zero-field 1s→2p transition energy of about
60 cm21; the corresponding extrapolated zero-field energy
for the 15-nm wells of sample 2 is about 48 cm21, and that of
sample 3 is about 44 cm21, in reasonable agreement with
calculations.17

To examine the symmetry-derived prediction relating the
differences betweene-CR andh-CR and the 1s-np6 ener-
gies more quantitatively, we plot the ratio of these energy
differences~for the 2p states! to the corresponding cyclotron
resonance energy differences as a function of magnetic field
in Fig. 7 for all three samples~squares, circles, and triangles,
correspond to sample 1, 2, and 3, respectively.!. Figure 7~a!
shows this comparison for the 1s→2p6 IET’s for the
u2 1

2 ,1 3
2 & exciton ~labeled by the hole spin! and the corre-

sponding cyclotron resonance energy difference,\vce(2 1
2 )

2\vch(1 3
2 ). Figure 7~b! shows the same comparison for

the 1s→2p6 IET’s for the u1 1
2 ,2 3

2 & exciton and the CR
energy difference,\vce(1 1

2 )2\vch(2 3
2 ). Generally, the

experimental values agree with prediction reasonably well
for the mJ52 3

2 hole state; the ratios cluster around a value
of 1 to better than 10%. The agreement is best for the 15-nm
well width of sample 2 and agreement is also very good for
the 20-nm well-width sample. The poorest agreement is for
the narrowest well-width sample~sample 1! at low magnetic
fields. Given the measurement uncertainties~at low fields the
estimated error is greater than65%! this agreement is con-
sidered satisfactory. On the other hand, for themJ51 3

2 state
there appear to be systematic errors. Although there is less
scatter in the data for individual samples, all the ratios are
systematically low, with the best agreement~again! for the
15-nm well-width sample, and the largest discrepancy~close

to 15%! occurring for the 20-nm well-width sample. For this
well width, the mixing between the ‘‘light’’ (mJ56 1

2 ) and
‘‘heavy’’-hole (mJ56 3

2 ) Landau levels is very large, as evi-
denced in Fig. 6 by the large curvature in themJ52 3

2 hole
CR energy vsB. Increased mixing of these states is concomi-
tant with the increasing importance of the warping~noncy-
lindrically symmetric! terms in the Hamiltonian, which have
been neglected, and which break the symmetry leading to the
simple relationship. Part of the systematic decrease of the
ratio for the 12.5-nm sample is likely due to an overestimate
of the e-CR energy, and a concomitant overestimate of the
CR energy differences. As discussed above, the observed
e-CR occurs systematically 2–3 cm21 higher than free elec-
tron CR at this well width due to localization.23 In the wider
well samples twoe-CR lines are distinguished@Figs. 4~a!
and 4~b!# and the data used in the analysis are the positions
of the higher-field~lower energy! free carrier CR.

The observation of only one resolved 1s→2p1 line in all
three samples, even though there are two energetically dis-

tinguishable magnetoexcitons in PL,u 1
2 ,2 3

2 & and u2 1
2 ,

1 3
2 &, results from the fact that the 1s→2p1 transitions cor-

respond to promotion of the electron from a state associated
with the lowest LL to a state associated with the first LL, as
discussed in Sec. II. Since the energy difference between
e-CR~11

2! ande-CR~21
2! is very small in this field range, the

two corresponding allowed 1s→2p1 features are not distin-
guishable. On the other hand, the 1s→2p2 transitions from
the two different excitons correspond to promoting the hole
from a state associated with the lowest hole LL to a state
associated with the first hole LL. Since there is a large split-
ting between the6 3

2 h-CR’s ~see Fig. 1!, there is a corre-
spondingly large~measurable! energy separation between the
two 1s→2p2 IET’s.

V. SUMMARY AND CONCLUSIONS

The high sensitivity and general utility of the ODR tech-
nique are clear from the present results. The simultaneous
detection ofe-CR, mJ56 3

2 h-CR’s, and several internal ex-
citonic transitions has allowed a clear observation of the con-
sequences of the symmetry for this electron-hole system. The
predicted relationship between the energy differences be-
tween thenp1 and np2 internal transitions and the energy
differences betweene-CR and themJ56 3

2 h-CR’s has been
verified. Calculations of theh-CR energies vsB are generally
in good agreement with the measurements.
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FIG. 7. Comparison of the ratio of the energy difference be-
tween e-CR and h-CR to the energy difference between the
1s-2p1 and 1s-2p2 transitions for the corresponding hole states:
~a! mJ51

3
2 , ~b! mJ52

3
2 . Samples 1, 2, and 3 are represented by

squares, circles, and triangles, respectively.
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