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Observation of Landau levels and excitons at room temperature in In0.53Ga0.47As/InP
quantum wells
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We report on magneto-optical Kerr-ellipticity measurements with different In0.53Ga0.47As/InP multi-
quantum-wells at room temperature. These samples are grown with nominally the same sample parameters,
except for the barrier thickness, which for one sample is small enough for a coupling between the quantum
wells. The spectral range covered the quantum-well interband transitions of the electron–heavy-hole ground
states. The magneto-optical spectra show a number of oscillations, whose spectral position depends on the
magnetic-field strength. For model calculations, Lorentzian line shapes for the off-diagonal element of the
dielectric tensor have been used. Magneto-optical interference effects are carefully discussed. For small mag-
netic fields, the shift of the ground state shows a diamagnetic behavior. For the coupled quantum well a
transition into the high-field regime can be seen atB'9 T. Due to the higher exciton energy for the uncoupled
system, high-field behavior occurs only at fields beyond the range of the present experiments. Model calcula-
tions allow us to estimate from the shift of the ground state (1s), the exciton binding energy and the dimen-
sionality of the system. According to these calculations the uncoupled sample shows a more 2D-like~where 2D
is two-dimensional! behavior, while the coupled system is more 3D like. The higher levels, however, are
typical for Landau splitting. For these the excitonic effect is negligible compared to the Landau shift. In our
experiments, we were able to trace the oscillations up to 200 meV above the band gap of unstrained
In0.53Ga0.47As bulk material. This allows us to determine the energy dependence of the reduced effective mass
at room temperature. Using the three-band Kane model for the calculation of the electron effective mass, we
find that the hole effective mass in In0.53Ga0.47As quantum wells is significantly lower than in bulk material.
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I. INTRODUCTION

Artificial two-dimensional~2D! electron systems, repre
sented by semiconductor quantum-well structures, are of
ticular interest for the study of basic physical properties
semiconductors and find their application in a wide range
semiconductor devices. Due to the finite depth of the c
finement potentials in real systems, it is impossible to fab
cate perfect 2D systems. Therefore, the true dimension
of systems with confinement in one direction is between t
and three dimensions.1 The examination of excitons in hig
magnetic fields~magnetoexcitons! is an excellent tool to
study the dimensionality of a quantum-well structure, as w
demonstrated by Houet al.2 and subsequently by Oettinge
et al.3 The diamagnetic shift of the magnetoexciton allo
the determination of the extension of the exciton wave fu
tion in the well plane, which depends on the dimensiona
of the system. Besides the effect on the excitonic state,
magnetic field also induces a Landau splitting of the valen
and conduction-band energy states. The coexistence of e
ton diamagnetic shift and Landau levels was predicted th
retically by Akimoto and Hasegawa.4 Several authors inves
tigated the system GaAs/GaxAl12xAs theoretically5,6 and
experimentally,7 concentrating on the excitonic ground sta
The combination of exciton states and Landau levels w
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treated in7–9 GaAs/GaxAl12xAs as well as in
GaxIn12xSb/GaSb.10 In the latter case mechanical strain
present. This is also true when InxGa12xAs is grown on
GaAs substrates, so that the band parameters have t
modified. Such InxGa12xAs quantum wells have been stud
ied both experimentally11 and theoretically.12 Relatively few
results have been reported on In0.53Ga0.47As films on InP
substrates13–16which can be considered as free of strain a
where again the emphasis is on excitonic states.

Thus, there is a need to study In0.53Ga0.47As quantum
wells deposited lattice matched to InP, in particular, if t
results do not apply only to low temperatures as in the r
erences quoted above. In this paper we report on meas
ments of the magneto-optical Kerr ellipticity i
In0.53Ga0.47As/InP multi-quantum-wells at room temperatur
Samples with different InP barrier widths were investigate
From the diamagnetic shift of the ground state of t
electron–heavy-hole exciton~e-hh!, the dimensionality of
the electron system can be evaluated. The value of the e
ton binding energy of coupled MQW’s indicates the infl
ence of the coupling on the carrier confinement. This eff
has not yet been considered in the presently available th
ries. We present here the first experimental results. The
ergy dependence of the reduced effective mass, calcul
13 086 © 1998 The American Physical Society
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57 13 087OBSERVATION OF LANDAU LEVELS AND EXCITONS . . .
from the Landau shift, reflects the nonparabolicity of t
band structure. We used Kane’s three-band model17 to evalu-
ate our experiments. In addition, the results also reflect
effect of the confinement on the heavy-hole effective m
whose bulk value has to be modified.

II. EXPERIMENT

We have investigated two different, nominally undop
samples. They were grown by conventional metal-orga
vapor-phase epitaxy in the low-pressure mode.18 After de-
positing an InP buffer layer on top of the semi-insulating I
substrate the In0.53Ga0.47As/InP MQW’s were grown. The
well thicknessLW was nominally 8 nm for both samples
whereas the nominal barrier thicknessLB was 10 nm for
sample I and 6.6 nm for sample II. The layer sequence o
periods was capped by an InP film of 50 nm thickness.
determined by x-ray diffraction analysis, the lattice m
match is lower than 0.02%.

The magneto-optical experiments have been done at
K in a standard Kerr spectrometer. We employed the se
tive 100%-polarization-modulation technique in which t
magnetic circular dichroism can be traced down to 1026 rad.
The measurements have been performed in the spectral r
between 0.7 and 1.1 eV in magnetic fields up to 15.2
Figures 1 and 2 show typical spectra of the magneto-opt

FIG. 1. Magneto-optical Kerr spectra of an In0.53Ga0.47As/InP
quantum well~sample I! at selected values of the magnetic indu
tion B.

FIG. 2. Magneto-optical Kerr spectra of an In0.53Ga0.47As/InP
quantum well~sample II! at selected values of the magnetic indu
tion B.
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Kerr ellipticity of sample I and sample II, respectively. F
clarity, only curves for selected values of the magnetic fie
are displayed.

III. THEORY

A. Simulation of magneto-optical spectra

It is well known that interference effects in modulatio
spectroscopy of microstructures~photoreflectance,19,20

electroreflectance21! may significantly alter the line shapes o
the modulated spectra, even fake new interband transiti
In order to study the influence of these effects in t
magneto-optical spectra of the quantum-well multilayers,
employed a matrix formalism described elsewhere.22 This
matrix calculus includes coherent optical and magne
optical interference effects in thin multilayers. In the follow
ing, we will briefly describe the magneto-optical matr
theory. The complex magneto-optical Kerr effect~i.e., Kerr
rotation QK and Kerr ellipticity «K) of a multilayer system
containingN plane-parallel homogeneous layers is given
the coefficientsm̃11

6 undm̃12
6 of the resulting magneto-optical

transfer matrix of the sample system:

Q̃K5QK1 i arctanh~«K!5
1

2i
3 lnS m̃11

1 3m̃21
2

m̃11
2 3m̃21

1 D ~1!

with

S m̃11
6 m̃12

6

m̃21
6 m̃22

6 D 5)
j 51

N S e1 iF j
6

0

0 e2 iF j
6D

3
1

t̃ j , j 11
6 S 1 r̃ j , j 11

6

r̃ j , j 11
6 1

D .

and

F j
65

v

c
ñj

6 , r̃ j , j 11
6 5

ñj
62 ñj 21

6

ñj
61 ñj 11

6
, t̃ j , j 11

6 5
2 ñj

6

ñj
61 ñj 11

6
.

The indices1 and2 relate to thes1 ands2 modes of
the electromagnetic wave in a longitudinal magnetic fie
respectively. The complex factors of reflexion and transm
sion at the interfacej , j 11 ( r̃ j , j 11

6 and t̃ j , j 11
6 , respectively!

are functions of the complex magneto-optical refractive
dices ñj

6 and ñj 11
6 . The field-free optical constants of InP

and In0.53Ga0.47As required for the model calculations we
taken from optical ~reflexion and transmission!
measurements.23 For the 100%-polarization-modulatio
technique, switching the polarization directly between t
two eigenmodes, the magneto-optical dielectric functionẽ6

can be written as:24

ẽ6~E,B!5 ẽ~E,B50!6D ẽ~E,B!

5(
l 51

M S ẽl~E!6 1
2 ḡlmBB3

] ẽl~E!

]E
D ~2!

with l running over the critical points involved.ḡ is the sum-
g factor; mB is the Bohr magneton.
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13 088 57O. JASCHINSKIet al.
To describe the dispersion of localized excitons, Loren
ian line shapes

ẽl~\v,EG ,G,F !5
Fl

\v2EG,l1 iG l
~3!

have been used. Here,\v is the photon energy,EG is the
gap energy,G is a broadening parameter, andF is the am-
plitude of the Lorentz oscillator.

If the refractive indexn is much larger than the extinctio
coefficientk, the Kerr ellipticity is proprotional to the modu
lation Dn of n, so that, for a Lorentz oscillator, the max
mum of «K determines the gap energy. However, in
multilayer system, this may no longer be true due to int
ference effects. In Fig. 3, a model calculation using Eq.~1! is
shown for an In0.53Ga0.47As/InP quantum well with different
numbersp of periods. For the calculation of the magnet
optical Kerr ellipticity, a single Lorentzian@Eq. ~3!# is as-
sumed withEG50.77 eV andG520 meV. The well and
barrier thicknesses were both chosen as 6.6 nm, and the
layer thickness as 50 nm. We observe a considerable sh
the extrema ifp increases from 2~down triangles! through 6
~up triangles! to 10 ~dots!. Betweenp510 and the bulk ma-
terial ~squares! the shift is unresolvable. Thus, we conclu
that for p520, as in the present case, there is a neglig
error as compared to the bulk material.

As an example Fig. 4 displays measurements~squares!
taken with sample II at a magnetic field of 12 T in order
demonstrate our fitting procedure. Again we use Lorentzi
to model the experimental results. We find four differe
resonances at the critical points~CP’s! marked by arrows.
The related resonance curves are shown as broken l
Since«K contains absorptive as well as dispersive com
nents, in general we cannot simply superimpose disc
resonances in«K . Instead the summation has to be do
separately for the real and the imaginary part of the o
diagonal element of the dielectric tensor. This superimpo
tion is shown as the solid line in Fig. 4. However, it shou
be mentioned that forn@k, as in the present case, the a
sorptive part of«K may be neglected and the result of t
exact calculation does not differ substantially from the sup
position of the discrete«K resonances.

We note that the lifetime broadening of the resonance
around 20 meV, i.e. close tokBT at room temperature (kB

FIG. 3. Model calculations of the Kerr ellipticity using a Loren
zian line shape@Eq. ~3!# for different numbersp of multilayer pe-
riods.
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Boltzmann’s constant,T absolute temperature!. Although the
CP’s can be detected with an accuracy of less than 1 m
~depending on the mechanical reproducability of the sp
trometer and its spectral resolution!, the relatively large line-
width reduces the resolution if more than one CP is loca
within an energy interval ofkBT. This is the case at lowe
magnetic fields, where several CP’s merge in the magn
optical spectrum. This may lead to a wrong indentification
the quantum number.

In principle, each of the oscillators found by the fittin
procedure consists of a doublet of the two Zeeman-split co
ponents. However, even assuming for the sum-g factor (ḡ
5gc1gv) a value of (ḡ'10),25 the resulting spin splitting
ḡmBB is only 5 meV atB510 T, which is too low to be
observed at room temperature. On the other hand, this
plifies the model calculation because

D ẽ5 ẽ12 ẽ2'
] ẽ~\v!

]\v
3ḡmBB ~4!

holds as already assumed in Eq.~2!.
In some cases, an additional phase factor exp(iF) is intro-

duced in Eq.~3!, describing the modification of the dispe
sion due to electron-hole interaction. Furthermore, the ph
factor may be modified by Fano resonance, which is cau
by the interaction of localized excitons with continuu
states. We find that the simulation is negligibly improved
the introduction of a phase factorF as an additional fitting
parameter, so that we do not consider it further.

The Seraphin coefficients, i.e., the optical constants u
for the model calculations, were determined fro
In0.53Ga0.47As homogeneous films and may differ from th
values for the quantum wells. This may result in changes
the amplitudes, but not of the energies of the CP’s. An er
in these energies due to an error in the optical constants
be neglected given our spectral resolution, for two reaso
First, in our experimental conditions, the refractive indexn is
much larger than the extinction coefficient. Onlyn enters
into the model equations, so that deviations ink, which in-
deed occur in quantum wells, can be neglected. Second
change ofn due to interband transitions in quantum wells
lower than 10%, as found by ellipsometry.26 Therefore, the
amplitudes of the calculated spectra will differ in that ord

FIG. 4. Line-shape analysis of the Kerr spectra of sample I
B512 T. Four Lorentzian oscillators are used. The energies co
sponding to transitions are marked by arrows.
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57 13 089OBSERVATION OF LANDAU LEVELS AND EXCITONS . . .
of magnitude, while the energy positions of the peaks are
affected. In summary, we have found that the simple Lore
zian line shapes can describe to a good approximation
magneto-optical dispersion of the In0.53Ga0.47As/InP MQW
samples.

B. Magnetoexcitons and Landau levels

In this subsection, we will describe the model that w
have employed to explain the magnetic-field dependenc
the energy levels in the quantum wells. In the following,
will be assumed that only dipole-allowed transitions occ
i.e., transitions between states with the same Landau q
tum numbermL . Generally, the energy of an interband tra
sition between the confined states in a magnetic field is gi
by

E5EG1Ehh1Ee1E~B!, ~5!

whereEG is the band gap of In0.53Ga0.47As bulk material,
Ee and Ehh are the confinement energies of electrons a
holes, respectively. The last termE(B) depends on the
strength of the magnetic field. Two different cases have to
considered: the low-field case and the high-field case. B
will be discussed now.

The behavior of excitons in a magnetic field depends
the strength of the magnetic field. A theoretical descript
of hydrogenic excitons in magnetic fields of arbitra
strength is given by Akimoto and Hasegawa.4 As shown in
this work, one has to distinguish between the low-field ran
and the high-field range of the applied magnetic field. In
first case, in which the cyclotron energy of the electrons a
holes is smaller than the binding energy of the correspond
exciton, the exciton shows a quadratic, diamagnetic ene
shift with increasing magnetic field. From perturbatio
theory one obtains14

DEdia5D1

e0
2e r

2h4B2

4p2e2m3
, ~6!

wheree is the electron charge,h is Planck’s constant,m is
the reduced effective mass, ande0e r is the permittivity of the
host semiconductor.D1 describes the dimensionality of th
exciton system, taking values between 3/16~2D! and 1~3D!.
In the low-field case Eq.~5! becomes

E5EG1Ehh1Ee1Eex~0!1DEdia, ~7!

whereEex(0) is the~negative! zero-field exciton binding en
ergy. From Eq.~6! the dimensionality of the excitonic sys
tem can be obtained if the reduced effective mass is kno

In the case that the cyclotron energy of the electron-h
pair is greater than the binding energy of the exciton
cyclotron motion becomes dominant and leads to Lan
levels for electrons and holes. These states are then subj
to electron-hole coupling. The binding energy of these sta
can be described by8

Eex~B!'3S \eB

2~2mL11!mRex
D 1/2

RexD2 , ~8!

wheremL denotes the quantum number of the Landau st
Rex is the effective Rydberg constant of a 3D exciton, a
ot
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D2 a constant describing the dimensionality of the syst
(D251 for 2D, D250.25 for 3D!. The total energy of an
excitonic Landau state is the energy of the linear Land
state reduced by the binding energyEex(B). The transition
energy@Eq. ~5!# becomes

E5EG1Ehh1Ee1Ehh,mL
1Ee,mL

1Eex~B!, ~9!

whereEhh,mL
andEe,mL

denote themth Landau level of the
heavy holes and electrons, respectively. The behavior of
1s and 2s states of a 2D exciton@Eex(0)5212 meV# in a
magnetic field up to 16 T is displayed in Fig. 5. The diama
netic energy shift~dash-dotted line! given by Eq.~7! is stron-
ger than the increase of the energy level of an excito
Landau level~dashed line! described by Eq.~9!. This leads
to a crossover of both curves at a distinct magnetic fi
~e.g., at'2 T for the 2s state!. This crossing point marks the
transition from the low-field to the high-field regime. Th
value of the magnetic field strength for this crossing po
depends on the value of the exciton binding energy. For
ground state of the exciton as assumed in Fig. 5 the low-fi
case is valid in the whole range of the magnetic field d
played. For the 2s state, whose zero-field energy is small
than for the 1s state, the transition between both field r
gimes occurs at a smaller magnetic field strength than for
1s state. The energy of the excited exciton states can
calculated using the following expression:1

Eex,s,a5
Rex

@s1~a23!/2#2
, ~10!

wheres is the number of the state, anda is the dimension-
ality of the system. Due to the strong decrease of the ze
field energy of the excited states we do not expect unp
turbed exciton states, whereas the ground state should ex
a quadratic energy shift in the magnetic field range un
consideration. For the high-field regime an excitonic nat
of the energy states can be expected only for the gro
state. As shown in Fig. 5 the difference between the ex
tonic Landau states and the true Landau states vanishe
case of the excited states. To summarize, we will expec

FIG. 5. Calculations of the Landau levels, the diamagnetic
citon shifts~low-field case! and the excitonic Landau levels~high-
field case! for the ground state (1s) and the first excited state (2s)
of a 2D exciton. Note that the excitonic states do not exist in
whole range of the plotted magnetic field.
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13 090 57O. JASCHINSKIet al.
excitonic behavior of the ground state for both magne
field regimes and no resolvable excitonic magnetic-field
pendence in case of the excited states. For these state
assume a true Landau shift.

IV. RESULTS AND DISCUSSION

A. Kerr spectra

The magneto-optical Kerr spectra of both samples rev
a number of distinct oscillations~Fig. 1 and Fig. 2!. With
increasing magnetic field the amplitude and the energy of
oscillations increase. Due to the thermal broadening, no
splitting is observed. The experimental error in the Kerr
lipticity is less than 1025 rad. The enhancement of the am
plitude with higher fields originates from the increas
modulation parameter of the polarization modulation. As d
cussed in the section on theory, the amplitude of the K
signal is proportional to the product of the joint spin splittin
(ḡmBB), and the amplitude of the critical points, i.e., th
oscillator strength@cf. Eqs.~3! and~4!#. From Figs. 1 and 2,
it can be seen that the increase of the amplitude of the low
oscillation is superlinear, i.e., the oscillator strength increa
with increasing magnetic field. This effect may origina
from the shrinkage of the exciton wave function with i
creasing magnetic field, as found also by Zheng, Heim
and Lax.5 For the weakly coupled MQW, the shrinkage
more pronounced due to its more pronounced 3D charac

To obtain the energy states from the Kerr spectra we h
carried out a line-shape analysis as described above, w
showed that the minima of the oscillations correspond to

FIG. 6. Transition energies obtained from the line-shape an
sis of sample I~a! and sample II~b!, respectively. The excitonic
transitions are marked by open symbols, the solid lines are q
dratic fits. The Landau transitions are marked by full symbols. T
Landau charts~dashed lines! are calculated taking into account th
nonparabolicity of the conduction band.
-
-
we
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e
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-
rr

st
s

n,

r.
e
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e

transition energies of the quantum well. The transition en
gies obtained from this analysis are plotted in Fig. 6~a!
~sample I! and Fig. 6~b! ~sample II!. The solid lines are qua
dratic fits using Eq.~7!. The dashed lines are true Landa
states taking into account the nonparabolicity of the elect
effective mass. Besides transition energies for the electr
heavy-hole excitonEe -hh, we could determine the electron
light-hole exciton transition energyEe -lh ~see Fig. 1!. This
peak is also blueshifted with field. At higher magnetic fiel
oscillations of transitions into excited states are visible.

B. Magnetoexcitons

As already discussed, we expect an excitonic behavio
the ground states. In verification we apply a fit based on
~7!. For sample I such a fit matches the data very well@Fig.
7~a!, solid line#. This result proves that for the 1s state of the
exciton of this sample the low-field approximation is val
up to at least 13 T. Using the value ofm as derived from the
Landau transitions we obtain a dimensionality below 2~the
value ofD1 is smaller than 3/16!. Therefore, it is neccessar
to use an enhanced value ofm, which means that the excito
is a bound state. To estimate the zero-field binding ene
Eex(0), which can be exactly calculated from the diama
netic shift only in case of a perfect 2D or 3D system, we us
the following procedure. Assuming a true 2D system, wh
may be reasonable for sample I, we obtain the reduced
fective mass from Eqs.~6! and~7!. This leads to the in-plane
exciton radiusr 2D , after15

DEdia5D1

e2r 2D
2 B2

m
. ~11!

y-

a-
e

FIG. 7. ~e-hh! ground states of both samples. The ground st
of sample I~a! shows a clear diamagnetic shift in the whole ma
netic field range, whereas the~e-hh!-exciton of sample II~b! exhib-
its a transition from the low-field to the high-field range around 9
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TABLE I. Values of the exciton parameters of sample I, determined from the diamagnetic shift

r 2D r mhh/m0 me /m0 m/m0 Eex Rex

9 nm 11 nm 0.48 0.045 0.041 27.3 meV 22.9 meV
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The relation between the radiusr 2D of a 2D exciton and the
extensionr of its wave function is27 r 2D5A3/2r for a 2D
system (aB52r 2D , aB is the exciton Bohr radius!. The value
of r can be used to calculate the binding energyEex(0)
following the formalism described by Mathieu, Lefebvr
and Christol.1 We find Eex(0)527.3 meV. The values o
the various parameters of the exciton are listed in Tabl
The expected value ofEex is 211.6 meV, which can be
calculated from the binding energyRex of the corresponding
3D exciton using the relationEex54Rex, valid for an exact
2D system. The value ofRex can be calculated using th
value ofm, obtained from the diamagnetic shift. The diffe
ence between the expected and the measured value oEex
demonstrates that sample I exhibits some deviations from
true 2D character. With the value ofRex522.9 meV and a
value of the heavy-hole effective massmhh50.48m0 we cal-
culate the exciton shift in the high-field case@dashed line in
Fig. 7~a!#. The transition between both field regimes shou
occur at around 18 T, which is out of the range of our equ
ment. Although these calculations are only an approxima
it appears to be reasonable to conclude that the exciton
tem of sample I is close to the 2D case.

This is different for sample II@Fig. 7~b!#. The ground
state shows a stronger energy shift as compared to sam
~e.g.,DE'10 meV at 12.8 T for sample I,DE'19 meV at
12.8 T for sample II!. This hints at a reduced exciton bindin
energy in sample II, which means that this sample is m
3D like than sample I. We estimate the binding energy a
the dimensionality of the exciton. The procedure is similar
the previous case. We obtain the best fit to Eq.~7! if we use
only the data measured in magnetic fields below 9 T. T
diamagnetic shift is nearly three times larger than w
sample I. This gives clear evidence of a decrease of the
citon binding energy. Unfortunately, it is impossible to es
mate the binding energy from the diamagnetic shift beca
the dimensionality of the system is neither close to 2D no
3D. Thus assumptions are necessary. We assume tha
reduced effective mass is the same as that of sample I. F
the diamagnetic shift we findD150.53. For magnetic fields
above 9 T clear deviations from the quadratic fit occur. Th
might be caused by a transition from the low- to the hig
field regime. To evaluate the dimensionality from the hig
field measurements we rely on Eq.~9!. The result is shown in
Fig. 7~b! ~dashed line!. We find D250.35. The binding en-
ergy can be determined from the difference of the fit for
low- and high-field range atB50 T. For sample II we obtain
I.
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Eex(0)525 meV. All these results are indicative of th
more 3D character of sample II. This can be explained by
two contributions of penetration of the exciton wave functi
into the barriers and of the overlap of the wave functions
adjacent quantum wells.28 The enhancement of the couplin
of the quantum wells of sample II is also confirmed by min
band calculations using the Kronig-Penney model. Fr
these calculations we yield miniband widths of 0.5 meV f
sample I and 4 meV for sample II.

C. Landau levels and effective masses

As shown above for the energy transitions to the exci
states a nearly true Landau behavior is expected, but st
deviations from the linear energy shift are observed. This
be explained by the nonparabolicity of the conduction ba
To describe the nonparabolicity thek•p theory by Kane17

has been used. The total transition energy results from
band-gap energy of the well material, the confinement en
gies of the holes and electrons, calculated using the Kro
Penney model, and the cyclotron energies of the holes
electrons. Assuming a parabolic valence band~or a constant
heavy-hole effective massmhh) only the confinement energ
and the cyclotron energy of the electrons are relevant for
energy dependence of the reduced effective massm. Using
an iterative procedure for the energy dependence of the e
tron effective massme , we are able to assign each transitio
energy to its corresponding Landau level@see Figs. 6~a! and
6~b!#. The values used in this procedure are given in Table
Because of the excellent agreement between experiment
model calculation for up to six Landau levels it is posssib
to determine the energy dependence ofm with high accu-
racy. The result is displayed in Fig. 8. As shown by seve
authors29–34 the k•p theory represents an excellent descr
tion of the nonparabolicity of the conduction band, especia
for In0.53Ga0.47As. Assuming a parabolic valence band w
tried to fit our data with constant heavy-hole effective mas
mhh ~solid and dashed curves in Fig. 8!. The good quality of
the fits corroborates the assumption leading tomhh50.13m0
for sample I and tomhh50.15m0 for sample II. These values
are similar to the values found by Sugawaraet al.15 Both
values are reduced compared to the value found in b
In0.53Ga0.47As ~Ref. 35! demonstrating the influence of th
dimensionality on the curvature of the valence band. T
larger reduction occurs for sample I, which represents a m
2D-like system compared to sample II.
9

TABLE II. Values of parameters of In0.53Ga0.47As used in the calculations described in the text.

me /m0
a mhh/m0

b mlh /m0
a DEC

b DEV
b D0

c EG
b e r

b

0.041 0.120 0.056 0.24 eV 0.37 eV 0.312 eV 0.74 eV 13.

aReference 36.
bReference 15.
cReference 37.
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The difference between the energy of the crossing p
of the Landau fan and the zero-field value of the exciton s
is commonly used as a measure of the binding energy of
exciton.36,37 However, in the present case the values of
heavy-hole effective mass for the exciton ground state
the excited Landau states are different. Therefore, the dif
ence between both states at zero field is no longer equ
the binding energy of the exciton.

FIG. 8. Energy dependence of the reduced effective massm as
derived from the Kerr spectra. The heavy-hole effective massmhh

of sample I is significantly smaller than the bulk value demonst
ing the influence of the dimensionality on the curvature of the
lence band.
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V. CONCLUSIONS

In this paper we demonstrate the suitability of t
magneto-optical Kerr effect to investigate excitonic and La
dau states of MQW’s at room temperature. Our measu
ments represent the first experimental proof of the coex
ence of both kinds of states at room temperature. From
diamagnetic shift we estimate the dimensionality and
binding energy of the~e-hh! exciton. A comparison of two
MQW’s with identical well widths, but different barrie
widths demonstrates the influence of the coupling of the
citon wave functions of adjacent quantum wells on the bin
ing energy. In case of the more strongly coupled MQW
transition from the low-field to the high-field regime is vis
ible. This allows us to give a reasonable estimate of
binding energy in case of a dimension different from the tr
2D or 3D case.

The excited states show no excitonic behavior. They
be explained by Landau shifts taking into account the n
parabolicity of the electron effective mass. The values of
heavy-hole effective mass, which we obtained from our m
surements show the influence of the strength of the confi
ment on the curvature of the valence band.
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