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We report on magneto-optical Kerr-ellipticity measurements with differegt;d®g, 4,/As/INP - multi-
guantum-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 seeBat9 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 stats) (the exciton binding energy and the dimen-
sionality of the system. According to these calculations the uncoupled sample shows a more(2ibditee2D
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
Ing 54G& 4AS 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 ingleiGay »As quantum wells is significantly lower than in bulk material.
[S0163-182698)00919-9

. INTRODUCTION treated in° GaAs/GaAl;_,As as well as in
Galn;_,Sb/GasH? In the latter case mechanical strain is
Artificial two-dimensional(2D) electron systems, repre- present. This is also true when, @& _,As is grown on
sfented.by semiconductorquantum—\_/vellstrL_Jctures, are.of PasaAs substrates, so that the band parameters have to be
ticular interest for the study of basic physical properties ofy,qdified. Such IpGa, _As quantum wells have been stud-

semiconductors and find their application in a wide range ofoq poth experimentally and theoretically? Relatively few

semiconductor devices. Due to the finite depth of the CONtasuits have been reported on, aGa 4,As films on InP

finement potentials in real systems, it is |mposs_|ble to_ fabr."substratejé‘lewhich can be considered as free of strain and
cate perfect 2D systems. Therefore, the true dimensionali

of systems with confinement in one direction is between M;\\fvhere agan th? emphasis is on excitonic states.
Thus, there is a need to study,lesGa, 47AS quantum

and three dimensiorisThe examination of excitons in high . . . . .
wells deposited lattice matched to InP, in particular, if the

magnetic fields(magnetoexcitonsis an excellent tool to X
study the dimensionality of a quantum-well structure, as wa&€sults do not apply only to low temperatures as in the ref-

demonstrated by Hoet al2 and subsequently by Oettinger €rénces quoted above. In this paper we report on measure-
et al3 The diamagnetic shift of the magnetoexciton allows™ments of —the magneto-optical Kerr ellipticity in
the determination of the extension of the exciton wave funciNo.s85a.47As/INP multi-quantum-wells at room temperature.
tion in the well plane, which depends on the dimensionalitySamples with different InP barrier widths were investigated.
of the system. Besides the effect on the excitonic state, therom the diamagnetic shift of the ground state of the
magnetic field also induces a Landau splitting of the valenceelectron—heavy-hole excitote-hh, the dimensionality of

and conduction-band energy states. The coexistence of exdhe electron system can be evaluated. The value of the exci-
ton diamagnetic shift and Landau levels was predicted theaon binding energy of coupled MQW's indicates the influ-
retically by Akimoto and HasegawaSeveral authors inves- ence of the coupling on the carrier confinement. This effect
tigated the system GaAs/Gd;_,As theoretically® and has not yet been considered in the presently available theo-
experimentally, concentrating on the excitonic ground state.ries. We present here the first experimental results. The en-
The combination of exciton states and Landau levels wasrgy dependence of the reduced effective mass, calculated
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FIG. 1. Magneto-optical Kerr spectra of an, l§xGay 47As/InP
guantum well(sample ) at selected values of the magnetic induc-
tion B.

from the Landau shift, reflects the nonparabolicity of the

band structure. We used Kane's three-band ntddelevalu-

ate our experiments. In addition, the results also reflect th
effect of the confinement on the heavy-hole effective mas

whose bulk value has to be modified.
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Kerr ellipticity of sample | and sample I, respectively. For
clarity, only curves for selected values of the magnetic fields
are displayed.

Il. THEORY
A. Simulation of magneto-optical spectra

It is well known that interference effects in modulation
spectroscopy of microstructures(photoreflectanc&?°
electroreflectané® may significantly alter the line shapes of
the modulated spectra, even fake new interband transitions.
In order to study the influence of these effects in the
magneto-optical spectra of the quantum-well multilayers, we
employed a matrix formalism described elsewtér&his
matrix calculus includes coherent optical and magneto-
optical interference effects in thin multilayers. In the follow-
ing, we will briefly describe the magneto-optical matrix
theory. The complex magneto-optical Kerr efféce., Kerr
rotation @ and Kerr ellipticity ex) of a multilayer system

gontainingN plane-parallel homogeneous layers is given by

the coefficientsty, undny; of the resulting magneto-optical
transfer matrix of the sample system:

We have investigated two different, nominally undoped .
samples. They were grown by conventional metal-organicVit

vapor-phase epitaxy in the low-pressure m&tifter de-

positing an InP buffer layer on top of the semi-insulating InP

substrate the 55G& 47As/InP MQW'’s were grown. The
well thicknessL,, was nominally 8 nm for both samples,
whereas the nominal barrier thicknekg was 10 nm for

sample | and 6.6 nm for sample Il. The layer sequence of 20
periods was capped by an InP film of 50 nm thickness. As
determined by x-ray diffraction analysis, the lattice mis-

match is lower than 0.02%.

The magneto-optical experiments have been done at 300
. . W~
K in a standard Kerr spectrometer. We employed the sen5|-cpji:_r§i , rjth:
tive 100%-polarization-modulation technique in which the c '

magnetic circular dichroism can be traced down toead.

The measurements have been performed in the spectral ran
between 0.7 and 1.1 eV in magnetic fields up to 15.2 T!

~ 1 X n
=0y +i arctanmsK)=7><ln rlh Nr? (1)
! 1X My
’Frfl "’ ll_\l[ e+icI>J* 0
b M |0 i)
1 1 ?j+,j+1)
><,,—(~+ :
LPESALNEE 1
and
_ ~:_~:_l - 2~q:
+ o~ ) tj,j+l_~+ ~+
+nog n+n.

eThe indices+ and — relate to thes™ ando~ modes of
%e electromagnetic wave in a longitudinal magnetic field,

Figures 1 and 2 show typical spectra of the magneto-opticdespectively. The complex factors of reflexion and transmis-
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FIG. 2. Magneto-optical Kerr spectra of an l§xGay 47As/InP
quantum well(sample 1) at selected values of the magnetic induc-
tion B.

sion at the interfacg,j +1 (Nrfj+l andeHb respectively

are functions of the complex magneto-optical refractive in-
dicesty andny, . The field-free optical constants of InP
and In, 5:G& 47As required for the model calculations were
taken from optical (reflexion and transmissigpn
measurements. For the 100%-polarization-modulation
technique, switching the polarization directly between the

two eigenmodes, the magneto-optical dielectric funcion
can be written a&*

€ (E,B)=E,B=0)+AE,B)

J&(E)
X JE

M
=|§l §(E) = 3gusB )

with | running over the critical points involveais the sum-
g factor; ug is the Bohr magneton.
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FIG. 3. Model calculations of the Kerr ellipticity using a Lorent-  FIG. 4. Line-shape analysis of the Kerr spectra of sample Il at
zian line shapéEq. (3)] for different numbersp of multilayer pe-  B=12 T. Four Lorentzian oscillators are used. The energies corre-
riods. sponding to transitions are marked by arrows.

To describe the dispersion of localized excitons, LorentzBoltzmann’s constant, absolute temperatureAlthough the
ian line shapes CP’s can be detected with an accuracy of less than 1 meV
(depending on the mechanical reproducability of the spec-
trometer and its spectral resolutipthe relatively large line-
width reduces the resolution if more than one CP is located
within an energy interval okgT. This is the case at lower
magnetic fields, where several CP’s merge in the magneto-
optical spectrum. This may lead to a wrong indentification of
the quantum number.

F

§(fiw,Eg ,T,F):m

()
have been used. Hergw is the photon energyk is the
gap energyl' is a broadening parameter, akdis the am-
plitude of the Lorentz oscillator.

If the refractive indexh is much larger than the extinction

ficientk. the K linticity | tional to th q In principle, each of the oscillators found by the fitting
coetricient, the rerr ellipticity 1S proprotional to the modu= ,5cequre consists of a doublet of the two Zeeman-split com-
lation An of n, so that, for a Lorentz oscillator, the maxi-

mum of ex determines the gap energy. However, in aPonents. However, even assuming for the syifactor (g
multilayer system, this may no longer be true due to inter=9cTd,) a value of g~10)?® the resulting spin splitting
ference effects. In Fig. 3, a model calculation using @yjis  gugB is only 5 meV atB=10 T, which is too low to be
shown for an g 53Ga, 47As/INP quantum well with different observed at room temperature. On the other hand, this sim-
numbersp of periods. For the calculation of the magneto- plifies the model calculation because

optical Kerr ellipticity, a single LorentziahEqg. (3)] is as-

sumed withEg=0.77 eV and’=20 meV. The well and ~ o~ Jdhw) —
barrier thicknesses were both chosen as 6.6 nm, and the cap Ae=e —€ WXQMBB 4

layer thickness as 50 nm. We observe a considerable shift of
the extrema ifp increases from 2down trianglesthrough 6  holds as already assumed in Ef).
(up triangle$ to 10 (doty. Betweenp=10 and the bulk ma- In some cases, an additional phase factor idXpis intro-
terial (squarep the shift is unresolvable. Thus, we conclude duced in Eq.(3), describing the modification of the disper-
that for p=20, as in the present case, there is a negligiblesion due to electron-hole interaction. Furthermore, the phase
error as compared to the bulk material. factor may be modified by Fano resonance, which is caused
As an example Fig. 4 displays measureme(siguares by the interaction of localized excitons with continuum
taken with sample Il at a magnetic field of 12 T in order to states. We find that the simulation is negligibly improved by
demonstrate our fitting procedure. Again we use Lorentziantghe introduction of a phase factdr as an additional fitting
to model the experimental results. We find four differentparameter, so that we do not consider it further.
resonances at the critical point€P’s) marked by arrows. The Seraphin coefficients, i.e., the optical constants used
The related resonance curves are shown as broken liner the model calculations, were determined from
Since ey contains absorptive as well as dispersive compoing 55Ga 47As homogeneous films and may differ from the
nents, in general we cannot simply superimpose discretealues for the quantum wells. This may result in changes of
resonances irex . Instead the summation has to be donethe amplitudes, but not of the energies of the CP’s. An error
separately for the real and the imaginary part of the off-in these energies due to an error in the optical constants can
diagonal element of the dielectric tensor. This superimposibe neglected given our spectral resolution, for two reasons:
tion is shown as the solid line in Fig. 4. However, it should First, in our experimental conditions, the refractive indeis
be mentioned that fon>k, as in the present case, the ab-much larger than the extinction coefficient. Ontyenters
sorptive part ofex may be neglected and the result of the into the model equations, so that deviationskijnwhich in-
exact calculation does not differ substantially from the superdeed occur in quantum wells, can be neglected. Second, the
position of the discrete resonances. change ofn due to interband transitions in quantum wells is
We note that the lifetime broadening of the resonances ifower than 10%, as found by ellipsometi/Therefore, the
around 20 meV, i.e. close g T at room temperaturekg ~ amplitudes of the calculated spectra will differ in that order
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of magnitude, while the energy positions of the peaks are not 50 . T . .
affected. In summary, we have found that the simple Lorent- w0l i/‘ 2g 1
zian line shapes can describe to a good approximation the / Landau
magnleto-optical dispersion of theglg,Gay 47As/INP MQW < 301 / jf;‘;jﬁ:‘;:ﬁ'[-;:‘:';‘s)-
(]
samples. 2 2
Ll
B. Magnetoexcitons and Landau levels > 10
In this subsection, we will describe the model that we L?:j O T T
have employed to explain the magnetic-field dependence of A0 e 2D Exciton |
the energy levels in the quantum wells. In the following, it E.{0) = -12 meV
1 1 - 1t1 _20 1 L L 1 1 1 1
will be assumed that only dipole-allowed transitions occur, 0 2 4 e T8 10 12 14 16

i.e., transitions between states with the same Landau quan-
tum numbem, . Generally, the energy of an interband tran-
sition between the confined states in a magnetic field is given 5 5 calculations of the Landau levels, the diamagnetic ex-

Magnetic induction B (T)

by citon shifts(low-field cas¢ and the excitonic Landau leve{kigh-
field casé for the ground state () and the first excited state
E=Ec+EmtEeHE(B), ®)  of a 2D exciton, Elote that the(i)xcitonic states do not existsizn the
whereEg is the band gap of §155Ga, 47As bulk material, ~Whole range of the plotted magnetic field.
E. and Ey;, are the confinement energies of electrons and
holes, respectively. The last terfi(B) depends on the D2 a constant describing the dimensionality of the system
strength of the magnetic field. Two different cases have to béD>=1 for 2D, D,=0.25 for 3D. The total energy of an
considered: the low-field case and the high-field case. BotgXcitonic Landau state is the energy of the linear Landau
will be discussed now. state reduced by the binding enerBy,(B). The transition
The behavior of excitons in a magnetic field depends orenergy(Eq. (5)] becomes
the strength of the magnetic field. A theoretical description
of hydrogenic excitons in magnetic fields of arbitrary E=Eg+EnntEet Epnm + Eem +Eex(B), 9
strength is given by Akimoto and HasegafvAs shown in
this work, one has to distinguish between the low-field rangeVher€Ennm_andEemy denote themth Landau level of the
and the high-field range of the applied magnetic field. In théheavy holes and electrons, respectively. The behavior of the
first case, in which the cyclotron energy of the electrons ands and X states of a 2D excitofiE¢,(0)=—12 meV] in a
holes is smaller than the binding energy of the correspondingnagnetic field up to 16 T is displayed in Fig. 5. The diamag-
exciton, the exciton shows a quadratic, diamagnetic energgetic energy shiftdash-dotted linegiven by Eq.(7) is stron-
shift with increasing magnetic field. From perturbation ger than the increase of the energy level of an excitonic

theory one obtairt§ Landau level(dashed ling described by Eq(9). This leads
to a crossover of both curves at a distinct magnetic field
e2e’h*B? (e.g., at=2 T for the X staté. This crossing point marks the
AEdia:Dlm, (6)  transition from the low-field to the high-field regime. The

value of the magnetic field strength for this crossing point
wheree is the electron chargéy is Planck’s constanty is depends on the value of the exciton binding energy. For the
the reduced effective mass, aggk, is the permittivity of the ~ ground state of the exciton as assumed in Fig. 5 the low-field
host semiconductoD; describes the dimensionality of the ¢ase is valid in the whole range of the magnetic field dis-
exciton system, taking values between 3(2B) and 1(3D).  Played. For the & state, whose zero-field energy is smaller

In the low-field case Eq(5) becomes than for the & state, the transition between both field re-
gimes occurs at a smaller magnetic field strength than for the
E=Eg+EptEctEc(0)+AEga, (7) 1s state. The energy of the excited exciton states can be

. . ! ) o calculated using the following expressibn:
whereE.,(0) is the(negative zero-field exciton binding en-

ergy. From Eq.6) the dimensionality of the excitonic sys- R
tem can be obtained if the reduced effective mass is known. Eoxsog=—————,
In the case that the cyclotron energy of the electron-hole P s+ (a—3)/2)?

pair is greater than the binding energy of the exciton the , . ) )
cyclotron motion becomes dominant and leads to Landai/heres is the number of the state, andis the dimension-

levels for electrons and holes. These states are then subject@fy of the system. Due to the strong decrease of the zero-

to electron-hole coupling. The binding energy of these statefiéld energy of the excited states we do not expect unper-
can be described By turbed exciton states, whereas the ground state should exhibit

a quadratic energy shift in the magnetic field range under
heB 12 consideration. For the high-field regime an excitonic nature
EelB)~3| 55— ReD2, (8)  of the energy states can be expected only for the ground
2(2m + 1) uRey T ) .
state. As shown in Fig. 5 the difference between the exci-
wherem, denotes the quantum number of the Landau statepnic Landau states and the true Landau states vanishes in
Rex is the effective Rydberg constant of a 3D exciton, andcase of the excited states. To summarize, we will expect an

(10)
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sis of sample I(a) and sample ll(b), respectively. The excitonic

transitions are marked by open symbols, the solid lines are qua: FIG. 7. (e-hhy ground states of both samples. The ground state
> oy ' ) di netic shift in the whole mag-
dratic fits. The Landau transitions are marked by full symbols. TheOf sample 1(a) shows a clear diamagnetic shift i W g

. 7 netic field range, whereas tlie-hh-exciton of sample I(b) exhib-
Landau cha}rt.:fedashed I|nebare. calculated taking into account the its a transition from the low-field to the high-field range around 9 T.
nonparabolicity of the conduction band.

transition energies of the quantum well. The transition ener-
excitonic behavior of the ground state for both magnetic-gies obtained from this analysis are plotted in Figa)6
field regimes and no resolvable excitonic magnetic-field detsample ) and Fig. 6b) (sample 1). The solid lines are qua-
pendence in case of the excited states. For these states Wgitic fits using Eq(7). The dashed lines are true Landau
assume a true Landau shift. states taking into account the nonparabolicity of the electron
effective mass. Besides transition energies for the electron—
heavy-hole excitork, ., we could determine the electron—
light-hole exciton transition energl, ., (see Fig. 1 This
A. Kerr spectra peak is also blueshifted with field. At higher magnetic fields
a?scillations of transitions into excited states are visible.

IV. RESULTS AND DISCUSSION

The magneto-optical Kerr spectra of both samples reve
a number of distinct oscillationéFig. 1 and Fig. 2 With
increasing magnetic field the amplitude and the energy of the
oscillations increase. Due to the thermal broadening, no spin As already discussed, we expect an excitonic behavior of
splitting is observed. The experimental error in the Kerr el-the ground states. In verification we apply a fit based on Eg.
lipticity is less than 10° rad. The enhancement of the am- (7). For sample | such a fit matches the data very \eil.
plitude with higher fields originates from the increased7(a), solid ling]. This result proves that for thesktate of the
modulation parameter of the polarization modulation. As dis-exciton of this sample the low-field approximation is valid
cussed in the section on theory, the amplitude of the Kerup to at least 13 T. Using the value afas derived from the
signal is proportional to the product of the joint spin splitting Landau transitions we obtain a dimensionality belowtt&
(EMBB)a and the amplitude of the critical points, i.e., the value ofD, is smaller than 3/16 Therefore, it is neccessary
oscillator strengtticf. Egs.(3) and(4)]. From Figs. 1 and 2, to use an enhanced value @f which means that the exciton
it can be seen that the increase of the amplitude of the loweé3 a bound state. To estimate the zero-field binding energy
oscillation is superlinear, i.e., the oscillator strength increaseEe{0), Which can be exactly calculated from the diamag-
with increasing magnetic field. This effect may originate netic shift only in case of a perfect 2D or 3D system, we used
from the shrinkage of the exciton wave function with in- the following procedure. Assuming a true 2D system, which
creasing magnetic field, as found also by Zheng, Heimanmay be reasonable for sample |, we obtain the reduced ef-
and Lax> For the weakly coupled MQW, the shrinkage is fective mass from Eqg6) and(7). This leads to the in-plane
more pronounced due to its more pronounced 3D charactegxciton radius 55, after®

To obtain the energy states from the Kerr spectra we have 5 2 o2
carried out a line-shape analysis as described above, which AE.«.=D er2oB (11)
showed that the minima of the oscillations correspond to the dia” =1,

B. Magnetoexcitons



57 OBSERVATION OF LANDAU LEVELS AND EXCITONS ... 13091

TABLE I. Values of the exciton parameters of sample |, determined from the diamagnetic shift.

20 p Mpp/ Mg Me /Mg wmlimg Eex Rex
9 nm 11 nm 0.48 0.045 0.041 —7.3 meV —2.9 meV

The relation between the radiug, of a 2D exciton and the E_(0)=—5 meV. All these results are indicative of the
extensionp of its wave function &' r,p=1/3/2p for a 2D  more 3D character of sample Il. This can be explained by the
system @g=2r,p, ag is the exciton Bohr radiysThe value two contributions of penetration of the exciton wave function
of p can be used to calculate the binding enekgy 0) into the barriers and of the overlap of the wave functions of
following the formalism described by Mathieu, Lefebvre, adjacent quantum welf8. The enhancement of the coupling
and Christof: We find E.,(0)=—7.3 meV. The values of of the quantum wells of sample Il is also confirmed by mini-
the various parameters of the exciton are listed in Table Iband calculations using the Kronig-Penney model. From
The expected value oE., is —11.6 meV, which can be these calculations we yield miniband widths of 0.5 meV for
calculated from the binding enerdg, of the corresponding sample | and 4 meV for sample II.
3D exciton using the relatiok.,=4R,,, valid for an exact
2D system. The value oR., can be calculated using the
value of u, obtained from the diamagnetic shift. The differ-
ence between the expected and the measured val&sg,of As shown above for the energy transitions to the excited
demonstrates that sample | exhibits some deviations from thetates a nearly true Landau behavior is expected, but strong
true 2D character. With the value &.,=—2.9 meV and a deviations from the linear energy shift are observed. This can
value of the heavy-hole effective masg,,=0.48n, we cal-  be explained by the nonparabolicity of the conduction band.
culate the exciton shift in the high-field cagashed line in  To describe the nonparabolicity the p theory by Kané’
Fig. 7(@)]. The transition between both field regimes shouldhas been used. The total transition energy results from the
occur at around 18 T, which is out of the range of our equip-band-gap energy of the well material, the confinement ener-
ment. Although these calculations are only an approximatiogies of the holes and electrons, calculated using the Kronig-
it appears to be reasonable to conclude that the exciton syBenney model, and the cyclotron energies of the holes and
tem of sample | is close to the 2D case. electrons. Assuming a parabolic valence bémda constant
This is different for sample I[Fig. 7(b)]. The ground heavy-hole effective mass,,) only the confinement energy
state shows a stronger energy shift as compared to sampleand the cyclotron energy of the electrons are relevant for the
(e.g.,AE~10 meV at 12.8 T for sample AE~19 meV at energy dependence of the reduced effective masblsing
12.8 T for sample ). This hints at a reduced exciton binding an iterative procedure for the energy dependence of the elec-
energy in sample I, which means that this sample is mordron effective massn,, we are able to assign each transition
3D like than sample |I. We estimate the binding energy andnergy to its corresponding Landau leysée Figs. @) and
the dimensionality of the exciton. The procedure is similar to6(b)]. The values used in this procedure are given in Table II.
the previous case. We obtain the best fit to &0.if we use  Because of the excellent agreement between experiment and
only the data measured in magnetic fields below 9 T. Thenodel calculation for up to six Landau levels it is posssible
diamagnetic shift is nearly three times larger than withto determine the energy dependenceuoiwith high accu-
sample |. This gives clear evidence of a decrease of the exacy. The result is displayed in Fig. 8. As shown by several
citon binding energy. Unfortunately, it is impossible to esti- authoré®=**the k- p theory represents an excellent descrip-
mate the binding energy from the diamagnetic shift becausgon of the nonparabolicity of the conduction band, especially
the dimensionality of the system is neither close to 2D nor tdor Ing 5:Ga 47AS. Assuming a parabolic valence band we
3D. Thus assumptions are necessary. We assume that ttréed to fit our data with constant heavy-hole effective masses
reduced effective mass is the same as that of sample |. From,, (solid and dashed curves in Fig. 8he good quality of
the diamagnetic shift we fin®,=0.53. For magnetic fields the fits corroborates the assumption leadingnig=0.13m,
abow 9 T clear deviations from the quadratic fit occur. Thisfor sample | and ton,,=0.15m, for sample Il. These values
might be caused by a transition from the low- to the high-are similar to the values found by Sugawasiaal® Both
field regime. To evaluate the dimensionality from the high-values are reduced compared to the value found in bulk
field measurements we rely on E§). The resultis shown in Ing 5:Ga 47As (Ref. 39 demonstrating the influence of the
Fig. 7(b) (dashed ling We find D,=0.35. The binding en- dimensionality on the curvature of the valence band. The
ergy can be determined from the difference of the fit for thelarger reduction occurs for sample |, which represents a more
low- and high-field range @& =0 T. For sample Il we obtain 2D-like system compared to sample II.

C. Landau levels and effective masses

TABLE Il. Values of parameters of jj:Ga, 47AS used in the calculations described in the text.

me/moa mhh/mob rn|h/rT]0a AECb AEVb AOC EGb Erb
0.041 0.120 0.056 0.24 eV 0.37 eV 0.312 eV 0.74 eV 13.9

8Reference 36.
bReference 15.
‘Reference 37.
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lence band.
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V. CONCLUSIONS

In this paper we demonstrate the suitability of the
magneto-optical Kerr effect to investigate excitonic and Lan-
dau states of MQW’s at room temperature. Our measure-
ments represent the first experimental proof of the coexist-
ence of both kinds of states at room temperature. From the
diamagnetic shift we estimate the dimensionality and the
binding energy of thé€e-hh exciton. A comparison of two
MQW'’s with identical well widths, but different barrier
widths demonstrates the influence of the coupling of the ex-
citon wave functions of adjacent quantum wells on the bind-
ing energy. In case of the more strongly coupled MQW, a
transition from the low-field to the high-field regime is vis-
ible. This allows us to give a reasonable estimate of the
binding energy in case of a dimension different from the true
2D or 3D case.

The excited states show no excitonic behavior. They can
be explained by Landau shifts taking into account the non-
parabolicity of the electron effective mass. The values of the
heavy-hole effective mass, which we obtained from our mea-
surements show the influence of the strength of the confine-

The difference between the energy of the crossing poin¥nent on the curvature of the valence band.

of the Landau fan and the zero-field value of the exciton shift
is commonly used as a measure of the binding energy of the
exciton®®3’ However, in the present case the values of the

heavy-hole effective mass for the exciton ground state anq1 ; )
) . .. the x-ray diffraction measurements. Two of the authors
the excited Landau states are different. Therefore, the dlffer(-M V. and 0.J) are indebted to the Graduierten-Kolleg Me-

ence between both states at zero field is no longer equal tt?ologie in Physik und TechnikM.V.) and the German Sci-
the binding energy of the exciton. ence FoundationO.J), respectively, for financial support.

ACKNOWLEDGMENTS
The authors wish to thank K. Dettmer and U. Thiele for

1H. Mathieu, P. Lefebvre, and P. Christol, J. Appl. Phya. 300 Bass, L. L. Taylor, R. J. Nicholas, and W. Hayes, Superlattices
(1992. Microstruct.3, 471(1987).

2H. Q. Hou, W. Staguhn, S. Takeyama, N. Miura, Y. Segawa, Y.®M. Sugawara, N. Okazaki, T. Fujii, and S. Yamazaki, Phys. Rev.
Aoyagi, and S. Namba, Phys. Rev.43, 4152(1992. B 48, 8848(1993.

3K. Oettinger, Al. L. Efros, B. K. Meyer, C. Woelk, and H. Brug- 16\, Sugawara, Phys. Rev. &85, 11 423(1992.
ger, Phys. Rev. B52, R5531(1995. 17E. 0. Kane, J. Phys. Chem. Solils249 (1957.

40. Akimoto and H. Hasegawa, J. Phys. Soc. B%.181(1967.  '8E. Peiner, S. Mo, H. Iber, G.-P. Tang, and A. Schlachetzki, Thin

5X. L. Zheng, D. Heiman, and B. Lax, Phys. Rev.4B, 10 523 Solid Films 283, 226 (1996.

(1989.

5R. L. Greene and K. K. Bajaj, Solid State Commuts, 831

(1983.
’G. Duggan, Phys. Rev. B7, 2759(1988.

8D. C. Rogers, J. Singleton, R. J. Nicholas, C. T. Foxon, and K.

Woodbridge, Phys. Rev. B4, 4002(1986.

9S. Tarucha, H. Okamoto, Y. Iwasa, and N. Miura, Solid State

Commun.52, 815(1984.

I9N. Kallergi, B. Roughani, J. Aubel, S. Sundaram, J. Appl. Phys.
68, 4656(1990.

200. J. Glembocki and B. V. Shanabrook, $miconductors and
Semimetalsedited by R. K. Willardson and A. C. Be¢Aca-
demic, New York, 1998 Vol. 36, p. 221.

21A. C. Churchill, P. C. Klipstein, C. J. Gibbings, M. A. Gell, M. E.
Jones, and C. G. Tuppen, Semicond. Sci. Tect8)dl8 (199J).

22R. Nies and F. R. KeRler, Phys. Status Solidi A1, 639(1989.

0R. J. Warburton, G. M. Sundaram, R. J. Nicholas, S. K. Hay-2>D. Hahn, O. Jaschinski, H.-H. Wehmann, A. Schlachetzki, and

wood, G. J. Rees, N. J. Mason, and P. J. Walker, Surf.22§.

270 (1990.

11D, C. Reynolds, D. C. Look, B. Jogai, and C. E. Stutz, Appl.

Phys. Lett.65, 2293(1994.

12K S. Lee, Y. Aoyagi, and T. Sugano, Phys. Rev4g 10 269

(1992.

133, Singleton, N. J. Pulsford, D. J. Mowbray, M. S. Skolnick, L. L. °H. Iber,

M. von Ortenberg, J. Electron. Matet4, 1357(1995.

2F. R. KeRler and J. Metzdorf,andau Level Spectroscopy: Inter-
band Effects and Faraday Rotati¢Blsevier Publisher, Amster-
dam, 1991

25N, J. Traynor, R. T. Harley, and R. J. Warburton, Phys. Rev. B
51, 7361(1995.

Spektroskopische

Ellipsometrie  an  [ll-V-

Taylor, S. J. Bass, R. J. Nicholas, and W. Hayes, J. Phys. Col- Halbleiterstrukturen(VDI-Verlag, Dusseldorf, 199§ Serie 8,

log. 48, C5-147(1987).

No. 601.

1p. J. Mowbray, J. Singleton, M. S. Skolnick, N. J. Pulsford, S. J.271. Aksenov, J. Kusano, Y. Aoyagi, T. Sugano, T. Yasuda, and Y.



57 OBSERVATION OF LANDAU LEVELS AND EXCITONS ... 13093

Segawa, Phys. Rev. B1, 4278(1995. 3B, R. Nag and S. Mukhopadhyay, Appl. Phys. L&, 2416
28p. Lefebvre, P. Christol, and H. Mathieu, Phys. Revi@313 603 (1993.

(1992. 34U. Wiesner, J. Pillath, W. Bauhofer, A. Kohl, A. Mesquida
M. Bugajski and W. Lewandowski, J. Appl. PhyZ, 521(1985. Kuster, S. Brittner, and K. Heime, Appl. Phys. Lef, 2520
%D, Schneider, L. Elbrecht, J. Creutzburg, A. Schlachetzki, and G. (1994,

Zwinge, J. Appl. Phys77, 2828(1995. 35M. Sugawara, N. Okazaki, T. Fujii, and S. Yamazaki, Phys. Rev.

%1D. Schneider, B. Tank, K. Beifuss, A. Schlachetzki, and D. Hahn, g 45 8102(1993.

in Proceedings of the Physical Phenomena at High Magneticéy Gershoni. H. Temkin. and M. B. Panish Phys. Rev3®
Fields-Il, edited by Z. Fisket al. (World Scientific, Singapore, 7870(1988.

- 1996, p. 104. _ 37E. H. Perea, E. E. Mendez, and C. G. Fonstad, Appl. Phys. Lett.
C. Wetzel, Al. L. Efros, A. Moll, B. K. Meyer, P. Omling, and P. 36, 978 (1980

Sobkowicz, Phys. Rev. B5, 14 052(1992.



