
PHYSICAL REVIEW 8 VOLUME 44, NUMBER 23 15 DECEMBER 1991-I

Nonlinear absorption of two-dimensional magnetoexcitons
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Applying a perpendicular magnetic field to a semiconductor quantum well results in a transition from
a two-dimensional into a zero-dimensional system. The mutual interaction of the magnetoexciton levels

is studied by populating the 1s magnetoexciton under steady-state conditions and measuring the related
changes in absorption. We find redshifts of all energetically higher magnetoexcitons and a blueshift of
the 1s exciton due to repulsive exciton-exciton interaction. The experimental results are compared with

solutions of the semiconductor Bloch equations. Good qualitative agreement is found.

INTR&DUCTION

The physics of semiconductors of reduced dimensional-
ity has stimulated a large number of theoretical as well as
experimental studies. ' Besides the well-established tech-
nology for epitaxial growth of semiconductor quantum
wells (QW's), several groups have started to fabricate
one-dimensional and zero-dimensional structures by com-
binations of epitaxy and etching. Another approach has
been the investigation of (quasi-)zero-dimensional semi-
conductor microcrystallites embedded in glass matrices
or other host materials.

An interesting alternative to direct fabrication of such
systems is the reduction of dimensionality by confining
the wave functions via an external magnetic Geld. This
approach has recently been subject to theoretical studies
on the nonlinear optical properties of quantum wells in a
perpendicular magnetic field. ' Here one obtains a well-
controlled transition from a two-dimensional to a zero-
dimensional system. The nonlinear optical properties are
of particular interest, since they provide detailed infor-
rnation on thp microscopic interactions of the quasiparti-
cles. The aim of this paper is to present respective exper-
irnental data under steady-state conditions, that allow a
direct comparison to a stationary theory without any ad-
ditional coherent effects.

The linear optical properties of two-dimensional mag-
netoexcitons have been studied theoretically years ago.
Experiments were performed on GaAs QW's (Ref. 7) in
more recent years. In fact, one finds an absorption spec-
trum that is governed by discrete lines with splitting pro-
portional to the strength of the magnetic field. A good
measure for the latter is the parameter A, given by the ra-
tio of the cyclotron energy fico, and twice the (three-
dimensional) exciton binding energy Eo, A. =fico, /
(2EO) =(aii /1 ) . aii is the three-dimensional Bohr radius

and I is the magnetic length. Thus k is proportional to
the inverse square of the reduced effective mass. We
choose the In Ga& As material system that exhibits a
smaller mass than GaAs. For a magnetic field of, e.g.,
8 =7 T we estimate A, =7, whereas in GaAs X=2 holds.

Experimental data on the nonlinear absorption of
In„Ga, „As/In Al, As QW's and a brief discussion of
the linear absorption is presented in Sec. I. In Sec. II
these results are compared with the numerical solution of
the semiconductor Bloch equations (steady state) for a
two-dimensional system with a perpendicular magnetic
field.

I. EXPERIMENT

A. Linear absorption

For our experiments we use high-quality
Inx Gal x As/Iny A1& y As multiple-quantum-well struc-
tures of three different well widths lattice-matched to InP
substrates and grown by molecular-beam epitaxy. The
well thicknesses are 50 A (50 layers), 100 A (100 layers),
and 200 A (50 layers), and the barrier widths are 75, 100,
and 100 A, respectively.

For the linear absorption measurements we image a
tungsten lamp (spectrally integrated power density =0.6
W/cm and the electric-Geld vector in the plane of the
QW's) onto the samples. The transmitted light is collect-
ed by a multimode optical fiber and guided into a 0.5-m
spectrometer. The signal at the output slit is detected
with a Ge diode and a standard lock-in amplifier and is
transferred to a computer. Magnetic fields up to 7 T are
available in a superconducting split coil magnet that, to-
gether with the samples, is immersed in liquid helium at
T=2 K.

Figure 1 surnrnarizes the linear absorption of the 100-A
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0FIG. 1. Linear absorption spectra of a 100-A
In,.Ga& As/In~Al& ~As quantum well under perpendicular
magnetic fields up to 7 T (in O.S-T steps). Sample temperature is
T =2 K. For better comparison the absorption for 0 T (dashed
curve) and 7 T (solid curve) are depicted separately.

QW for magnetic fields between 0 and 7 T in 0.5-T steps.
In the absence of a magnetic field, the absorption is
governed by the usual two-dimensional steplike density of
states and the associated quantum confined excitonic lev-
els. With the increasing magnetic field, successively more
magnetoexciton levels are resolved. Simultaneously the
oscillator strength of the 1s exciton increases dramatical-
ly and a diamagnetic shift is observed. The 1s light-hole
magnetoexciton and the 2s heavy-hole magnetoexciton
exhibit an anticrossing around B=3.5 T due to strong
valence-band mixing. This is qualitatively similar to re-
sults previously obtained on GaAs QW's. As another
consequence of this, the higher magnetoexciton levels are
not strictly equidistant. Up to eight magnetoexciton lev-
els are observed in the 100-A QW. This number, howev-
er, is found to depend on the well width. As the well
width increases, more Landau levels are resolved in the

0
spectrum. In a 200-A QW (not shown) we find even more
(up to 18) levels. This trend can be correlated with de-
creasing exciton binding energy (for 8 =0 T) and thus in-
creasing A, as the well width increases.

B. Nonlinear absorption

From the linear absorption spectra at high fields, it has
already become clear that Coulomb correlations still have
a strong inhuence on the line shape. In order to get more
detailed information on the interaction between the mag-
netoexcitons, nonlinear absorption spectroscopy is em-
ployed. We study the absorption as a function of the
population of the 1s exciton. This is done in a pump-
probe configuration with a cw yttrium-aluminum-garnet
(YAG):Nd laser (1.165-eV photon energy, polarized with
the electric-field vector in the plane of the QW's) as the
pump and a tungsten lamp as the weak broad-band
probe. The cw YAG:Nd laser excites electron-hole pairs
high in the band that rapidly (in a few tens of ps) relax
into a cold population of only 1s excitons. Their radia-
tive lifetime amounts to several nanoseconds. The excit-
ed population is well within the low density limit, because
an average power of about 100 mW (already corrected for

the refiection losses of the sample) and a Gaussian inten-
sity diameter of =1 mm of the cw YAG.Nd laser are
used. This results in an incident power density of about
13 W/cm . Thus the expected densities N„are on the
order of 10 times the saturation density. By chopping
the pump beam (at around 1 kHz) and employing stan-
dard lock-in techniques, we directly measure the change
in transmission 6T after careful subtraction of the
luminescence of the 1s exciton. From this we compute
AT/T which is proportional to the nonlinear absorption
b.a =a(N „=0)—a(N i, ).

For the measurements we use QW*s of difFerent well
widths characterized above. Figure 2 depicts the non-
linear absorption spectra of a 100-A QW at various mag-
netic fields up to 7 T. In the absence of a magnetic field,
we find a decrease in absorption energetically below the
1s exciton that reAects a bleaching and a blueshift. This
is the well-known blueshift due to repulsive exciton-
exciton interaction. In the case of In Ga, As the
bleaching part is more dominant than, e.g. , in GaAs, be-
cause the excitons are larger and thus the saturation den-
sity is smaller. Moreover a slight redshift of the n, =2
quantum confined level is observed (Fig. 2).

In the presence of an external magnetic field, this blue-
shift remains and all resolved higher magnetoexciton
transitions are shifted to lower energies (corresponding to
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0FIG. 2. Nonlinear absorption spectra of a 100-A
In Ga& As/In~A1, ~As quantum well. These spectra reAect
the changes in absorption associated with an occupation of the
1s magnetoexciton for various magnetic fields. The vertical bar
corresponds to b, T/T=10 . One clearly sees a blueshift and
bleaching of the heavy-hole exciton for zero magnetic field. The
blueshift of the heavy-hole resonance remains in the presence of
the magnetic field and in addition the higher magnetoexciton
levels experience a pronounced redshift. For better reference
the linear absorption of B =0 and 7 T are also shown.
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the inter-Landau-level self-energy corrections), as can be
seen by the derivativelike line shape of the nonlinear ab-
sorption. The zeros of the nonlinear absorption coincide
with the energetic positions of the magnetoexcitons. The
redshift of the second magnetoexciton level is comparable
in size to the blueshift of the 1s exciton. The successive
magnetoexciton levels exhibit a smaller but very slowly
decreasing shift as their Landau index increases, which
especially can be seen for the 100-A QW (Fig. 2) and the
200-A QW (not shown here), where many higher magne-
toexcitons are resolved. The strength of bleaching is a
nonmonotonic function of the magnetic field for all three
samples. This might be related to effects of finite well
width discussed in Ref. 4 if the radiative lifetime is not
strongly inAuenced by the B field.

This overall scenario has recently also been observed in
femtosecond pump-probe experiments on GaAs QW's. '

However, the blueshift of the 1s magnetoexciton exhibits
a somewhat different behavior. We still observe a blue-
shift at A, =7, whereas the blueshift in Ref. 10 has
effectively vanished at A. =3. This corresponds to the fact
that all shifts are most pronounced in the stationary limit
and are reduced for impulsive excitation.

II. THEORY: SOLUTION OF THE SEMICONDUCTOR
BI.OCH EQUATIONS

where

Q„=e,„—E,„+g V„„(1—2n„.) .
n'

(2)

4„ is the off-diagonal term of the density matrix, n„ is
the corresponding inversion, 0„ is the resonance frequen-
cy of level n, and co is the frequency of the light field E.
From this the absorption coefficient is obtained by

'Il„(co)
a(co) ~ Im g (3)

2m „E
These equations describe a set of two-level systems cou-
pled by the Coulomb matrix elements V„„. These cou-
plings can be interpreted in terms of an effective local
field for each level n. "

In order to apply these equations to the nonlinear ab-
sorption data, we assume a steady-state population of
only the ls magnetoexciton, i.e., n„.=n5„,. (This is only
rigorously valid if the Coulomb interaction is neglected at
this point. ) With known V„„.(see Ref. 5) we compute the
linear and nonlinear absorption by matrix inversion. The
calculated linear and nonlinear absorption spectra are de-

The linear and nonlinear optical properties of two-
dimensional magnetoexcitons were recently treated in the
framework of the semiconductor Bloch equations. A
purely two-dimensional system and only one valence
band are considered in this theory. Thus no quantitative
agreement with quantum wells, where heavy-hole and
light-hole transitions are present, can be expected. How-
ever, we can expect a correct qualitative description of
the microscopic interactions. From Ref. 5 we get

[y~+i(Q„—co)]'P„=i(1 2n„)—pE+ g V„„.%„,
n'
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FIG. 3. Numerical solutions to the semiconductor Bloch

equations. Comparison with the experimental results, e.g., on
the 100-A sample (Fig. 2), shows that all salient features are well
reproduced. For the calculation a basis set of 50 Landau levels
is used. A dephasing rate (for all Landau levels identical) of
y&=5 meV, an exciton binding energy of Eo =2 meV, A, =5, and
n& =0.15, n, ~, =0 are chosen.
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picted in Fig. 3. They qualitatively reproduce the impor-
tant features seen in the experiment. In particular the
blueshift of the 1s exciton and the redshifts of the higher
levels appear. The blueshift of the 1s exciton can im-
mediately be seen from Eq. (1). This is caused by the
same exciton-photon interaction responsible for the opti-
cal Stark effect. It is related to the sum on the right-hand
side 2n, +—„~,V, „4„.The corresponding terms for
the higher levels vanish because of n„~ &

=—0. This
blueshift dominates the overall redshift of all levels
given by the inter-Landau-level self-energy corrections
[—+2„, „V„n„=—. 2 V»n, in Eq. (2)]. An additional
redshift for the higher levels originates from the. sum in
Eq. (1). This shift decays slowly with n because the V„„,
couple the levels even for large ~n n'~ as a —result of the
long-range Coulomb interaction. These features are valid
for the low density regime, whereas a qualitatively
different scenario is expected if the 1s exciton is inverted
and higher magnetoexcitons are populated.

SUMMARY

We have studied the nonlinear absorption of
In„Ga, „As/In~A1, ~As quantum wells under strong
perpendicular magnetic fields. Steady-state population of
the 1s magnetoexciton leads to redshifts of all higher
magnetoexciton levels and a blueshift of the 1s magne-
toexciton itself. This is a result of strong Coulomb corre-
lations, which is confirmed by comparison with numeri-
cal solutions of the semiconductor Bloch equations. The
In Ga, „As material system proves to exhibit particu-
larly pronounced magnetic-field effects because of its
small effective mass.
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