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The resonant optical nonlinearities of GaAs/AlGaAs quantum wells are measured with femtosecond
time resolution, as the quasi-two-dimensional states are further confined into quasizero dimensions by a
perpendicular magnetic field. We apply fields up to 12 T to demonstrate that exciton-exciton Coulomb
interactions are strongly modified by quasi-zero-dimensional confinement, in agreement with many-body
theory. These measurements demonstrate for the first time the remarkable result that at high magnetic
fields an ensemble of 1s electron-hole pairs behaves like a gas of noninteracting particles.

PACS numbers: 78.20.Ls, 42.65.Re, 73.20.Dx

Using layered growth techniques to produce quasi-
two-dimensional (2D) confinement of electronic states in
quantum wells (QWs), it has been demonstrated that op-
tical and electronic processes in semiconductors depend
strongly on dimensionality. Quantum confinement sig-
nificantly modifies fundamental properties such as the in-
terparticle Coulomb interaction, the density of states,
and the response to external fields. Excitons, the lowest-
energy excitations in the intrinsic material, are ideal
probes of the dimensional dependence of such properties:
Their binding energy measures the strength of the
Coulomb interaction; their response to internal or exter-
nal fields determines their polarizability; and their non-
linear optical properties yield information on their in-
teractions with each other, with free carriers, and with
optical fields.! Further confinement within the QW
planes can be obtained by applying a perpendicular mag-
netic field.? In this way, the dimensionality of the states
in a QW structure can be continuously tuned from quasi-
two to quasizero dimensions (0D), in uniform materials
with excellent optical and electronic quality. In this
Letter, we report the first femtosecond measurement of
the nonlinear optical response of a magnetically confined
0D electron-hole system. The results of these studies
provide information on the dimensional dependence of
exciton-exciton and exciton-photon interactions, on an
ultrafast time scale.

The relative motion of an optically excited 2D
electron-hole pair in a perpendicular magnetic field H is
determined by an effective potential, which is made up of
two terms: The first term is the usual —e %/gyr electron-
hole Coulomb attraction; the second is a quadratic po-
tential term e 2H %r%/8mc? imposed by the magnetic field
(A =1).? In the absence of the Coulomb interaction, the
electron-hole eigenstates would be the energetically
discrete and equally spaced Landau orbitals. The
Coulomb interaction, however, correlates these states
into the 2D magnetoexciton. The relative strength of the
Coulomb and magnetic energies may be characterized

by the dimensionless parameter A=/(a¢/l.)?=w./2E,
where ag=gy/me? and Eq=me*/2¢§ are the 3D exciton
Bohr radius and Rydberg, and I, =(c/eH)'? and o,
=eH/mc are the cyclotron radius and frequency, respec-
tively. At high magnetic fields, A>> 1, the importance of
the Coulomb correlation relative to the magnetic-field
effects is diminished.? In the limit A — oo, when elec-
trons and holes are confined to the lowest Landau orbit-
al, 2D magnetoexcitons are exactly described by nonin-
teracting point particles.® As for their nonlinear optical
response, they should then behave like isolated two-level
systems. *

The sample studied consists of 60 periods of 70-A
GaAs/AlGaAs QWs grown on GaAs. The growth sub-
strate is removed by chemical etching to allow transmis-
sion experiments, and an antireflection coating applied to
one surface to reduce Fabry-Pérot interference effects.
For our nonlinear optical experiments, we use a synchro-
nously pumped dye laser system that generates 100-fs
optical pulses of microjoule energies at an 8-kHz repeti-
tion rate, with center wavelength at 805 nm.’ The
beam is focused into a jet of ethylene glycol to produce
broadband nearly linearly polarized continuum pulses.
The output from the continuum generator is split into
pump and probe beams. Using a narrow-band interfer-
ence filter, the pump excitation spectrum is selected. A
variable-delay stage establishes the relative timing of the
two pulses, as both are focused at nearly normal in-
cidence onto the sample, located at the center of a super-
conducting magnet. The probe is then coliected into an
optical fiber and delivered to an optical multichannel
analyzer for parallel detection. The entire magnet sys-
tem, including the magnet itself and all optics for
delivery of the pump and probe beams, is mounted as a
unit to the same optical table as the laser system. All ex-
periments are performed at 4 K.

The linear absorption spectrum versus magnetic field
is shown in Fig. 1. At zero field, the 1s heavy-hole (hh)
exciton lies at lower energy than the Is light-hole (1h)
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FIG. 1. Linear absorption data vs magnetic field. For clari-
ty, one point is interpolated between each pair of data points
along the magnetic-field axis.

exciton and the continua of electron-hole scattering
states; all other bound states of the hh exciton lie within
one linewidth of the ls 1h state, contributing to the ab-
sorption at that energy. The 1s hh and lh peaks disperse
weakly with increasing magnetic field, showing only a
small diamagnetic shift, while the 2s hh and higher ex-
cited states disperse more strongly, as expected? and seen
earlier.® At fields around 6 T, the 2s hh peak moves
above the ls 1h peak, after which point the ratio of oscil-
lator strengths of ls hh and lh transitions is close to the
approximate theoretical value of 3. The excited-state
transitions of the lh exciton are weaker than those of the
hh by the same factor, and thus not resolved. As the
magnetic field increases further, and /. continues to de-
crease, the enhanced electron-hole overlap increases the
oscillator strength of each resonance. The separation of
the states increases simultaneously, conserving total os-
cillator strength. At 12 T, A~3 and /,~70 A, and the
lowest magnetoexciton states are strongly confined
within the plane of the QW.

We investigate the consequences of the 0D con-
finement by measuring the transient nonlinear optical
response of the magnetoexciton states as a real popula-
tion is created in either the 1s hh state or the 2s hh state.
The OD response at H =12 T is contrasted with the 2D
response at H =0 T. The optical Stark-effect response to
a virtual population of 0D magnetoexcitons will be re-
ported elsewhere.

In the first set of nonlinear optical experiments, with
the sample at zero magnetic field, the pump beam was
filtered so that only ls hh excitons were created [Fig.
2(a)]l. The resulting absorption spectrum [Fig. 2(b), in-
set] shows the 1s hh resonance when the probe arrives
600 fs before the pump (dashed) and 600 fs after (solid).
Creation of a population of 1s hh excitons causes a loss
of 1s hh oscillator strength, as one would expect due to
phase-space filling.! The resonance is also shifted to the
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FIG. 2. Linear absorption at (a) 0 T and (e) 12 T. Dotted
and hatched areas indicate the pump spectra for 1s and 2s hh
exciton pumping, respectively. Differential transmission
(b},(c) for 1s hh exciton pumping at 0 T and 12 T, respective-
ly, and (d) for 2s hh exciton pumping at 12 T, all for probe 600
fs after pump. Insets: The corresponding ls hh exciton ab-

sorption 600 fs before (dashed) and 600 fs after (solid) the ar-
rival of the pump.

blue, corroboratlng earlier results for resonantly excited
QWs.” This can be understood intuitively by considering
the excitons to be hard spheres, which interact through a
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steeply rising repulsive potential that acts to keep them
from overlapping. When many such excitons are created
by the pump, those excitons created by the probe experi-
ence the repulsive potential of all the others, which drives
them to higher energy. The net result is a blueshift of
the resonance.! In the differential transmission spectrum
at zero field [Fig. 2(b)], the transmission on the low-
energy side of the ls hh resonance increases, while de-
creasing on the high-energy side, again indicating a blue-
shift of the resonance. Integrating the differential
transmission spectrum across the s hh line demonstrates
that there is a net loss of oscillator strength.

When a population of 1s hh magnetoexcitons is creat-
ed at 12 T [Fig. 2(e), dotted areal, the nonlinear optical
absorption [Fig. 2(c), inset] also exhibits a loss of oscilla-
tor strength due to phase-space filling. The blueshift,
however, is almost completely eliminated, indicating that
the states have been confined into OD and the intramag-
netoexciton interaction quenched, as predicted theoreti-
cally.>*® With the 1s hh magnetoexciton interaction el-
iminated, the excitons behave as a gas of noninteracting
particles. Additionally, the differential transmission at
12 T [Fig. 2(c)] shows nonzero signals over the entire
spectral range. At the 2s hh resonance, the transmission
decreases on the low-energy side of the resonance, while
increasing on the high-energy side, indicating a redshift.
At the higher excited magnetoexciton states, the
differential transmission signals also derive from red-
shifts and collisional broadening due to intermagnetoex-
citon interaction with the ls hh population.

In the second set of experiments, a population is creat-
ed in the 25 hh magnetoexciton state [Fig. 2(e), hatched
areal. The differential transmission spectrum versus
time delay (Fig. 3) demonstrates coherent oscillations
when the probe precedes the pump? and kinetic processes
as the population created in the 2s hh state relaxes down
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FIG. 3. Differential transmission data for 2s hh exciton
pumping at 12 T vs time delay. Dotted area indicates pump
spectrum.

into the ls hh state. The effect on the 1s hh exciton of
the population created in the 2s hh state is a redshift and
bleaching [Fig. 2(d), inset]l. The differential transmis-
sion signal at the 2s hh resonance is almost symmetric
[Fig. 2(d}], indicating a loss of oscillator strength and
collisional broadening of that state, with very little red-
shift. The higher-lying magnetoexciton states exhibit
redshift and collisional broadening signals similar to
those for 1s hh pumping. We note, however, that the
broadening of the ls hh exciton is much smaller than
that of the higher excited states.

A qualitative understanding of the observed changes in
the 12-T absorption spectrum can be obtained from the
semiconductor density-matrix equations for interacting
(purely) 2D electron-hole pairs in a perpendicular mag-
netic field and under the combined action of pump and
probe pulses.* We have solved these equations numeri-
cally for various magnetic fields, time delays, and excita-
tion conditions, and present results for 130-fs Gaussian
pulses centered on the ls and 2s magnetoexciton reso-
nances. The probe pulse is linearly chirped, to make it
broadband, and delayed by 520 fs. In order to simulate
the effects of electron and hole form factors,® a slightly
higher magnetic field, corresponding to A =4, was as-
sumed.

ABSORPTION (arb, units)

ENERGY (RYDBERG)

FIG. 4. Calculate (dashed) and nonlinear (solid) absorption
for Ls (top) and 2s exciton (bottom) pumping.
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Figure 4 shows the calculated changes in the absorp-
tion spectrum for ls (top) and 2s (bottom) magnetoexci-
ton pumping with peak Rabi frequencies of 0.2E¢ and
0.4E,, respectively. Although dephasing processes are
treated phenomenologically (75 ' =2E,), which cannot
describe the observed collisional broadening, the theoret-
ical results agree rather well with the experimental ones.
For ls excitation, the saturation of the 1s exciton reso-
nance is accompanied by a very small blueshift. We find
that this blueshift decreases with increasing magnetic
field. The shift of the 2s exciton state, however, is to
lower energies; it corresponds to the so-called band-gap
renormalization in zero field,! since at high magnetic
fields, the relative change of the excited-magneto-
exciton-state wave functions, due to the electron-hole
Coulomb attraction, is small.>'® Conversely, 2s excita-
tion causes, in addition to saturation, a redshift of the ls
exciton resonance, showing that the intermagnetoexciton
interaction is attractive, in agreement with experiment.
The stronger collisional broadening of the higher magne-
toexciton states, relative to that of the 1s hh state, may
also be understood by considering the fact that ls-ls
scattering has a smaller collision cross section than that
of 1s-ns (n=2,3,...), because of the smaller spatial ex-
tent of the 1s exciton wave function.

In summary, we report the first measurement of the
femtosecond-time-resolved nonlinear optical response of
magnetically confined quantum-well states, as their
dimensionality is continuously tuned from 2D to 0D. At
low fields, a population created in the ls hh magnetoex-
citon state causes a blueshift and bleaching of that state
due to intramagnetoexciton interaction. At high fields,
when the system is OD, creation of a population in the 1s
hh or 2s hh state causes a bleaching of that state, with
almost no energy shift, a redshift of unpopulated states,
and collisional broadening. The observed nonlinear opti-
cal response agrees qualitatively with calculations
describing Coulomb-coupled Landau orbitals.* Most
importantly, these measurements demonstrate for the
first time the remarkable and exact theoretical result
that at high magnetic fields an ensemble of 1s magne-
toexcitons behaves like a gas of noninteracting particles.?
This behavior is unique among many-body systems.
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