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We have studied the effectz of electric and magnetic fislds in the
excitonic spectrum of GaAs/GaAlAs quantum wells by meanx of
low-temperature photcluminexcence excitation spectrozcapy. The eleactric
field, perpendicular to the layerz, coupler different sxcited statex of thé
heavy-hole axciton with tha ground ztate of the light-hole exciton. Ax a resuit
af thiz coupling, fine struciture becomer visible in the spacirs. A Emall
magnetic fiald (~0.5 Tesla) is applied to remove degeneracies of the sxcitons
and to enhance the ozcillator streagth of axcited axciton-states. Thege slatex
are resolved with the use of circularly polarized light, which snables us to
separate the Zeaman components of the excitons. We are able to aztiga all the
peaks appearing in the complicated excitonic fine ztructure by comparison
with calculations, which take into account valencs-band mixing and electric
and magnetic field effects.

Here we present the observation of =zeveral
excited statex of the heavy-hole esxciton with
angular momentom mil, These =stater will be

1.-INTRODUCTION

Conzsiderakle effort haz been devoted inn the

past to the understanding of the f{ree-saxciton
anergy spectrum of zinc-blende-type semiconduc-
tors.!.2  Quantum tize effectz jn quantum wells
provide exciton® with dif ferent characterizticec ag
those of excitons in bulk materialy: the heavy- and
light-hole degeneracy iz removed, the binding
snergy is increased, and the excitons obtain a guasxi
two-dimenszional character, The study of tha
free—exciton spectrum in high-quality ramples
yield important information about the differences
between three and quasi two-dimensional excitons,
and alge about the effectz of the underlving band
structure. The states of the
heavy~hola exciton, hy#, can be observed by
photoluminescence and photol ance axcita-
tion (PLE}.? Thiz cobservation provider a reliable
meaiurement of the exciton binding eneryy.! Hy

first excited

coupling the excited =ztater with higher angular
momentum with an z-type exciton, their ozcillator
strengih can be greatly enhancaed and they become
resvlvable in the spectra.d.¢
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labeled as hytx, whare x can be 2p, 3p, and 3d.
Their resclution in PLE rpectra war achieved with
the combination of an electric field, a small
magnetic field, and the excitation with circularly
polarized light. The eleciric field tunet the enerxy
of the excitonz, allowing the obzarvation of heavy
stater with m»Q through miring with the ground
state of the Lhght-hole exciton (};%), The magnetic
field, 0.5T, removes the Kramers degeneracy, and
confines the excitons in the plane of the walls,
tharefore enhancing their ozcillator strengthe. The
former effect, combined with the use of circularly
light, enablex the rexolution af
tlozely-lying states (~0.ZmeV).

polariged

Z-EXPERIMENTAL

The heterortructure used in these experiments
waz grown by molecular beam epitaxy on an
{100)-oriented n+*-GaAs =subzirate. It conriztz of
five periodz of GaAs (160A) and Gag cgAls 1sAs (250A)
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layers, finished with a p*-GaAs layesr. The eleciric
and magnetic fields were applied perpendicularly to

the layers. Excitation waz provided by an Kr* ion
laser-pumped tunable dye laser {(LD70¢). PLE
gpectra were recorded with circularly polarized
light at a temperature of ZK. Power densities were
kept below 20mW/cmf to aveid exceazzrive calrTier
gensTation.

Z2.-RESULTS AND DISCUSSION

We will concentrate here on the resaltz for o+
polarization, a more comprehensive dizcussion will
be prezented slzewhere.” Figure 1 sghows FLE
spoctra in the L;48- hyix gpectral region for
several electric fields. Each zpectrum spane an
enerxy range uf the order of only 4meV. For the
detection, the spectrometer was et at the energy
of the heavy-hole exciton (not shown in the
figura}, which ashifts to lower enerxiez with
increazing field. At zero field, two peaks, labeled
{o) and {+), are resolved in the srpectram; they
correspond to Li0s and hi®5, respectively. With
increazing electric field, the zeparation between
h;x} and 1; decreases, theresfore enhancing the
interaction between them. The h,® ztatez borrow
their oscillator strength from 1y, as they approach
it, and become obsarvable in the specira. At
13.4kV/cm, hi2p) (w) iz clearly resvived az a peak
between 1. and hyi2®, At even larger slectric fields
{19.8kV/cm), a new structure {x) appearz in the
rpocirum, and hiiéel iz hidden below the prominent
peak ().

The anergy shiftz of the excitonic states are
depicted in Fig.2 azx a function of electric field.
These ztatea are labeled, following the convention
of Ref.8, according to the irreducible reprezenta-
tiona of the direct product of the hole Bloch and
exciton enveiope functionz, with an additional
superscript indicating their ordering in energy.
The heavy-hole s-ztates do not interact with the
rest of the statez and retain their character in the
whole range of electric fields. The tnangles
reprozent the ground astate of the heavy-hole
axciton {hiiis}, T5it)}, and the croszser the h;i2s
axcited atate ([72})). The rest of the states may be
labeled in the low- and high-field limits, whereax
they are strongly mixed in the intermediate—field
regime. In the low field limit, the xround state of

the lizht-hole exciton, open circles (Jis, Fyl), iz
the lowest of the structures above i5meV, and it is

followed by the excited states of hy, h;@@® (black
duts, Ne®) and h,é0 In the high field limit the
situation iz reversad, the excited statez of h; are
helow Litst (x, [}, and their labeling is az
follows: Tt (o, h,@r), o2 {4, hyiEe), [ or
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FIG. 1.- Low-temperature photolumineacence
excitation spectra of a 160-A guantum well at
gevaral electric fields normal to the well, in the
prezsnce of a magnetic field of 0.5 Tesla paraliel to
the electric field. Scaling factors are indicated on

the left-hand zide of the specira.

el {m, h, or h;i?d, rezpectively]}. The
ambiguity in the identification of the latter
structure is alsc present at intermediate fields: we
cannot make a definite identification between h,?#
and h;3{C,2 and {4, reepectively) for the peak
labeled with x. This indetermination arises from
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FIG. Z.- Energy shifts of the excitona ax a function
of electric field for ¢* polarization. The triangles
were obtained directly from photoluminescence
zpectra, while the reat of the pointz correspond to
the structures in the PLE szpectra. The lines
reprezent the resuliz of the calculations.

the electric-field induced broadentng of the states,
and the resuilting difficulty to resolve these two
closely-lying atates.

The linez in Fig.Z represent the result of the
calculations with the same set of parameters as
those wused in Ref.8. The agreement betwsen
theory and experiment iz sxceptionally xood,
especially taking into account the small range of
anergies
oscillator strengthz of the excitonic stataz are

involved in the experiments. The
plotted in Fig.3 ax a function of electric field. The
symbolz have the zame meaning az in Fig.2, and the
linex show the results of the calculations. Ac the
electric field iz increazed, h,@P{F,E)
strongly with 15,1} and they
oscillator ztrengihs. At larger fieldz the oszcillator

share their

strength of [,i# decreases again ax it geparates
from T[i¥ and a mnew atructure (x) becomes
rerolvable in the szpectra. lis behavior is similar to
that of @ A comparison with the theory favors
the agsignment of thir structure to b o4,
bacause of itz larger o=xcillator strength.- However,
dua to the stronx dependence of the oscillator
strengths on the choice of the band structure
parametersthiz identification iz not definitive.
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FIG. 3.- OQaciliator strengths of the excitons shown
in Fix.2.- The lines raprezent the resulta of the
caiculations.

The mechanisins of the coupling beiween h;ix
and 1,4¢ can be vizualized in a four-level modal:”
two heavy ztates and two light states. The coupling
baetween h:@F and 1,0 takes place through hp2p ag
an intermediate state. The electric field couples
both heavy-subbandz, h:Er with hyEr), and the
jatter rtate mixes with ;% throogh noo-diagonal
termsz in the Hamiitonian. For d-states, however,
the situation iz different as these atates may
already couple in the absence of an electric field,*
pince they belong to the zame
represantation (M) of Dy In thiz caze, the
electric field mainly enhancez the coupling through
the tuning of the states.

irreducible

In sammary, we have demonsctratad that a deep
understanding of axciton: -the rolid-state analogue
of hydregenic atoms- iz possible, In guam
two-dimentional systems, with the uze of optical
techniques, combined with exiernal electric and
magneatic fialds. We have identified the excited
statex of the heavy-hola exciton by comparison
with calculationgs that take into account valence-
band mixing and the eaffects of electric and

magnetic fields.
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