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Coherent dynamics of interwell excitons in GaAs/AlxGa12xAs superlattices

V. Mizeikis, D. Birkedal, W. Langbein, and J. M. Hvam
Mikroelektronik Centret, The Technical University of Denmark, DK-2800 Lyngby, Denmark

~Received 6 August 1996!

Coherent exciton dynamics in a GaAs/AlxGa12xAs narrow-miniband superlattice is studied by spectrally
resolved transient four-wave mixing. Coherent optical properties of the investigated structure are found to be
strongly affected by the existence of two different heavy-hole excitonic states. One of them, the 1s heavy-hole
exciton, is almost identical to the same state in noninteracting quantum wells, while the other, the heavy-hole
interwell exciton, is composed of an electron and a heavy hole in adjacent wells. The interwell exciton leads
to a resonant enhancement in the four-wave mixing spectra and exhibits quantum beats with the 1s heavy-hole
exciton. The dephasing of the interwell exciton is one order of magnitude faster than that of the heavy-hole
exciton and is mostly due to intensity-independent scattering mechanisms.@S0163-1829~97!07011-2#
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I. INTRODUCTION

In GaAs/AlxGa12xAs superlattices with narrow mini
bands, the Coulomb interaction contributes significantly
the localization of the 1s heavy-hole exciton~HHX! states
along the superlattice growth direction.1 At the same time,
the state overlap between neighboring quantum wells of
superlattice remains considerable, and interwell Coulo
coupling results in a pronounced heavy-hole interwell ex
tonic ~IWX ! transition.2 This transition is resolved in the
optical absorption spectra at photon energies a few m
above the HHX state. The linear optical properties near
band gap are thus dominated by two distinct excitonic re
nances. One of them, the 1sHHX, is spatially direct, and this
state is confined mainly inside a single quantum well. T
IWX is spatially indirect, and consists of an electron and
heavy hole in the nearest neighboring wells. Recently, thes
character of the IWX state was confirmed.3

Coherent interaction between spatially direct and indir
excitonic states is a topic, widely investigated in relation
Bloch oscillations.4 Transient four-wave mixing~TFWM!
and nonlinear quantum beat spectroscopies have bec
standard tools for such studies.5 The narrow-miniband super
lattices present a possibility to investigate such interacti
in superlattices without the external electric field. Indeed
pair of HHX and IWX states resembles partly the Stark la
der, which forms in superlattices, subject to an external e
tric field. Having in mind this analogy, one might expect th
the quantum beats between the HH and IW excitons wo
indicate periodic oscillations in the spatial separation
tween the photoexcited electron and heavy hole along
superlattice direction. However, previously published exp
mental data on coherent exciton dynamics in narro
miniband superlattices6,7 have suggested, that the IW exc
tonic transition is not a discrete resonance, but ha
continuumlike character. Due to this, no periodic beat
with the HH exciton is observed in the TFWM experimen
Only under the influence of external factors, such as elec6

or magnetic7 fields, has the IWX acquired sufficient discret
ness allowing for periodic beats with the HHX.

In this paper, we study excitonic dephasing and quan
beats in narrow-miniband superlattices using spectrally
550163-1829/97/55~12!/7743~6!/$10.00
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solved TFWM. Taking advantage of the spectral inform
tion, we confirm the discrete nature of the IWX in the inve
tigated superlattice. We observe a resonant enhancemen
to the IWX in the TFWM spectra, and a fast signal decay
this energy, indicating a large homogeneous broadening
the IWX resonance. Since the broadening is nearly indep
dent of the excitation intensity, it is mostly due to scatteri
mechanisms such as phonon and defect scattering. Qua
beats with a period corresponding to the HHX-IWX ener
difference are observed in the TFWM decay.

II. SAMPLE AND EXPERIMENTAL TECHNIQUES

The investigated superlattice, grown by molecular-be
epitaxy on a~100!-oriented semi-insulating GaAs substrat
consists of 20 periods of GaAs/Al0.3Ga0.7As. The thickness
of the GaAs quantum wells isLw5 80 Å, and the thickness
of the AlxGa12xAs barriers isLb5 30 Å. To allow for linear
and nonlinear optical measurements in transmission ge
etry, the sample was lifted off the GaAs substrate, by se
tive etching, and mounted on a sapphire disk. Photolumin
cence~PL! was excited using the 632.8-nm line of a HeN
laser, and for transmission measurements, white light fro
tungsten halogen lamp was used. The luminescence
transmission spectra were recorded by an optical multich
nel analyzer~OMA! system. The inhomogeneous linewid
of the HHX line is 2.2 meV~full width at half maximum!
and shows a Stokes shift of the PL of 0.5 meV. All expe
ments were carried out at a temperature of 5 K, which w
maintained in a helium bath cryostat.

The TFWM experiments are performed using femtos
ond pulses from a self-mode-locked Ti:sapphire laser wit
76-MHz repetition rate. The duration of the transform
limited pulses was about 150 fs, and their central freque
was tuned to excite the HHX and IWX simultaneously. T
two-beam self-diffraction geometry8 and time-integrated sig
nal detection were used in the TFWM experiments. The s
nal was recorded in the nearly phase-matched direc
2k 2-k 1, wherek 1 andk 2 are the wave vectors of the inc
dent laser pulses, as a function of their mutual time de
t12. For a three-level system, the decay of the TFWM sig
7743 © 1997 The American Physical Society
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7744 55V. MIZEIKIS, D. BIRKEDAL, W. LANGBEIN, AND J. M. HVAM
intensity I TFWM , at the energy of one resonance, can be
pressed as9

I TFWM~ t12!}expS 2
ct12
T2

D F11I m~ t12!cosSE12E2

\
t12D G ,

~1!

where the constantc is 2 ~4! for homogeneously~inhomoge-
neously! broadened systems, andT2 is a phenomenologica
dephasing time of the given resonance. The expression in
square brackets accounts for the quantum beats.E1 andE2
are the energies of the beating resonances, andI m(t12) de-
notes the delay-dependent amplitude of the signal mod
tion, which is determined by the properties~oscillator
strengths, dephasing times, inhomogeneous broadening! of
both resonances. The energy differenceE12E2 can be de-
termined from the oscillation period ofI TFWM(t12). To obtain
the maximum available information in the TFWM
experiment,9 the signal is dispersed in a spectrometer, and
spectrum is recorded using the OMA system as a slow
tector.

III. RESULTS AND DISCUSSION

Before discussing the experimental data, it is useful
compare briefly the circumstances, which lead to the form
tion of the IWX states in superlattices with and without
applied external electric field.

A superlattice can be regarded as a multiple quantum w
~MQW! structure, in which the individual quantum wells a
allowed to interact via thin barriers. Without an applied ele
tric field, the delocalization of the single-particle states d
to the overlap with the neighboring wells competes with
Coulomb interaction, which correlate the positions of ele
trons and holes. In the present work, we are particularly
terested in such correlation between the electrons and
heavy holes~hh!. Denoting the respective miniband hal
widths asDEe andDEhh, the relative strength of both effect
can be estimated from the comparison of the combined
perlattice miniband halfwidthDE5DEe1DEhh to the exci-
ton binding energyEx

b(QW) in an isolated quantum well of th
same thickness. Also, the distinction of broad and narr
miniband superlattices can be based on such a compari1

In superlattices with broad minibands, i.e., whe
DE.Ex

b(QW) , effects due to Coulomb interaction are insi
nificant compared to those of the interwell coupling. In su
structures, both electron and heavy-hole single-particle st
are delocalized in the superlattice growth direction, and
Coulomb correlation between these states results in alm
three-dimensional heavy-hole exciton states. Hence, the
tinction between spatially direct and indirect transitions
not relevant. However, in an external electric field, the tra
lational invariance of the superlattice is lifted, and the mi
bands split into series of discrete localized levels, referre
as the Stark ladder.10,11The energy levels and optical trans
tions in the Stark ladder in the absence of the excitonic
fects are sketched in Fig. 1~a! for a model superlattice with
five quantum wells. One spatially direct and several indir
transitions are possible between the Stark-ladder levels,
vided the localization is not complete. At moderate elec
fields and low temperatures, a series of excitonic peaks
-
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be seen in the absorption spectrum.
In narrow-miniband superlattices, whereDE,Ex

b(QW)

holds, the excitonic localization prevails over the delocal
ing effect of the periodic superlattice potential. In this ca
mainly the conduction-band single-particle states are d
calized, whereas the heavy-hole states due to their la
effective mass are confined in the quantum wells. The C
lomb interaction between photoexcited electrons and he
holes effectively reduces the spread of the electron w
functions into the neighboring wells.1 Thus, even without an
external electric field, the electrons are substantially loc
ized to a single quantum well due to their correlation to t
localized heavy holes,6 and their single-particle energy is a
the middle of the miniband. Accordingly, the excitonic tra
sition is foundEx

b(QW) below the middle of the miniband, jus
as in an isolated quantum well. The basic optical proper
of the narrow-miniband superlattices become obvious i
simple tight-binding model,6,7 which regards the Coulomb
potential of the heavy hole being superimposed on the p
odic superlattice potential. The above discussed localiza
is a result of locally broken translational symmetry of t
superlattice. The energy levels and optical transitions acc
ing to this model are shown in Fig. 1~b!.

For sufficiently strong interwell state overlap and Co
lomb interaction, the IWX, composed of electrons and hea
holes in the nearest-neighboring wells become optically
tive. The optical transition to the IWX states is spatially i
direct, and is shown in the same figure. The condition for

FIG. 1. Optical transitions in superlattices~a! in a broad-
miniband, electrically biased superlattice without the excitonic
fects, and~b! in a narrow-miniband, electrically unbiased superla
tices with excitonic effects. In both plots, the vertical transition
spatially direct, while the transitions, marked by the inclined
rows, are spatially indirect~interwell! transitions.
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55 7745COHERENT DYNAMICS OF INTERWELL EXCITONS IN . . .
formation of the IWX was outlined earlier to be2

DE,EIW;Ex
b~QW! . ~2!

Here,EIW5e2/@e0(Lw1Lb)# is the interwell Coulomb inter-
action energy. The energy of the IWX state is lowered by
e-h Coulomb interaction, but not as strongly as for the HH
state due to the finitee-h separation in the growth direction
Interwell excitons are also formed by electrons and he
holes separated by more than one superlattice period, if
Coulomb interaction energy between the particles satis
the condition~2!. However, the oscillator strength for thes
transitions will decrease rapidly with increasing interw
distance, thus making them very weak in optical spectra6

A. Quantum beats between HH and IW excitons

For the superlattice parameters given in the previous
tion, the electron and heavy-hole miniband half-widths
DEe55.5 meV andDEhh50.4 meV, as obtained fromk•p
band-structure calculations. The HHX binding energy in 8
Å-wide noninteracting multiple quantum wellsEx

b(2D) was
determined earlier12 to be'10 meV. These values show th
the investigated sample falls into the category of narro
miniband superlattices. As expected, only the conducti
band states are delocalized in the superlattice. The s
width of the heavy-hole miniband indicates that the hea
hole states are essentially confined inside the wells. The
terwell Coulomb interaction energy isEIW'10 meV in this
sample, hence the criterion~2! for the formation of IWX is
fulfilled.

In Fig. 2, the spectra of the linear optical density, the
PL, and the TFWM signal are shown. In the linear optic
density, the HHX and light-hole excitons~LHX ! are seen as
peaks at 1.5706 and 1.5846 eV, respectively. The featur
1.5768 eV, between the HHX and LHX resonances, is
IWX state, partially overlapping with the onset of the heav

FIG. 2. Linear and nonlinear spectral characteristics of
narrow-miniband superlattice. The positions of the HHX, IW
LHX, and biexciton~XX ! are marked by labels.
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hole continuum transitions. The IWX state is better resolv
in the PL data, where it is seen as a shoulder at 1.5755
The TFWM signal spectrum, recorded att1250.4 ps and the
spectrum of the laser pulse, used in the experiments,
shown in Fig. 2. The resonant enhancement due to the I
state is clearly seen in the TFWM spectrum. From these d
a difference of about 5 meV between the energies of
HHX and IWX states can be extracted.

Figure 3 shows the decay of the TFWM signal with del
time at several spectral positions. For comparison with p
viously published data, a spectrally integrated TFWM dec
is also shown. The spectrally integrated signal exibits a p
aroundt12'0 ps, a dip att12'0.35 ps, and subsequent wea
oscillations with a period of about 1.7 ps, indicating quantu
beats between levels, separated in energy by'2.4 meV. The
linear spectra in Fig. 2 have no prominent spectral featu
separated by this energy.

In general, the initial part of the spectrally integrated d
cay is very similar to that found in InxGa12xAs/GaAs mul-
tiple quantum wells, where the HHX and the heavy-ho
continuum transitions were excited simultaneously.13 The
dip shortly aftert1250, followed by partial recovery of the
TFWM signal was regarded as a signature of quantum in
ference between the discrete resonance and the contin
Such a feature was also observed in TFWM experiments
GaAs/AlxGa12xAs superlattices,7 and ascribed to the inter
ference between the HHX resonance and continuumlike
terwell transitions. It was shown in the same publication t
in an external magnetic field, the IWX state displays featu
of a discrete resonance. An increase in the magnetic fi
results in a gradual transformation from the single dip to
periodic oscillations in the signal decay.

It was found previously that the HHX binding energy
the superlattice investigated here is about 7 meV.12 Hence,
the onset of the HHX continuum transitions is just above
IWX resonance. In the TFWM measurements with subpi

e

FIG. 3. Dynamics of the spectrally integrated and spectra
resolved TFWM signal. The spectrally integrated signal is labe
SI. The spectrally resolved signals at the energies of the HH
biexciton ~XX !, and IWX are labeled. Thee-h pair density is
neh543109 cm22. The inset shows the Fourier transform of th
TFWM decay at the IWX energy with the peak at 1.35 THz.
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7746 55V. MIZEIKIS, D. BIRKEDAL, W. LANGBEIN, AND J. M. HVAM
second time resolution, it is not possible to excite selectiv
only the IWX exciton. Some continuum states are excited
well, and in principle they may affect our observation
However, the data presented below suggest that major
tures of the inital part of the decay are due to the quan
beats between two discrete resonances, namely, the H
and IWX sates.

The decay of the spectrally resolved TFWM signal at s
eral selected spectral positions explains the peculiarities
served in the spectrally integrated signal. The slow osci
tions are strongly present about 2.5 meV below the HH
transition energy, and they are ascribed to quantum b
between the HHX and biexcitons.14 The biexcitonic resonan
enhancement can be seen as a low-energy shoulder in
TFWM signal spectrum in Fig. 2. The biexciton binding e
ergy of 2.4 meV is determined from the period of the bea
The biexcitonic resonance is inherently nonlinear and
therefore not seen in the linear spectra in Fig. 2, recorde
low excitation levels. The high biexciton binding energy
2.4 meV in the superlattice is essentially the same as
found in noninteracting multiple quantum wells wit
Lw580 Å.12 This is an indication that the heavy-hole bie
citons as well as the excitons are mainly localized inside
quantum well and are thus quasi-two-dimensional states

The signal decay at the HHX energy, shown in Fig. 3,
nearly exponential for delayst12.1.5 ps. For shorter times
the decay is identical to that of the spectrally integrated s
nal. At the energy of the IWX resonant enhancement,
decay is much faster, and the signal exibits oscillations w
a period of 0.73 ps. Accordingly, the Fourier transform of t
signal decay at the IW exciton energy given in the in
shows a peak at a frequency of 1.355 THz, correspondin
5.7-meV energy splitting. This energy agrees with the diff
ence between the HHX and IWX energies, estimated fr
Fig. 2, suggesting that the oscillations represent quan
beats between the two excitons. As can be seen from Fi
the signal decay at the IWX energy is very fast, indicati
large homogeneous broadening. Nevertheless, the os
tions at this energy indicate that the IW exciton state i
discrete resonance. The single dip in the initial part of
spectrally integrated and the HH excitonic TFWM signal c
be qualitatively explained by the difference in the decay ra
of the HHX and IWX resonances. The difference in the s
nal magnitude at the corresponding spectral positions
creases rapidly with delay time, and only a single minimu
is observed at the energy of the strong HHX excitonic re
nance. The much weaker IWX exhibits two oscillations b
fore reaching the noise level. However, by spectrally reso
ing the TFWM signal, we are able to separate t
contribution.

B. Intensity-dependent TFWM experiments

The fast TFWM signal decay at the spectral position
the IW exciton points towards strong scattering of this sta
In order to investigate its origin, we have performed TFW
experiments at different excitation intensities. The main id
of these experiments is to distinguish between the intrin
and the density-induced scattering contributions. Also, sp
trally resolved TFWM allows one to compare the IW excit
ly
s
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scattering to that of the HH exciton. The density depende
of the homogeneous linewidthg51/T2 is often expressed
as15

g~neh!5g~0!1Aneh, ~3!

whereneh is the e-h pair density,g(0) is the low-density
intrinsic linewidth due to scattering by defects and phono
and A is a constant, characterizing the intensity-depend
scattering between various electronic states, populated b
tense excitation.

The plots in Fig. 4 show the TFWM signal at differen
e-h pair densities. The TFWM spectra for a fixed del
t1250.4 ps are shown in Fig. 4~a!. An increase in thee-h
pair density results in a gradual increase in the homogene
linewidth of the HHX peak. At the higheste-h pair densities,
when the homogeneous linewidth becomes comparabl
the inhomogeneous linewidth ('2 meV!, the broadening be-
comes apparent in the TFWM spectrum. The increase in
homogeneous linewidth of the HHX results in faster decay
the signal. This is illustrated in Fig. 4~b!. The straight lines in
the figure are fits to the exponential final parts of the sig
decay, their slopes yield the signal decay ratescg @see Eq.
~1!#. In Fig. 4~c!, the same dependence is shown for t
IWX. With increasinge-h pair density, the homogeneou
linewidths of both excitons increase, and as a result,
much weaker IWX resonance enhancement disapp
gradually from the TFWM signal spectrum in Fig. 4~a!. Cor-
respondingly, the temporal oscillations in Figs. 4~a! and 4~b!
become weaker.

The signal decay rate is shown in Fig. 5 as a function
the e-h pair density for both types of excitons. It would b
more instructive to determine this dependence for the ho
geneous linewidth alone. However, at least in the case of
HHX, there is an apparent transition from predominantly
homogeneous to homogeneous broadening with increas
thee-h pair density. Hence, the constantc in Eq. ~1! under-
goes a change from 4 to 2. For this reason, we compare
decay ratescg of both resonances, and approximate the
with a dependence of the form~3!, as shown in Fig. 5.

The HH exciton is predominantly inhomogeneous
broadened at low densities. The low-density homogene
linewidth gHHX can be estimated from Fig. 5 to b
'0.15 meV, which is a typical low-temperature value for t
quasi-two dimensional HHX in narrow quantum wells.15

It is more difficult to determine the broadening of th
IWX exciton due to the relative weakness of this resonan
Assuming homogeneous broadening (c52), one obtains the
homogeneous linewidthg IWX of 1.8 meV, i.e., one order o
magnitude larger thangHHX . This linewidth corresponds ap
proximately to the width of the IWX feature, observed in th
luminescence and TFWM spectra~see Fig. 2!. Therefore, the
assumption about predominantly homogeneous characte
the IWX seems to be reasonable.

It can be seen from Fig. 5, that fast dephasing and, co
spondingly, large homogeneous broadening of the IWX re
nance is intrinsic to the investigated structure. There is a
difference between the low-density homogeneous linewid
of the IWX and the HHX states. In contrast, the densi
dependent scattering contributions are similar for both re
nances. There might be several reasons for the obse
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large intrinsic homogeneous linewidth of the IWX excito
The IWX has a charge separation in the superlattice gro
direction, and therefore should couple strongly to the
phonons. Also, the exciton-polaron relaxation to the HH

FIG. 4. Spectral and temporal shape of the TFWM signa
different excitation densities. The TFWM spectra at the de
t1250.4 ps~a!, the signal decay at the HHX energy~b!, the same at
the IWX energy~c!. The numbers above the curves indicate t
e-h pair density. The straight lines in plots~b! and~c! are exponen-
tial fits to the signal decay.
th

exciton state under accoustic phonon emission leads
lifetime broadening of the IWX, especially because their
plane wave functions are similar. The low-density value
cg given in Fig. 5 infers subpicosecond lifetime of the IW
exciton. This assumption is partially supported by the res
of the picosecond time-resolved luminescence experime
performed on the same sample. The IW exciton was exc
resonantly, and the luminescence was recorded with a st
camera. We have observed a significant increase in the H
luminescence, when the excitation was resonant with
IWX, but no luminescence was found at the IWX energ
This indicates fast IWX relaxation to the HHX, and the IW
lifetime due to the relaxation being shorter than the exp
mental time resolution of 20 ps.

Altogether, the data presented above support that the
terwell exciton behaves as a discrete resonance. The
served beating between the IWX and the HHX has a pecu
character, because it involves spatially direct and indir
optical transitions, and resembles quantum beats betwee
Stark-ladder states in electrically biased, broad-miniband
perlattices. It is well known that quantum beats in the St
ladders are associated with Bloch oscillations in the exte
electric field.4 As can be seen from Fig. 1, the common fe
ture between the Stark ladder and the excitonic localiza
is a broken translational invariance of the superlattice. In
former case, the external electric field acts as a glo
symmetry-breaking factor, which is also responsible for
spatial oscillations. The excitonic effects break the trans
tional invariance locally, and in the vincinity of the photoe
cited hole the electron state is strongly perturbed by the C
lomb field of the heavy hole. It might be expected that t
beats between the HH and IW excitons, observed in
present studies, would correspond to the periodic spatial
cillations of the electrons in the local field of the hea
holes. However, by examining Fig. 1~b! one can see tha
even if the superlattice translational invariance is broken,
reflection symmetry is preserved, and a macroscopic osci
ing dipole, characteristic for the Bloch oscillations, will n
appear in this case.

t
y

FIG. 5. TFWM signal decay rate at the IWX and the HH
resonances as a function of thee-h pair density. The symbol size
corresponds to the experimental uncertainty.
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IV. CONCLUSIONS

We have studied the coherent optical properties o
GaAs/AlxGa12xAs narrow-miniband superlattice by spe
trally resolved transient four-wave mixing. These propert
are strongly affected by the existence of the interwell hea
hole excitons. The IW exciton is revealed as a resonant
hancement of the TFWM signal. This TFWM signal has
fast decay, indicating predominant homogeneous broade
of the interwell exciton. The broadening is not related to
effects of high carrier density. We observe quantum be
between the HH and IW excitons in the TFWM signal, de
onstrating the discrete nature of the IW exciton in the inv
tigated structure. This finding is in contrast to the earl
results,7 which suggested that in the absence of an exte
field, interwell excitons contribute to the TFWM signal in
a
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continuumlike fashion. The observed beating is between s
tially direct and indirect optical transitions and can be
garded as an analog to the quantum beats between the S
ladder levels. However, the Bloch oscillations do not occ
due to the reflection symmetry of the Coulomb potential.

The incoherent properties of the interwell exciton is cu
rently under investigation using light-induced grating tec
niques. The aim of these studies is to investigate whether
tunneling of the interwell exciton into the direct exciton sta
is limiting the lifetime of the interwell exciton.
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