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Acoustic plasmons and indirect intersubband excitations in tunneling-coupled
GaAs-AlxGa1ÀxAs double quantum wells
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We investigate tunneling-coupled GaAs-AlxGa12xAs double quantum wells~DQWs! by resonant inelastic
light scattering. External gates allow us to control the carrier density and the spatial symmetry of the DQWs.
By tuning the DQW potential to an asymmetric state with respect to the tunnel barrier, we are able to observe,
besides the optical plasmon, an acoustic intraband plasmon of the tunneling-coupled bilayer system. For
strongly asymmetric DQW potentials we find a crossover of the intersubband plasmon between the tunneling-
split subbands from a direct to an indirect excitation of the bilayer system. Experimental excitation energies
compare well with calculations in the random-phase approximation.
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In recent years there has been a growing interes
tunneling-coupled bilayer systems. Besides interaction
fects, the additional degree of freedom which comes i
play in these systems due to the tunneling coupling, is co
monly known as the so-called pseudospin. The ground s
of these systems is determined by the tunneling-split s
metric and antisymmetric single-particle states. New p
nomena are expected due to intra- and interlayer Coulo
interactions. In the past decade, quite a number
experimental1–7 and theoretical8–16papers appeared concer
ing tunneling-coupled systems. Inelastic light scatter
~ILS! has proven to be a very powerful method for the
vestigation of the electronic elementary excitations in se
conductor structures. Most optical experiments so far h
been performed with symmetric tunneling-coupled bilay
systems.3,4 Here, theory predicts two excitations, an optic
intraband plasmon and an intersubband excitation,13,14

which, e.g., has been studied in Refs. 3 and 4. We h
shown recently that the excitation spectrum is more subtle
particular, that in addition an intraband acoustic plasmon
ists that can be excited in anasymmetricbilayer system,
only. In this communication we report on the observation
this mode.

It is well known17 that the longitudinal collective spec
trum of a spatially separated, two-component tw
dimensional plasma consists of two modes: The acou
plasmon~AP! where the carriers in both layers oscillate o
of phase parallel to the layers, and, the optical plasmon~OP!
where both layers oscillate in phase. The coupling betw
the layers is mediated by Coulomb interaction, only. At lo
wavelengths, the energy of the OP is proportional toAq and
the energy of the AP goes linear inq, whereq is the wave
vector parallel to the layers. It was shown17 that at large
spatial separation of the two layers, the AP can move out
of the continua of possible intraband single-particle tran
tions. An experimental observation of coupled-layer pl
mons by inelastic light scattering was reported by Fa
et al.18 on GaAs-AlxGa12xAs samples containing five layer
in parallel. In Coulomb-coupled double quantum wells, t
observation of AP’s and OP’s was reported by Kainthet al.19
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In a two-dimensional~2D! electron system, microscopically
the electronic excitations can be of an intrasubband ty
which means that, macroscopically, the electron system
cillates in the plane of the 2D system, or, they can be in
subband excitations, where the electrons oscillate perp
dicular to the 2D plane. A peculiar feature of ILS is that, d
to polarization selection rules, one can distinguish betw
collective spin-density excitations~SDE’s! and charge-
density excitations@~CDE’s!, i.e., plasmons#. The former ap-
pear in a depolarized scattering configuration, i.e., cros
polarizations of incoming and scattered light, and their en
gies are renormalized due to exchange-correlation effe
CDE’s are visible in polarized scattering geometry, and,
typical electron densities of the two-dimensional electr
system in the range of 1011 cm22, the direct Coulomb inter-
action leads to a blueshift, the so-called depolarization sh
of the CDE’s with respect to the SDE’s. A particular streng
of the ILS method is that by angle-resolved measuremen
defined and finite wave vectorq can be transferred to th
electron system.

In a previous theoretical work16 we have shown that in a
tunneling-coupled bilayer system the low-energy CDE’s c
in a distinct way be influenced by the symmetry of the
layer structure: In the general case of two-subband occu
tion, three low-energy CDE’s exist, two intrasubband pla
mons ~AP and OP! and an intersubband plasmon~ISP!,
which originates from intersubband transitions between
tunneling-split ground-state subbands. In this paper
present an experimental investigation of the low-ene
CDE’s in modulation-doped GaAs-AlxGa12xAs double
quantum wells~DQW’s! using resonant ILS. We were able t
observe, to the best of our knowledge for the first time,
AP in a tunneling-coupled DQW. Semitransparent gates
low us to tune both the carrier densities and spatial symm
of the DQW. By tuning the DQW potential from a symmetr
to an asymmetric shape, we were able to detect the AP of
tunneling-coupled system. Very interestingly, we also fou
an intriguing behavior of the ISP. It exhibits a crossover fro
a direct to an indirect excitation of the DQW. We assume t
this crossover takes place when the asymmetry of the po
tial is strong enough that, essentially, the wave function
©2003 The American Physical Society09-1
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the lower subband is localized in one well, and, the wa
function of the upper subband is localized in the other w

The ILS experiments were performed at aboutT54.2 K
in a He exchange gas cryostat. For excitation, a Ti:sapp
laser was used, which was tuned conveniently above theE0
gap of the DQW system for resonant excitation. The sign
were analyzed in a triple Raman spectrometer equipped
a liquid-nitrogen-cooled charge-coupled device camera.
samples are modulation-doped GaAs-Al0.33Ga0.67As DQW’s.
They consist of two 15-nm-wide GaAs quantum wells, se
rated by a 1-nm AlxGa12xAs tunneling barrier. The AlGaAs
barriers on both sides of the DQW are modulation dop
using Si delta layers. In the top barrier layer, two del
doping layers were grown, separated by a 28-nm AlGa
and a 20-nm spacer layer to the upper GaAs well. In
lower barrier, one delta layer, separated by a 41-nm sp
from the lower GaAs well, was grown. Semitransparent t
nium gates were deposited on top of the samples. By ap
ing a voltage between the DQW and the gate, the car
density and the self-consistent potential of the DQW in
growth direction could be tuned.

Figure 1 displays Raman spectra of the low-energy e
tations of a DQW for large wave-vector transferq51.35
3105 cm21. Since the three peaks, indicated in Fig. 1, a
pear dominantly only in the polarized spectrum, we can id
tify them as CDE’s and rule out single-particle excitation
Remarkably, the excitation at 19 meV is much broader th
the excitations at 2 meV and 9 meV, which have very sim
linewidths. From considerations which will be discussed
low, we find that the potential of the DQW structure in th
experiment was strongly asymmetric with respect to the t
neling barrier~see inset of Fig. 1!. The interpretation of the
CDE’s displayed in Fig. 1 follows from the measured wav
vector dispersion, which is plotted in Fig. 2~symbols!. The
lowest-energy excitation~full squares in Fig. 2! shows a lin-
earq dependence and is therefore interpreted as the AP.
OP exhibits a square-root-like behavior~full circles in Fig.

FIG. 1. Polarized~light gray! and depolarized~gray! spectra of
electronic excitations in an asymmetric tunneling-coupled Ga
Al xGa12xAs DQW. The inset shows a sketch of the DQW potent
and wave functions.
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2!, and the highest-energy excitation, the ISP between
tunneling-split subbands, depends only weakly onq ~open
symbols in Fig. 2!. The hatched regions mark the continua
possible single-particle transitions. Note that two subba
are occupied in this sample. It is somehow unexpected
very interesting that the AP does not seem to show any
nificant effect of Landau damping, even though its energy
inside the intraband single-particle continuum~see Fig. 2!.
We think that this might have something to do with th
mechanism of Landau damping: The AP is a collective ex
tation of the total tunneling-coupled system. The concern
region of intraband single-particle transitions, where its e
ergy falls into ~Fig. 2!, is, however, the continuum of th
lower subband, only. The effect of Landau damping on
ISP will be discussed further below. The thick solid lines
Fig. 2 are calculated within the random-phase approxima
~for details of the calculation see Ref. 16!. For simplicity, we
have modeled in the calculations the DQW structure by t
electronic delta layers, separated by an effective tunne
barrier. The parameter which determines the tunneling c
pling is the splitting of the two lowest subbands,DSAS, for
the case of a symmetric DQW potential. This is a fit para
eter in our calculations. The second parameter, sind)
5DSAS/D, whereD is the splitting of the two lowest sub
bands in the general~asymmetric! case, expresses the sym
metry of the DQW potential: For sin(d)51, the DQW poten-
tial is symmetric, and, for 0,sin(d),1, the potential is
asymmetric with respect to the tunneling barrier. The th
parameter in the calculation shown in Fig. 2 is the total c
rier densityntot of the DQW. For the sample displayed i
Fig. 2, we getntot58.631011 cm22, DSAS53.65 meV, and
sin(d)50.205, which means that the DQW potential is s
nificantly asymmetric~see also the sketch in the inset of Fi
1!. We emphasize that the observation of AP’s in multilay
structures, reported so far~e.g., Refs. 18 and 19!, were ex-
clusively obtained on Coulomb-coupled structures, witho
tunneling coupling. Our theoretical considerations in Ref.

-
l

FIG. 2. Experimentally determined mode positions of the lo
energy CDE’s depending on the wave-vector transferq parallel to
the DQW for the same sample as shown in Fig. 1. The hatc
regions mark the continua of intra- and intersubband single-par
transitions.
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showed that, in a tunneling-coupled bilayer, the AP sho
have a finite energy, and hence should be observable in
periment, for anasymmetricDQW potential, only. For the
symmetric case, its energy tends to zero~is exactly zero for
delta layers!.

To confirm our interpretation, we have performed expe
ments, where we have tuned the symmetry of the DQW
tential by applying different gate voltages between the DQ
and the front gate. Figure 3 shows a series of polarized
man spectra for different gate voltagesV between21.25 V
and13.25 V. At V521.25 V, the energy of the ISP is min
mal ('7.5 meV) and there is no AP~lowest-energy excita-
tions in Fig. 3! visible at that gate voltage. From both w
conclude that the potential is symmetric in this gate-volta
range. By tuningV towards positive values, the carrier de
sity in the DQW increases, and, at the same time, the po
tial becomes more and more asymmetric~see schematic pic
tures on the right-hand side of Fig. 3!. The energy of the OP
is determined dominantly by the total carrier density of t
DQW. Since in the experiment displayed in Fig. 3 the wa
vectorq is fixed, the energy of the OP is essentially prop
tional toAntot. In that sense, the OP serves as a direct mo
tor of the electron density in the experiment. With increas
carrier density and potential asymmetry~between V
521.25 V andV50.75 V in Fig. 3!, the energy and the
linewidth of the ISP increases rapidly. At aboutV50.5 V, its
intensity drops down within a relatively small voltage rang
We interpret this as a crossover of the ISP from a dir
excitation of the DQW structure to an indirect excitation: F

FIG. 3. Polarized Raman spectra for different gate voltagesV ~in
steps of 0.25 V!, applied between the DQW and a front gate. T
wave-vector transfer is fixed atq51.353105 cm21. On the right-
hand side, the shape of the DQW potential is sketched.
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a strongly asymmetric potential, the wave function of t
lowest subband is located dominantly in one well~e.g., the
left one, as sketched in the inset of Fig. 1!, and the wave
function of the second subband is located in the other w
In this special situation, for an intersubband excitation,
electrons have to tunnel between the two layers. The stron
reduced overlap of the wave functions leads to the redu
intensity of the ISP. We note that even for the symmetric c
(V521.25 V in Fig. 3! the linewidth of the ISP is, by a
factor of about 2.5, larger than the linewidths of the intr
band excitations. This is an effect of Landau damping of
ISP at finiteq: The experiment in Fig. 3 is performed at
relatively large wave-vector transferq'1.353105 cm21,
where the ISP enters the continuum of intersubband sin
particle transitions and is hence Landau damped~cf. Fig. 2!.
By tuning the gate voltage towards positive values, both
electron density and the splitting of the lowest subbandsD
increase. Both lead to a broadening of the intersubb
single-particle continuum. This could account for the i
creasing linewidth of the ISP in the range21.25 V,V
,11.00 V. That this is a reasonable assumption can also
seen by comparing the maximum linewidth of the ISP in F
3 to the width of the intersubband single-particle continuu
at q51.353105 cm21 in Fig. 2, which is about 6 meV.

For voltagesV*1 V in Fig. 3, the carrier density and th
asymmetry of the potential seem to decrease again, w
can be deduced from the decreasing energies of the OP
the ISP in that voltage range. For voltagesV.2.5 V, the
system should be again in the symmetric state. This beha
is somehow intriguing, since, naively, one would expect t
for increasing positive voltages the density should incre
continuously. We believe that the observed decrease of
density in the DQW is due to the opening of a bypass in
upper barrier layer: ForV'1 V, the conduction band of the
delta-doped layer in the top AlGaAs barrier touches

FIG. 4. Measured mode positions of CDE’s in a DQW depen
ing on the gate voltage.~a!–~c! display polarized spectra for th
marked gate voltages. The open squares mark the positions of
broad excitations, which occur at very large voltages, only, a
which are presumably due to electronic excitations within the
barrier layer.
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Fermi energy and electrons flow into this bypass. This le
to a reduction of the electron density in the DQW, behind
bypass, until it reaches the flat band case, i.e., a symm
DQW potential. Note that, due to the alloyed contacts,
bypass and the DQW are directly connected. To summa
this behavior, we have plotted in Fig. 4 the observed m
positions versus gate voltage. For very high voltagesV
.6 V ~not shown in Fig. 3!, the density seems to increas
again, as can be seen from the increasing energy of the
~full circles in Fig. 4!. We assume that in this voltage rang
with a bypass in the upper barrier layer, the DQW potentia
always fairly symmetric, since the entire voltage drops
tween the front gate and the bypass, which is above
DQW. Comparing Figs. 4~a! and 4~c! supports this interpre
tation: For both cases the total carrier density in the DQW
the same, since the energy of the OP is the same. For
4~a!, the DQW potential is strongly asymmetric~see discus-
sion above!. Therefore, the AP has a finite energy and
visible at about 2 meV. From Fig. 4~c! we find that the AP
should have an energy which is at least smaller than 1 m
ys
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since it is not observable in the measured low-energy ran
This is in agreement with the theoretical considerations
Ref. 16. Moreover, this is also, besides the polarization
lection rules shown in Fig. 1, proof that the observed lo
energy excitation is an AP. For the case that it would b
single-particle excitation, its energy should only depend
the carrier density and not the symmetry of the DQW. The
fore, it should then also be visible in Fig. 4~c!, which is not
the case.

In conclusion, we have investigated the low-ener
CDE’s in tunneling-coupled DQW’s depending on the carr
density and symmetry of the DQW. For asymmetric pote
tials, we have observed the AP of the tunneling-coupled s
tem at low energies and found a crossover of the ISP fro
direct to an indirect excitation of the coupled bilayer syste

We acknowledge valuable discussions with Steffen H
land. This work was supported by the Deutsche Forschun
gemeinschaft via Grant No. SFB 508, and a Heisenberg g
~Grant No. SCHU1171/2!.
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