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Angle-resolved Raman spectroscopy of the collective modes in an electron bilayer

D. S. Kainth, D. Richards, A. S. Bhatti,* H. P. Hughes, M. Y. Simmons, E. H. Linfield, and D. A. Ritchie
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

~Received 6 August 1998!

Electronic Raman scattering from GaAs/AlxGa12xAs double quantum well structures has been used to
observe the acoustic and optic plasmon modes of an electron bilayer system. Angle-resolved measurements
allowed direct determination of their dispersions for several separations of the electron layers; these were well
described by corresponding dispersion calculations in the random-phase approximation~RPA!. Qualitative
agreement was obtained between measurements of the relative intensities of the acoustic and optic modes and
calculations using a simple nonresonant RPA formalism for the Raman scattering cross section. The markedly
different linewidths observed for the acoustic and optic modes are interpreted in terms of the greater localiza-
tion of the electric fields of the acoustic plasmon, which is therefore much less susceptible to impurity damping
than is the optic plasmon.@S0163-1829~99!14703-9#
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I. INTRODUCTION

Plasmons, the collective oscillatory modes of charged p
ticles, are well known in plasma physics and in studies of
electromagnetic response of solid-state systems. One
collective mode that has attracted considerable interest
the years is the acoustic plasmon~AP—so-called because o
its approximately linear dispersion with wave vector!, which
occurs in systems with two distinct populations of fr
carriers.1 These populations can be of different species, s
as electrons and holes in a solid2,3 or electrons and ions in
gaseous plasmas,4 or the two populations of carriers may b
separated in momentum space1,5–7 or real space. For the
acoustic mode, similarly charged carriers oscillate out
phase, or oppositely charged carriers oscillate in phase
sulting in the characteristic linear dispersion. When simila
charged carriers oscillate in phase, or oppositely charged
riers oscillate out of phase, the so-called optic plasmon~OP!
mode results.

In two-dimensional electron gas~2DEG! systems it is
now straightforward to produce samples including two p
allel 2DEG’s, and these electron bilayers, with distinct pop
lations of carriers separated in real space, are expecte
support AP modes. Such modes, which have been ex
sively studied theoretically,8–10 have been predicted to en
hance the electron-electron interlayer interaction respons
for Coulomb drag between electron sheets,11–13 and may be
involved in mechanisms for high temperature sup
conductivity.14–16

Raman scattering has been extensively used to study
tronic excitations in solid state plasmas, but observation
the AP for a two-component semiconductor system h
been few. In bulk GaAs Pinzuket al. have reported such
mode in a system with electrons and holes,2 and more re-
cently Biaramovet al.observed the AP in a gas of heavy a
light holes.17 However, in recent years most theoretical
tention has been directed toward modulation-doped dou
quantum well structures containing two spatially separa
electron layers.8,10,18The dispersions of the various branch
of a semiconductor system with conducting multilayers ha
been determined experimentally,19–21and some of these hav
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shown acoustic-like behavior. Acoustic behavior has a
been observed in a double quantum well structure with m
tiple subband occupancy22 and for a single 2DEG drifting
under the effect of an in-plane electric field.23 However, it is
only recently that it has been possible to observe the
modes in a simple electron bilayer system~i.e., a system
comprised of only two distinct populations of carriers, we
separated spatially!.24,25

Here is presented an angle-resolved electronic Ram
spectroscopic study of the AP in electron bilayer syste
realized in semiconductor double quantum well structur
just one conduction subband in each well is occupied, fo
ing a pair of spatially separated 2DEG’s. The interwell se
rations d are sufficiently large to preclude significan
quantum-mechanical interactions, yet small enough to al
direct electromagnetic coupling between charge oscillati
in each well. The variety of samples considered has allow
the functional dependence of the plasmon energies and
tensities on parameters, such as inter-2DEG separa
spacer layer thickness, and the 2DEG number density, to
explored.

Calculations within the random-phase approximati
~RPA! are also reported and shown to model the obser
Raman spectra and the dispersive properties of the AP
OP modes quite accurately.

II. EXPERIMENT

The double 2DEG samples studied included tw
modulation-doped quantum wells separated by
Al0.3Ga0.7As barrier; the well and barrier widths are given
Table I with the 2DEG densities and mobilities determin
from 4-K transport measurements in the dark. SamplesA–C
were grown in a different molecular-beam epitaxy~MBE!
chamber from samplesD andE, and the two sets of sample
differ in several key respects. For samplesD and E the
widths of the AlxGa12xAs spacer layers between the dopin
region and the GaAs quantum wells are 400 Å on the b
tom, substrate side, and 200 Å above the top well, wher
for samplesA–C the bottom spacer width is 800 Å and th
top spacer is 600 Å wide. This results in higher numb
2095 ©1999 The American Physical Society
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TABLE I. Quantum well and barrier widths,Lw and Lb , for the samples studied.d is the separation

between the well centers andd̂ is the distance between the mean positions of the electrons in each
Number densitiesN1 ,N2 for the wells were determined by Shubnikov–de Haas measurements wi
illumination; mobilitiesm1 ,m2 were determined by Hall measurements. The densityNs has been determined
from the plasmon dispersion obtained from Raman scattering measurements, as described in the te

Sample Wafer
Lw

~Å!
Lb

~Å!

d

d̂
~Å!

N1

N2

(1011 cm22)

m1

m2

(105 cm2 V21 s21)

Ns

~Raman!
(1011 cm22)

A T223 200 600 800 1.25 2.2 1.9760.10
829 1.3 2.0

B T225 150 300 450 1.8 1.1 2.1060.10
462 1.8 1.1

C T229 180 125 305 1.35 1.4 1.9560.10
326 1.2 1.4

D A994 200 600 800 2.1 0.97 3.860.2
3.6 0.74

E C779 200 300 500 2.2 0.89 3.460.5
3.4 0.11
in
ize

5
om

th

ca
v
e-

i
th
la

e

a
th
x

e
c
e
ue

th
iv
on
el
tr

th
er

t an

an
ent

-
e-
an

olar-
an

the
The

-

densitiesN1 ,N2 in the two quantum wells for samplesD and
E but a lower mobility due to enhanced Coulombic scatter
between the electrons in the 2DEG’s and the remote ion
donors. SamplesD and E also have ann1 backgate.26

SamplesA–C were used for the work reported in Ref. 2
and a preliminary report of Raman measurements fr
sampleE was given in Ref. 24.

For each sample, self-consistent Poisson-Schro¨dinger cal-
culations were made for the conduction-band profile and
probability density function@ uc(z)u2# of the single electron
wave functions, and the results for sampleC are shown in
Fig. 1. For all samples, the interwell barrier widthLb is suf-
ficiently large to preclude significant quantum-mechani
interactions~as is evident from the calculated envelope wa
functions! but allows direct electromagnetic coupling b
tween charge oscillations in each well. Each of the wells
expected to support only one occupied subband, with
energy gap between the first and subsequent subbands
compared to the Fermi energy~see Fig. 1!.

In samplesA–C the calculations also revealed the~unin-
tentional! possibility of a third 2DEG buried deep within th
heterostructure (;0.6 mm below the lower quantum well!.
The AlxGa12xAs layer is graded on the substrate side in
attempt to ensure that such a 2DEG does not form at
heterointerface, but our measurements did suggest its e
tence in sampleA. However, its distance from the activ
region~any interactions with the double quantum well stru
ture will be Coulombic! and its low number density ensur
that its effects can be safely disregarded in any subseq
analysis.

Many calculations of electron bilayer systems assume
the 2DEG’s can be modeled as sheets of charge of a g
separation; it is convenient to define inter-2DEG separati
d, the distance between the centers of the two quantum w
and d̂, the distance between the mean of the electron dis
butions @ uc(z)u2#. The values ofd are given in Table I,
whered̂ is also given for samplesA–C.

A backscattering Raman geometry was employed, so
wave-vector transfer parallel to the semiconductor lay
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could be varied continuously by rotating the sample abou
axis perpendicular to the growth direction.27 Samples were
held on the cold finger of a liquid-He bath cryostat, in
atmosphere of He gas, at a temperature of 8 K. The incid
power density was 40 W cm22, which results in heating of
the electron gas to about 25 K~see Ref. 28 for further details
about temperature dependence!. Scattered light was spec
trally analyzed with a triple grating spectrometer and d
tected with an intensified multichannel diode array. Ram
spectra were measured with the incident and scattered p
izations parallel; for this polarization configuration, Ram
scattering by charge-density excitations~plasmons! is
selection-rule allowed.29

FIG. 1. Electrostatic potential and probability densitiesuc(z)u2

for the occupied subbands of sampleC. The energy levels for the
first two subbands in each quantum well are also indicated;
dashed line corresponds to the position of the Fermi energy.
inset shows a representation of the acoustic~AP! and optic~OP!
plasmons of wave vectorq; the arrows indicate the main contribu
tions to the electric fields for the two modes and1(2) indicates a
depletion~accumulation! of electrons.
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III. BACKGROUND THEORY

A semiquantitative understanding of the behavior of
plasmon modes in an electron bilayer can be obtained f
purely classical arguments. If the areal number densitie
the upper and lower 2DEG’s areN1 andN2 , the dispersion
relation for the two plasmon modes in the bilayer obtain
from classical electrodynamics is

v
~OP
AP

!

2
5

e2q

2ee0m*
~N11N2!

3F1

2
7

1

2
A12

4N1N2

~N11N2!2
~12e22qd!G , ~1!

wherev is the mode frequency at wave vectorq, e is the
effective background dielectric constant,d is the effective
separation between the two 2DEG’s~as discussed above!,
and m* is the electron effective mass. This equation,
though not quantitatively exact, gives a good physical insi
into the behavior of the modes and how this depends
various sample parameters. The1 sign corresponds to th
charge-density oscillations in each layer being in phase;
OP mode resembles that for a single electron gas layer
disperses;q1/2 for qd!1. The 2 sign corresponds to th
oscillations being out of phase, as for the AP mode, and
dispersion;q for qd!1. A schematic representation of th
two plasmons is shown in the inset of Fig. 1.

In order to obtain a more reliable comparison betwe
experiment and theory, the plasmon dispersions were de
mined within the Singwi-Tosi-Land-Sjo¨lander~STLS! exten-
sion of the random-phase approximation~RPA! for T
50 K.18,28 For the wave-vector range considered hereq
<0.15kF ~where kF is the Fermi wave vector!, exchange-
correlation corrections, incorporated within the STLS, are
fact small and the form of the plasmon dispersion is ess
tially just that given by the RPA. The quantum well su
bands were assumed to disperse parabolically, and the i
layer and interlayer Coulomb matrix elements we
calculated using envelope wave functionsc(z) ~e.g., see Fig.
1! determined self-consistently from the Poisson and Sch¨-
dinger equations.21 Interactions between phonons and t
collective electronic modes were included by using
frequency-dependent background dielectric function,

e~v!5e~`!S v22vLO
2

v22vTO
2 D . ~2!

Raman scattering line shapesR(q,v) were determined
within the RPA:30

R~q,v!}2E dzE dz8F(
i j

Im@x i j ~q,v!#

3uc i~z!u2uc j~z8!u2Ge22ikL~z2z8!e2~z1z8!/d,

~3!

wherex i j (q,v) are the elements of the RPA bilayer dens

response functionx̄̄(q,v) ~Ref. 28! and c i(z) is the enve-
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lope wave function in layeri . kL andd are the wave vector
and decay length of the light in the semiconductor. Althou
such an approach does not take into account the effect
resonance in the Raman scattering process, it has neve
less been shown to provide a good description of electro
Raman spectra.29

IV. RESULTS

Figure 2 shows polarized Raman spectra for all fi
samples, taken with an in-plane wave-vector transfer oq
51.353105 cm21 for samples A–D and q51.42
3105 cm21 for sampleE. Two peaks are observed in th
spectra for samplesA–C ~less clearly for samplesD andE);
we ascribe the lower-energy mode to the AP and the up
energy mode to the OP.

Raman scattering by both plasmons was found to
strongly resonant in all five samples. Figure 3 shows a se
spectra for sampleC with varying incident excitation energy
In the lowest two spectra a broad peak~PL! due to hot pho-
toluminescence from a high-lying subband of the quant
well structure is observed. The OP mode clearly comes
an outgoing resonance with this interband transition fo
laser energy of;1.662 eV. For all the samples no signa
corresponding to spin-density and single-particle spin-
excitations were observed with incident and scattered po
izations orthogonal. For the intermediate values ofq used
here, the intrasubband single-particle excitation~SPE! band
potentially observable in the polarized Raman spectra27,29,31

was in a spectral region too close~a Raman shift less than
10 cm21) to the exciting laser line to be observed.

V. PLASMON DISPERSIONS

There are a number of important differences between
Raman spectra for samplesA–C and those for samplesD
andE, evident in Fig. 2, which will be discussed later; for th
moment the discussion will be restricted to the high-mobil
samplesA–C. Figure 4 shows low-energy polarized Ram
spectra for sampleC for various in-plane wave-vector trans

FIG. 2. Low-temperature Raman spectra for all the samp
measured at an incoming resonance, with an in-plane wave-ve
transfer q51.353105 cm21 for samples A–D, and q51.42
3105 cm21 for sampleE. SamplesD and E have higher electron
densities than samplesA–C ~see Table I!.
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2098 PRB 59D. S. KAINTH et al.
fersq, taken at a lattice temperature of 7 K and an excitation
energy of 1.656 eV; a similar set of spectra for sampleA,
obtained with an excitation energy of 1.623 eV, are shown
Fig. 5. In both cases the two plasmon peaks clearly disp
with q. Figure 6 shows the measured dispersions for the
and AP modes for samplesA and C out to q;1.6
3105 cm21 (;0.15kF , the Fermi wave vector for the
sample areal 2DEG densitiesN1 andN2 determined below!.

The solid lines in Fig. 6 represent fits to the data, us
the RPA approach outlined in Sec. III, using the electr
number densities in the two wells,N1 and N2 , as fitting
parameters. Because of the insensitivity of the fits to
relative values ofN1 and N2 for a given total densityN1
1N2 , N1 andN2 were both set equal~to Ns), and the values
of Ns determined in this way for all five samples are given
Table I.~The individual values ofN1 andN2 were estimated
to be within 5% ofNs and the total densityN11N2 within
1% of 2Ns.) These are larger than those obtained fro

FIG. 3. Raman spectra for sampleC as a function of the detun
ing D (5EL2V0) of the incident laser energyEL from the reso-
nance energyV051.656 eV. Note the outgoing resonance for t
optic plasmon forD56 meV. The hot photoluminescence featu
~PL! results from the interband transition responsible for the re
nance.

FIG. 4. Raman spectra for sampleC for different in-plane wave
vectorsq, measured with an excitation energy of 1.656 eV. The
produces a much weaker signal than the AP for this particular v
of d.
n
se
P

g
n
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Shubnikov–de Haas measurements in the dark becaus
the different illumination conditions~see Table I!; they are,
however, consistent with the Fermi energyEF determined
from the width of the quantum well PL.

So, under illumination the number densities for the thr
samplesA–C were roughly equivalent, and the principal di
ference was thus the inter-2DEG separation,d. As expected
from simple theory@Eq. ~1!#, the energy separation betwee
the two modes increases asd decreases~Fig. 2 and Fig. 6!.
The effect of the electron density on the plasmon energy
also be readily seen from a comparison of the Raman spe
for samplesA andD in Fig. 2. The quantum well and barrie
widths are the same for these two structures but the den
in sampleD is twice that in sampleA, resulting in the 40%
increase in the AP energy.

A weak dispersing feature~S! is also present in the high
wave-vector spectra for sampleA ~see Fig. 5!, which can be
ascribed to a plasmon in an electron gas of density;6
31010 cm22 at the inverted heterointerface deep within t

-

e

FIG. 5. Raman spectra for sampleA for different in-plane wave
vectorsq, measured with an excitation energy of 1.623 eV. T
weak low-energy featureS may be due to a plasmon in a low
density 2DEG buried deep within the heterostructure.

FIG. 6. Dispersion of the optic~OP! and acoustic~AP! plasmon
modes for samplesA(l) and C (d). The curves are calculate
using the zero-temperature RPA with an STLS correction, and w
values ofN15N25Ns chosen to optimize the fit to the data~see
text and Table I!. The shaded region shows the continuum of sin
particle transitions expected for these number densities.
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structure. The distance between this 2DEG and the elec
bilayer is sufficiently large, and the difference in densit
sufficiently great, to preclude any significant interaction b
tween the plasmons in the two electron systems.

VI. RAMAN SCATTERING INTENSITIES

The ratio of the AP and OP Raman intensities has b
predicted to be strongly dependent on the laser waveleng
the semiconductor and ond.30 This can be understood i
terms of interference between the scattered light from
two 2DEG’s; in the simple case of the true backscatter
geometry in whichkL , the light wave vector in the semicon
ductor, is assumed to be normal to the 2DEG planes, for
in-phase OP, Raman scattering by charge-density fluc
tions will be a maximum whenkLd5np, whereas the maxi-
mum intensity will occur for the out-of-phase fluctuatio
associated with the AP whenkLd5(n1 1

2 )p (n is an inte-
ger!. For the experiments presented here, the wavelen
2p/kL'2000 Å , and it is clear from Fig. 2, and from
comparison of Figs. 4 and 5, that there is a strong dep
dence of the relative strengths of the optic and acoustic p
mons on the layer separationd for samplesA–C. Calcula-
tions of the Raman cross section, in which the interfere
effect described above is taken into account by
e22ikL(z2z8) term in Eq.~3!, indicate that the effect of this
interference on the Raman intensities of the two plasm
modes is far more significant than that of reduced elec
magnetic coupling between layers on increasing the bila
separationd. Figures 4 and 5 also show that the OP ga
strength compared with the AP with increasing wave vec
q, in line with the predictions of Ref. 30.

The experimental spectra for samplesA–C in Fig. 2 can
be compared with those obtained in the RPA calculation@Eq.
~3!#, shown in Fig. 7~the plasmon energies are slight
higher than those obtained within the STLS approach, u
to determine the 2DEG densities!. For q51.353105 cm21

the experimental intensity ratios~AP to OP! are 1.2~sample
A!, 18 ~sampleB), and 24~sampleC), and the RPA calcu-
lations give 1.3~sampleA), 58 ~sampleB), and 3.3~sample
C). There is a semiquantitative agreement between exp
ment and theory, particularly for samplesA andB. The ex-
citation energies used here were chosen to give an incom
resonance for each sample, under the premise that both
AP and OP would be similarly resonantly enhanced. T
discrepancies between experiment and theory for the AP

FIG. 7. Theoretical Raman spectra for samplesA–C ~i.e., as a
function of electron layer separationd).
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intensity ratios can probably be ascribed to different reson
enhancements of the two modes, not included in this n
resonant Raman scattering model.29 Difficulties in tuning the
laser energy exactly to the incoming resonance, and on
uncertainties in the well widths will also be factors. In add
tion, in our calculation we have determined the wavelen
of light in the semiconductor (;2000 Å ) using a refractive
index of 3.7; we have not taken into account the effect of
variation in refractive index with composition across the h
erostructure. However, bearing in mind these limitations,
good agreement obtained indicates the power of mode
resonant electronic Raman scattering line shapes u
simple linear-response theory.

VII. EFFECTS OF SAMPLE QUALITY

The AP and OP for the lower mobility samplesD andE
were found to disperse as expected~see, e.g., Fig. 8 and Re
24 for sampleE), but with the plasmons at higher energi
compared to those for samplesA–C because of the highe
densities in these samples~see Table I!. However, comparing
the Raman spectra for the two sets of samples~Fig. 2!, it can
be seen that, whereas the two plasmon peaks are of com
rable width for samplesA–C, for sampleE the width of the
OP is significantly broader than that of the AP and f
sampleD the OP was not observed, despite an extens
search for suitably resonant conditions~an RPA calculation
predicts the AP and OP intensities to be comparable
sampleD, cf. sampleA). In addition, although sampleE
displayed a number of resonances for the AP, the OP
observed only for an incident energy of 1.705 eV.

The lower mobilities of samplesD andE indicate shorter
single-particle lifetimes for these two samples, which w
result in an increased damping of the plasmons, and ind
the AP Raman peak for samplesD andE is clearly broader
than that for samplesA–C. However, increased single
particle scattering should affect both the AP and OP mo
equally and so cannot account for the significant broaden
of the OP peak compared to that of the AP. This effect m
be associated with scattering of the plasmons themsel
leading to a partial breakdown of wave-vector conservat

FIG. 8. Raman spectra for sampleE, obtained with an excitation
energy of 1.705 eV, showing the dispersions of the AP and OP.
OP is significantly broader than that of the AP, ascribed to a pa
breakdown of wave-vector conservation due to enhanced do
scattering.
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in the Raman scattering process for the OP—wave-ve
conservation breakdown has been invoked to explain Ra
scattering by high-wave-vector modes in the integer a
fractional quantum Hall regimes.32–34

The charge oscillations in each 2DEG are out of phase
the AP, so the electromagnetic fields associated with the
are strongly localized between the active layers.21 However,
the in-phase charge oscillations of the OP result in m
larger fields in the regions outside the double well structu
than for the AP,21 resulting in an enhancement of the sc
tering interaction of the OP with mobile carriers in the dop
Al xGa12xAs layers ~and possibly with then1-type GaAs
back gate!. The plasmon fields decay exponentially with d
tance from the 2DEG’s~Ref. 21! and so this interaction is
likely to be much more significant for samplesD and E,
which have much thinner spacer layers than samplesA–C,
leading to scattering of the OP and hence a partial los
wave-vector conservation, resulting in the broad, or non-
istent, OP feature for these samples. However, it should
noted that there cannot be complete relaxation of wa
vector conservation for the OP, since this mode dispe
with q as expected24 ~Fig. 8!.

The high integrated intensity of the OP mode in Fig.
~sampleE) compared to that of the AP mode is also a s
prise, since for the excitation wavelength~727 nm! used for
these measurements and the layer separationd, Raman scat-
tering by the AP is expected to be much stronger than
for the OP~cf. sampleB). The fact that this mode was ob
or
an
d

r
P

h
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of
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e
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es
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served only over a narrow range of excitation energi
whereas a number of Raman resonances were observe
the AP, indicates a very strong resonant enhancement for
non-wave-vector conserving process.

VIII. SUMMARY

The acoustic plasmon in a two-component system
been successfully observed using Raman spectroscop
probe an MBE-grown conducting double layer system c
taining just two 2DEG’s, separated spatially so that tunnel
between the electron layers is not possible but allow
strong Coulomb interactions. Good agreement was obta
between experiment and RPA theory for the plasmon disp
sions, using the electron density as a fitting parameter.
Raman spectra, although measured under resonant co
tions, are described well using the dielectric response de
mined within the RPA. Because of its more extensive fie
distribution, the optic plasmon was much more sensitive th
the acoustic plasmon to scattering processes associated
the layers surrounding the electron bilayer, leading to a p
tial loss of wave-vector conservation in the Raman scatte
process for samples with thin spacer layers between
quantum wells and the dopant layers.
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