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Resonant Mechanisms of Inelastic Light Scattering by Low-Dimensional Electron Gases
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The contribution of elementary excitations in low-dimensional electron gases to resonant inelastic light
scattering is found to be determined by interband transitions involving states at specific wave vectors.
In modulation-doped GaAs�GaAlAs quantum wells, we detect only the single-particle excitations (SPE)
at resonances with electron-hole transitions at the Fermi wave vector, and only plasmons at resonances
with zone-center excitons. The plasmon cross section is comparable to the SPE when double electronic
resonance is achieved by tuning the plasmon energy to a valence subband separation.
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The physics of interacting electron gases at low dimen-
sions concerns a large class of materials systems such
as organic and inorganic naturally one-dimensional (1D)
conductors, edge states in the fractional quantum Hall
regime, metallic carbon nanotubes, and doped semicon-
ductor quantum wires. While the Fermi liquid theory suc-
cessfully describes 2D interacting electron systems and
predicts coexisting quasiparticules and collective excita-
tions across the Fermi surface, it no longer applies to
1D systems. For 1D conductors, the adequate theoretical
scheme is the Luttinger liquid whose distinctive features
are the disappearance of any quasiparticle excitation and
the power law behavior of physical quantities across the
Fermi surface [1]. Various experimental methods have
been applied to obtain evidence of these specific differ-
ences. Power law variations of conductivity with tempera-
ture were recently reported in transport experiments in
semiconductor wires [2] and in carbon nanotubes [3], as
well as in the optical conductivity of organic materials [4].
Photoemission studies of naturally 1D conductors such
as Li0.9Mo6O17 have revealed the absence of step in the
occupation function at the Fermi energy [5]. Surprisingly,
however, early Raman spectroscopy results on doped semi-
conductor quantum wires were successfully interpreted
within the Fermi model [6]. Raman scattering is very
powerful to study electronic excitations close to the Fermi
surface since quasiparticule excitations [often denoted
single-particle excitation (SPE)] and collective modes
(plasmons) display distinctive polarization selection rules.
Sassetti and Kramer [7] recently showed that the results
of Ref. [6] could be reinterpreted within the Luttinger
model. Unambiguous observation of the disappearance of
SPE lines in the Raman signal in a strictly 1D system thus
remains a challenging goal.

One must, however, realize that the observation of SPE
at 2D is already in contradiction to the standard Fermi
liquid theory of the electronic Raman cross section [8],
in which the SPE contribution is almost fully screened.
Nevertheless, there have been several experimental reports
[9] of the observation of intense SPE lines in 2D electron
gases. Large variations of the line intensities with the in-
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cident laser frequency have been demonstrated, showing
the importance of the resonant mechanisms negelected in
the standard theory. Moreover, important variations from
sample to sample still remain to be understood, possibly
in terms of disorder.

In a recent Letter [10], Das Sarma and Wang presented
a significant advance in this old puzzling problem. They
show that intense SPE lines are predicted in the absence of
disorder, due to strong resonance conditions. This state-
ment has stimulated us to perform a systematic study of
the resonance profile of both SPE and plasmon lines in a
high-quality two-dimensional electron gas (2DEG). We re-
port in this Letter on the observation of Raman resonances
associated with both SPE and plasmon lines. We demon-
strate that the different excitations resonate at completely
different and mutually exclusive interband virtual transi-
tions: plasmons at zone-center excitons associated with
empty conduction subbands, and SPE at Fermi edge transi-
tions associated with the fundamental occupied conduction
subband. We confirm experimentally the main theoretical
prediction of Ref. [10] and we show that resonant Raman
scattering by SPE is well described within the electron den-
sity fluctuation mechanism, while plasmon lines are not
observed at the same resonances. In addition we observed
novel behaviors for the plasmon cross section, namely, its
strong variation as a function of the scattering wave vec-
tor. A decrease of this cross section could be understood
in terms of Landau damping, because the plasmon energy
goes closer to the SPE continuum at larger wave vector.
We observe the opposite variation: the plasmon cross sec-
tion increases with increasing wave vector. Moreover, we
observed for some samples a very strong increase of the
plasmon cross section, without significant change of the
density, after etching the sample surface. We show that
other resonant mechanisms, not included in Ref. [10], are
essential to obtaining a comprehensive understanding of
our experiments and that these mechanisms are possibly
very sensitive to potential fluctuations in the structures.

We have investigated two different samples, both one-
side modulation-doped GaAs�AlAs 18-nm-wide quantum
wells, with the same spacer layer thickness (20 nm) and
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the same distance to the surface (85 nm). The Si delta-
doping dose in sample A �1.0 3 1012 cm22� has been ad-
justed close to the minimum amount necessary to saturate
both the midgap surface states and quantum well density,
in order to minimize potential fluctuations due to remote
ionized impurity scattering. The corresponding Hall den-
sity and mobility amount to 3 3 1011 cm22 and 2 3

105 cm2�V ? s in the dark and 7 3 1011 cm22 and 2 3

106 cm22�V ? s after strong illumination. In sample B,
we used a larger Si dose �3.7 3 1012 cm22�, and the Hall
density and mobility then amount to 4 3 1011 cm22 and
9 3 105 cm2�V ? s in the dark and 6.9 3 1011 cm22

and 4.5 3 106 cm2�V ? s after strong illumination. The
Raman experiments were performed on the samples im-
mersed in superfluid helium with a typical power den-
sity of 10 W�cm2 in close resonance to the lowest 2D
transitions in the 2DEG.

The resonance data for sample A are shown in Figs. 1a
and 1b for incident energies at about 1.57 and 1.55 eV,
respectively, and for a fixed incidence angle �50±� corre-
sponding to an in-plane wave vector transferred to the elec-
tron gases equal to 1.2 3 105 cm21. In Fig. 1a the energy
of the Raman lines is slightly above the E2H1 exciton line
observed in luminescence (at 1.5578 eV in this sample),
while in Fig. 1b they are close to the Fermi edge observed
in luminescence. Two Raman lines are observed. At a
lower energy shift (2.8 meV at this angle), an asymmet-
ric line with a linear dispersion (not shown) is assigned to
single-particle excitations. From the slope of the disper-
sion, we extract a density of 7 3 1011 cm22. At higher
energy shift (8.5 meV), a plasmon line is recorded, with a
quasi-square-root dispersion (not shown). It is remarkable
that the plasmon line is observed only in a very limited
range of incident energies between 1.573 and 1.575 eV
and displays a very sharp resonance in this range. The
SPE resonances (about 1.570 and 1.545 eV) are broader.

FIG. 1. Dependence of the Raman spectra on the outgoing
energy, taken in sample A at fixed angle of incidence �50±�,
above the E2H1 luminescence line (a) or above the luminescence
Fermi edge (b). The Raman curves have been shifted vertically
for clarity. The corresponding laser energy is given for each
curve.
We stress that the resonances of both excitations appear at
different energies, either in the ingoing or in the outgoing
channels, i.e., either when the incident �EL� or the scat-
tered �ES� photon energies corresponding to the maxima
of the resonances are compared.

These experimental observations cannot be fully under-
stood based on the theoretical description from Ref. [10],
which predicts that SPE lines and plasmons should reso-
nate at the same energy. In order to understand this novel
result, we compare the Raman resonance profiles to the lu-
minescence and the photoluminescence excitation (PLE)
curves in the same sample. In Fig. 2a, steps in the PLE
spectrum correspond to vertical transitions beyond kF be-
tween the occupied subband E1 and the valence subbands
H1, L1, and H2 (labeled with a star) while peaks cor-
respond to zone-center excitonic resonance between the
empty conduction subband E2 and the same valence sub-
bands. Their assignment has been checked from circular
polarization measurements and their energies fairly agree
with the calculations of Ref. [11]. In the same graph, we
have plotted Raman intensities as a function of the out-
going energy because the peak resonance energy shifts
when the Raman shift is changed, while the laser posi-
tion remains fixed. From comparison with the PLE, we
deduce that the two SPE resonances coincide with two
steps associated with E1L�

1 and E1H�
2, respectively, i.e.,

that the resonance mechanism involves the k � kF states
in the E1 occupied subband. The corresponding resonance
is fairly narrow with a typical width of 3.7 meV. The
single plasmon resonance is much narrower, with a typi-
cal width smaller than 1 meV. Its maximum coincides
with the E2L1 excitonic resonance observed in PLE. It

FIG. 2. (a) Comparison between the luminescence (dashed
line) and the PLE (solid line) with the Raman intensities plotted
as a function of the scattered energy for the plasmon (open
squares) and the SPE (full circles). The assignment of the
interband transitions is given. (b),(c) Valence and conduction
subband dispersion with schematic representations of the Ra-
man mechanisms invoked for the SPE resonance [(b) electron
density fluctuations] and for the plasmon resonance [(c) double
excitonic resonance].
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follows from these novel observations that completely dif-
ferent mechanisms have to be considered to quantitatively
describe the SPE and the plasmon resonances, respectively.

The SPE resonance close to Fermi edge transitions can
be explained within the electron density fluctuation mecha-
nism [10] in which the photon couples directly to the Fermi
sea. As shown in Fig. 2b, an electron is promoted from
the valence subband to an empty state above EF (step 1).
Then an electron below the Fermi level recombines with
the remaining hole in the valence band (step 2). Within this
mechanism, the Raman cross section is difficult to evaluate
exactly. Assuming nonresonant conditions [8], drastic ap-
proximations can be made: the transition energy between
the involved conduction and valence states is assumed to
be the same for any couple of states, and the quasistatic
approximation is made: EL � ES . By using fluctuation-
dissipation theory, the Raman cross section is then propor-
tional to the many-body dielectric response function of the
electron gas. SPE lines are very strongly screened in these
conditions.

Using more sophisticated treatments of the same mecha-
nism, it was shown recently [10] that SPE scattering can
even overcome plasmon scattering at very strong electronic
resonance. Our data indeed confirm that SPE dominates in
these conditions. Moreover we verify the theoretical pre-
dictions that the resonance curve peaks when the scattered
energy equals the transition at kF , either E1L�

1 or E1H�
2

and exhibits a narrow width reflecting the small energy
range of allowed initial states. We have not been able to
detect any plasmon scattering based on the same mecha-
nism, i.e., when the laser is adjusted such that the plasmon
line coincides with a Fermi edge transition. This indicates
that the resonant plasmon scattering is at least 2 orders of
magnitude smaller than the SPE, while ratios of the order
of unity are emphasized in Ref. [10]. One must, however,
stress that (i) a much smaller ratio appears in Fig. 4 of
Ref. [10] in very strong resonance, actually for 1D gases,
and (ii) no predictions are given for the absolute resonance
curves and it remains impossible to estimate whether the
absolute resonant curve for plasmons is consistent with our
observations.

On the other hand, the strong and narrow resonance of
the plasmon peak cannot be explained within the same
mechanism, and one has to look for another light scat-
tering process. Let us first present a detailed experimental
description of this resonance in sample B, after a 45-nm
wet-etching of the GaAlAs barrier. The results on the
as-grown sample will be further discussed below. All of
the Raman properties in the etched sample compare well
with those in sample A: a narrow resonance is recorded
when the outgoing photon coincides with the E2L1 exci-
ton resonance in PLE. At this particular angle, the reso-
nance energy moreover coincides with the E2H2 excitonic
resonance when the incoming photon is considered. This
feature, novel in the context of electronic excitations, was
already reported for optical phonons in quantum wells [12]
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as a double resonance, when the LO phonon energy equals
an intersubband energy splitting in the conduction band.
Here, the intrasubband plasmon energy equals a valence
subband separation (between L1 and H2) and we take ad-
vantage of the tunability of this energy with the angle of
incidence to fully explore the double resonance behavior.

We show, in Fig. 3a, Raman spectra obtained at sev-
eral angles of incidence on the 45-nm-etched sample B and
with the incident laser energy optimized for maximum in-
tensity for each wave vector. This maximum intensity is
strongly varying with angle, i.e., with the plasmon energy.
In Fig. 3c, we show the overall variation of the plasmon
intensities as a function of the incident laser energy for
a different angle of incidence. To quantitatively analyze
this data, we use a mechanism introduced in Ref. [13] to
analyze resonance profiles of intersubband excitations. It
relies on excitonic intermediate states coupled to plasmons
via Coulomb interactions. As shown in Fig. 2c, the inci-
dent photon creates a near-zone-center exciton between the
empty valence and the conduction bands (step 1). A transi-
tion to a lower energy exciton, corresponding to a different
valence subband, goes with the plasmon creation (step 2)
and is followed by the recombination of this new exciton
(step 3). Within this model, the dominant term in the Ra-
man cross section writes

R �

É
C

�EX
1 2 EL 1 id1� �EX

2 2 ES 1 id2�

É2
,

where EX
1 and EX

2 are two different excitonic transitions
with a linewidth d1 and d2, respectively, and C contains
matrix elements. The first factor in the denominator

FIG. 3. (a) Raman spectra due to plasmons in the etched
sample B at the resonance peak for several incidence angles.
(b) Dependence of the Raman spectra on the outgoing energy,
taken in sample B (as grown) at a fixed angle of incidence
�50±�. (c) Variation of the Raman intensity of the plasmon in
the etched sample B close to double resonance. The symbols
correspond to measured intensities (bottom curves) and the
lines to calculated intensities (top curves), both plotted as a
function of the incident energy.
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corresponds to the incoming channel while the second
one is associated with the outgoing channel. In Fig. 3c,
the resonance profiles calculated for different experimen-
tal angles using EX

1 � 1.5793 eV, EX
2 � 1.5698 eV,

and d1 � d2 � 1 meV are compared to the experiment.
They reproduce well the main trends of the experimen-
tal results: (i) The maximum intensity rapidly decreases
when the double resonance is detuned. (ii) When the
wave vector is changed, the peak resonance energy shift
is smaller than the corresponding Raman shift due to
the mixing of the two (incoming and outgoing) channels
involved in the Raman cross section. These fitting parame-
ters agree well with the parameters of the two excitonic
transitions to which we assign the double resonance:
E2H2 (E � 1.5790 eV, d � 0.7 meV) and E2L1 (E �
1.5694 eV, d � 0.7 meV). Though intensities calculated
within our model decay less rapidly than measured ones at
large detunings, the assignment of the observed plasmon
resonance to a double excitonic mechanism is fully
justified with the unique features of a very strong intensity
and a very narrow range of observation.

Let us now come back to the effect of etching on
sample B. We have observed a significant modification of
the plasmon lines due to etching, while the other optical
properties of the sample are only slightly affected. The
SPE resonance remains the same before and after etching,
while the plasmon resonances display the narrow and
intense behavior described previously only after etching.
As shown in Fig. 3b, the observations are quite different
before etching. The plasmon line is poorly resolved and
appears as an increase of the small hot luminescence
feature at E2L1, when it goes through. By using the
previous model with the same value of the constant C, we
reproduce the results in almost double resonance by taking
d1 � d2 � 1.3 meV instead of 1.0 meV. Such an exciton
broadening is not observed in the PLE spectra, which
remain unaffected by etching, except for a rigid shift. The
origin of this moderate additional broadening and of its
dramatic consequences on the plasmon Raman line double
resonance remains to be determined. When noting that
the fitted broadening parameters of the etched sample data
were larger than the excitonic widths (0.7 meV), we pro-
pose plasmon damping due to Coulomb interaction with
charged impurities as a possible mechanism to explain
the observed additional broadening, and we tentatively
assign the strong variations of the plasmon resonances to
a change of the parallel charge distribution either with
the initial doping dose or, equivalently, with the surface
etching.

In conclusion, we have presented an overall experimen-
tal determination of the resonant light scattering cross sec-
tion by electronic excitation in high mobility 2DEGs. We
confirm that the recently published proposal [10] in which
the electron density fluctuation mechanism induces strong
single-particle excitation scattering at resonance, is experi-
mentally verified in very low disorder samples. We show
furthermore that plasmon scattering due to this mecha-
nism is not detectable at resonance but reaches intensities
comparable to SPE when double excitonic resonance is
achieved. This double resonance fully explains the wave
vector dependence of the plasmon cross section observed
in 2DEGs. As anticipated in Ref. [10], resonant mecha-
nisms which are already of paramount importance in 2D,
as demonstrated here, should also play a determinant role
in 1D systems. The experimental advances presented in
this Letter should allow one to draw firm conclusions on
the 1D behavior in future electronic Raman scattering stud-
ies of semiconductor quantum wires [14]. This approach
could also be extended to other 1D conductors.
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