
RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 161302~R!
Elementary excitations in modulation-doped Cd„Mn …Te quantum wells
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We report on the observation of dispersive elementary excitations of two-dimensional electron gases in
modulation-doped CdTe and Cd12xMnxTe quantum wells. From the plasmon dispersion, we deduce electron
densities in good agreement with the ones deduced from independent experiments, provided that a finite
lifetime of the electron-hole pairs is taken into account within a modified random phase approximation model.
We also find in the same samples uncorrelated electron-hole excitations at energies significantly lower than
expected from the electron density. We discuss the possible implications of these findings in terms of electron
localization.
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The physics of elementary excitations of low-dimensio
electron gases has been intensively studied in the pas
years, mostly in the model system of modulation-dop
quantum wells.1 This system provides a unique configurati
of high mobility electrons with a tunable density and a m
tallic behavior down to very low temperatures. The pred
tions of the random-phase approximation~RPA! has been
extensively investigated and provide a very good descrip
of numerous experimental results, mostly obtained
GaAs/Ga12xAl xAs heterostructures. In this high purity sy
tem, scattering due to remote doping atoms and residual
purities are so small that the lifetime of electron-hole pa
close to the Fermi energy can be safely considered as infi
while, on the other hand, exchange-correlation effects ge
ally play a minor role. Electron gases in modulation-dop
quantum wells based on II-VI materials, such as CdTe, of
a new situation because larger values ofr s are more easily
accessible due to the smaller Bohr radius@pn(r saB)251,
wheren is the two-dimensional electron density andaB is the
Bohr radius, equal to 6 nm in CdTe instead of 10 nm
GaAs#. Corrections due to collective interactions are e
pected to become more important.2,3 Thanks to the signifi-
cant recent advances4 in the epitaxy of modulation-dope
II-VI heterostructures and despite the fact that they still ha
not reached a quality comparable to the GaAs ones,
therefore of great interest to investigate the spectrum of t
elementary excitations. In this paper, we report on the ob
vation by inelastic light-scattering experiments of element
excitations of free-electron gases in CdTe and Cd12xMnxTe
quantum wells. We report also significant differences
tween the measured dispersions and standard RPA pr
tions. Our results are discussed in terms of defects scatte
and electron-electron interactions.

Inelastic light scattering is a well-established method
investigate the elementary excitations of electron gase
semiconductors.1,5,6 Because of the wave vector conserv
tion, one can measure the dispersion of elementary ex
0163-1829/2001/63~16!/161302~4!/$20.00 63 1613
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tions in the range 0 – 23105 cm21 typically, by simply tilting
the sample with respect to the incident direction of lig
Thanks to distinct polarization selection rules, plasmons,
correlated electron-hole pair excitations~the so-called single
particle excitations, SPE!, and spin-density excitations ca
be reliably identified. Moreover, as we have demonstra
recently on a GaAs modulation-doped quantum well,7 the
plasmons and the SPE display mutually exclusive resona
at different virtual interband transitions. This further rei
forces their identification. Based on these properties,
have identified in the inelastic light-scattering spectra
both CdTe and Cd12xMnxTe structures the following fea
tures: ~a! a plasmon line, with a well-defined dispersio
which cannot be correctly described with the standard tw
dimensional square-root dependence on the in-plane w
vector, contrary to what applies generally in GaAs structur
~b! a low-energy line with a linear dispersion, which displa
the specific features typical of single-particle excitations
GaAs, with significant departures however.

We have studied two different series of samples, e
containing a single quantum well made of either CdTe~se-
ries Cd! or CdxMn12xTe ~series Mn!, respectively.4 In all
samples, the well is 10 nm thick, the barriers are made
CdxMn12xTe with 15% of Mg and modulation doping i
obtained from iodine atoms inserted within the top barr
only. In the CdTe series, we compare three different samp
identical except for the thickness of the spacer layer wh
amounts to 20, 40, and 60 nm in samples Cd20, Cd40,
Cd60, respectively. In the Cd12xMnxTe series, we compare
two samples identical except for the Mn concentration in
quantum well ~1.8% in Mn18 and 2.1% in Mn21!. The
spacer thickness is 40 nm. The Mn series is made of se
magnetic compounds and displays specific behaviors un
small applied magnetic fields. In this paper, we focus
Raman results at vanishing field and the two series
samples are expected to behave similarly except for an
creased disorder due to alloy scattering in the Mn ser
©2001 The American Physical Society02-1
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Raman data have been taken on samples immersed in s
fluid helium (T51.8 K), using a Ti-sapphire laser with
typical incident power density of 10 W/cm2.

We show in Fig. 1~a! the wave-vector dependence of R
man spectra obtained on sample Cd20, with an incident l
energy close to the zone-centerE2H1 excitonic transition
associated with the second~empty! conduction subband
Such an incident energy provides selective resonances
plasmons.7 In this sample as well as in all others, a sing
Raman line is observed in these conditions and display
strong parallel polarization. We assign this line to the pl
mon excitation of the electron gas. We show in Fig. 1~b! the
wave-vector dependence of a second Raman line w
comes to resonance, when the laser energy is close to
E1H1 direct transition at the Fermi wave vectorkF , a dis-
tinctive character of SPE.7 This Raman line is observed i
both polarizations with comparable magnitudes. A simi
structure is observed in the other samples, but its ene
strongly decreases when going from Cd20 to Cd60 and
comes very small in the Mn samples. Based on these p
erties, we tentatively assign this line to single-particle ex
tations. To summarize, the electronic Raman spectra of II
compounds, reported in this paper for the first time, to
best of our knowledge, look qualitatively similar to the o
in GaAs quantum wells, despite of the significantly low
electron mobility. When comparing the measured dispersi
to the RPA predictions, one must however, realize t
strong departures appear, which have never been reporte
GaAs structures.

We show in Fig. 2 the measured dispersion of the diff
ent Raman lines observed in the five different samples
we compare them with standard theoretical predictions. R
predicts for the plasmon a square-root dependence on
in-plane wave vector, with a vanishing energy at vanish
q:8

FIG. 1. Resonant inelastic light-scattering spectra on C
sample shown as a function of the in-plane wave vector transfe
to the electron gas for two different incident laser energies.
Ei51.665 eV ~left! and for Ei51.613 eV ~right!, the signal due
plasmons~respectively, SPE! is strongly enhanced due to selectiv
resonances.
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vP5S ne2q

2«m* D 1/2

, ~1!

where« is the background dielectric constant andm* is the
effective mass at the Fermi wave vectorkF . This mass is
usually taken as the bare effective mass, eventually tak
into account nonparabolicity corrections atkF but neglecting
additional corrections due to electron-electron interactio
The ‘‘cyclotron mass’’ generally gives a good estimation
the relevant quantity.

On the other hand, the SPE line is expected to vanis
vanishing wave vector and to display a linear dispersion w
a slope equal to the Fermi velocityvF :

vSPE5vFq5\kFq/m* 5\
A2pn

m*
q. ~2!

The measured plasmon dispersion does not display
distinctive square-root dispersion@Eq. ~1!#. Assuming a lin-
ear dispersion, and a SPE character for the line, and in s
of the distinctive plasmon selection rules and resonance,
deduced electron density would be of the order of 2
31012cm22, ten times more than the density expected fro
the parameters of the sample. We thus reject this tenta
assignment and reexamine the plasmon behavior. Follow
Ref. 9, we include a finite lifetime of the electron-hole pa
within the RPA calculation.

In Ref. 9, a perturbative treatment of the diffusion
electron-hole pairs caused by the scattering on defects is
troduced, which assumes ad-function electron-defect inter
action and a finite lifetimet for the electron-hole pairs. A
plasmon dispersion is deduced forT50 K, which reduces to

vP5S vF
2qk

2
2

1

4t2D 1/2

~3!

when q is sufficiently small as compared to the Thoma
Fermi screening wave vectork5e2m* /2ph2«. The plasmon
oscillations are predicted to soften strongly at small wa
vector and they only exist for wave vectors larger than
critical value. The corresponding ‘‘shifted square-root’’ di

0
ed
r

FIG. 2. Comparison between the dispersions measured in
five samples~plasmons, full dots; SPE, full squares! and the ones
calculated according to different models discussed in the text@Eq.
~2! in dashed line and Eq. 4 in full line for SPE; Eq.~3! in full line
for plasmons#.
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persion gives a excellent description of our experimen
findings. This experiment on Cd~Mn!Te modulation-doped
quantum wells is the first clear observation, to the best of
knowledge, of a finite lifetime effect on the plasmon disp
sion. The same model also predicts a finite ‘‘lifetime width
for the plasmon line, which is equal to 1/2t. We report in
Table I the values of the electron density~using a ‘‘cyclotron
mass’’ of 0.105 and a background dielectric constant of!
and the lifetime of the electron-hole pairs deduced from
fit of the plasmon dispersion. We also give the full width
half maximum~FWHM! of the plasmon line. Concerning th
fitted densities, our data confirm that the transferred elec
density decreases systematically when the thickness of
spacer layer is increased. The values ofn obtained for Cd20
and the Mn samples are in excellent agreement with the
ues deduced from the Landau-level depopulation meas
in magnetotransmission experiments on the same samp2

The agreement with the rough estimations deduced from
width of the luminescence line, taken with similar illumin
tion conditions, is good, except for Cd40 and Cd60. W
show in Fig. 3 the normalized luminescence lines for the fi
samples. In modulation-doped quantum wells, the lumin
cence extends over a finite range of energies correspon
to the recombination between doping electrons within
whole Fermi sea and a photocreated hole, relaxed at the
of the valence band. The width of the luminescence line t
provides a measure of the Fermi energy. The accuracy of

TABLE I. Experimental information on the electron gases d
duced from our Raman scattering and luminescence data and
magneto-transmission measurements~Ref. 2!.

Cd20 Cd40 Cd60 Mn18 Mn21

Luminescence EF ~meV! 5 3 2 4 4
n (1011 cm22) 2.2 1.3 0.9 1.8 1.8

Magneto-
transmission

n (1011 cm22) 1.95 2.25 2.25

Plasmons n (1011 cm2) 2.07 1.81 1.5 2.4 2.2
2t ~ps! 0.31 0.30 0.36 0.27 0.28

\/2t ~cm21! 17 17 14 20 18.5
FWHM ~cm21! 8.1 5.2 4.2 8.6 8.0

SPE t ~ps! 4 2 0.8 0.5 0.5

FIG. 3. Normalized luminescence spectra on the five sampl
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measure is low, because of the uncertainties in the posi
of the gapE0 and the Fermi edgeEF within the lumines-
cence line. Concerning the lifetimes on the other hand,
values fitted from the plasmon dispersion are very small
of similar magnitudes for all samples. The correspond
‘‘lifetime widths’’ are at least twice larger than the measur
plasmon FWHM though the variations from sample
sample display consistent trends. We will discuss th
points further below.

Concerning the SPE dispersion, a correct description
the experimental results based on Eq.~2! and the electron
density deduced from the plasmon dispersion can be
tained for Cd20 only. We report in Fig. 2 the peak position
measured as a function of the angle of incidence. These
sitions decrease with decreasingq. Below 2.5 cm21, they
become too close to the elastic scattering at the laser en
to be accurately determined. In samples Cd20 and Cd40
measurements extend over a sufficient range of the w
vector to prove the linear character of the dispersion.
Cd20, the slope agrees well within experimental accur
with the value deduced from the density, assuming a s
dard degenerate electron gas. In Cd40, an anomalous
crease of the peak frequencies is observed but the slop
mains fairly consistent with the plasmon measurement.
Cd60, Mn18, and Mn21, the low-energy lines are only d
tectable at largeq and the slopes can no longer be det
mined. The experimental anomaly, already present in Cd
becomes very strong: the SPE energies are much sm
than expected from the value of the electron density dedu
from the plasmon dispersion~dashed lines in Fig. 2!. The
origin of these unexpected features is not yet fully und
stood. They are likely to reflect the unusually short lifetim
of the electron-hole pairs, as deduced from the plasmon
persion. We show in Fig. 2 the dispersion of the peak S
energies calculated using the response function of the no
teracting electron gas, as given in Ref. 9:

x0~v,q!}
v

A~v1 i /t!22vF
2q22 i /t

21. ~4!

This expression was derived using some strong approxi
tions but we have preferred to use it rather than
Lindhard-Mermin formula1,5 to be consistent with the plas
mon analysis. Using the densities deduced from the plasm
dispersion, we cannot fit the SPE data with the very sh
plasmon lifetimes but with much larger values, significan
varying from sample to sample~see Table I!. This fit is not
very conclusive for Cd60, Mn18, and Mn21, because of
limited experimental information but we think that a signi
cant decrease of the lifetime in these samples is dem
strated and the estimated values are given in Table I.

Let us now compare the experimental information whi
we have deduced on the disorder effect in our samples f
the plasmon and SPE dispersions and from the luminesc
line shapes. Contrary to the electron density, which is c
sistently deduced from the different observations, wh
available, the lifetime determinations show some discrep
cies. According to the fit of the plasmon dispersion, disor
effects, due to impurities or alloy fluctuations, should n
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vary significantly from sample to sample, in clear contrad
tion to the strong trends observed for the SPE dispersion
the luminescence lineshape. It is now well established10,11

that the activation in the luminescence line of non-verti
recombinations between occupied conduction electrons
finite wave vector and photocreated holes relaxed in n
zone center valence states is due to potential fluctuati
Depending on the amplitude of these fluctuations, the lu
nescence line shape either peaks at the zone-center band
for instance, in high-quality GaAs quantum wells,10 or ex-
tends up to the Fermi-edge energy without significantly
creasing, for instance, in quantum wells made of In12xGaxAs
alloys.11 In our Mn samples, the second behavior is obser
~see Fig. 3! and clearly reflects alloy disorder due to th
substitution of Cd atoms by Mn ones. In Cd samples, the
shape evolves from a peaked structure in Cd20 toward
broad one in Cd60. As significant variations of the disord
are not expected in these samples, which are very sim
except for the spacer layer thickness, we attribute this c
tinuous evolution to the decreasing electron density and
increasing sensitivity of conduction electrons to poten
fluctuations. The Raman observations associated to the
lines are fully consistent with this analysis: the depart
from a pure degenerate behavior is large in the Mn sam
and increases continuously along the Cd series. This be
ior is not corroborated by our analysis of the plasmon d
persion, which indeed shows a strong departure from
ideal dispersion in high mobility electron gas but also exh
its very small variations from sample to sample and giv
inconsistent values for the lifetimet and the linewidth. This
likely reflects that the perturbative treatment of impur
scattering introduced in Ref. 9 is insufficient to reprodu
quantitatively the experimental departures from the stand
behavior reported in this paper.

To conclude, we have reported the first observation, to
best of our knowledge, of the low-energy excitations o
two-dimension electron gas embedded in modulation do
c-
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Cd~Mn!Te single quantum wells. While the overall trend
follow the standard picture established on GaAs wells, s
nificant quantitative departures appear, which we have a
lyzed in terms of disorder induced finite lifetimes of th
electron-hole pairs across the Fermi energy. In low-den
GaAs heterostructures, a transition has been observed in
luminescence spectrum12 which is dominated by band elec
trons at large densities and becomes dominated by cha
excitons when the density is decreased. This transition
correlated to a strong drop in the conductance of the sam
and has been attributed to a metal-insulator transition.12 Lo-
calization of electrons has been directly demonstrated
near-field spectroscopy in the same regime.13 The lumines-
cence properties of electron gases in II-VI quantum we
display the same transition at densities slightly smaller th
available in our samples.3,14 Even though conductance me
surements have not been yet reported, a localization tra
tion is thus very likely to exist in II-VI quantum wells
Above but close to this transition one should certainly exp
strong departures from the standard degenerate electron
behavior such as the ones reported in this paper. Fundam
tal questions about~i! the type of states~localized or ex-
tended! which are likely to contribute to the plasmon osc
lation, ~ii ! the effective mass of the electron-hole pairs wh
the Fermi edge is above but close to the mobility edge,
finally ~iii ! the necessary modifications to the many-bo
corrections atkF due to disorder, have not been yet cons
ered in detail from the theoretical point of view. We expe
that the detailed experimental results reported in this w
will help to develop such a theory.
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