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We report on the observation of dispersive elementary excitations of two-dimensional electron gases in
modulation-doped CdTe and €dMn,Te 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-dimensionaltions in the range 0—210° cm* typically, by simply tilting
electron gases has been intensively studied in the past 2fe sample with respect to the incident direction of light.
years, mostly in the model system of modulation-dopedrhanks to distinct polarization selection rules, plasmons, un-
quantum wells. This system provides a unique configuration correlated electron-hole pair excitatiofite so-called single
of high mobility electrons with a tunable density and a me-particle excitations, SPEand spin-density excitations can
tallic behavior down to very low temperatures. The predic-be reliably identified. Moreover, as we have demonstrated
tions of the random-phase approximatiRPA) has been recently on a GaAs modulation-doped quantum Wehe
extensively investigated and provide a very good descriptioplasmons and the SPE display mutually exclusive resonances
of numerous experimental results, mostly obtained inat different virtual interband transitions. This further rein-
GaAs/Ga_,Al,As heterostructures. In this high purity sys- forces their identification. Based on these properties, we
tem, scattering due to remote doping atoms and residual infrave identified in the inelastic light-scattering spectra on
purities are so small that the lifetime of electron-hole pairsbhoth CdTe and Cd ,Mn,Te structures the following fea-
close to the Fermi energy can be safely considered as infiniteires: (a) a plasmon line, with a well-defined dispersion
while, on the other hand, exchange-correlation effects genewhich cannot be correctly described with the standard two-
ally play a minor role. Electron gases in modulation-dopeddimensional square-root dependence on the in-plane wave
guantum wells based on II-VI materials, such as CdTe, offersector, contrary to what applies generally in GaAs structures;
a new situation because larger values gfare more easily (b) a low-energy line with a linear dispersion, which displays
accessible due to the smaller Bohr radjusn(rqag)?=1, the specific features typical of single-particle excitations in
wheren is the two-dimensional electron density amglis the  GaAs, with significant departures however.

Bohr radius, equal to 6 nm in CdTe instead of 10 nm in We have studied two different series of samples, each
GaAsg|. Corrections due to collective interactions are ex-containing a single quantum well made of either Cd3e-
pected to become more importéntThanks to the signifi- ries C9 or CdMn,_,Te (series Mn, respectively’ In all

cant recent advancksn the epitaxy of modulation-doped samples, the well is 10 nm thick, the barriers are made of
[I-VI heterostructures and despite the fact that they still haveCd,Mn; _,Te with 15% of Mg and modulation doping is
not reached a quality comparable to the GaAs ones, it isbtained from iodine atoms inserted within the top barrier
therefore of great interest to investigate the spectrum of theionly. In the CdTe series, we compare three different samples,
elementary excitations. In this paper, we report on the obseidentical except for the thickness of the spacer layer which
vation by inelastic light-scattering experiments of elementaryamounts to 20, 40, and 60 nm in samples Cd20, Cd40, and
excitations of free-electron gases in CdTe and G¥n,Te  Cd60, respectively. In the Gd,Mn,Te series, we compare
quantum wells. We report also significant differences betwo samples identical except for the Mn concentration in the
tween the measured dispersions and standard RPA prediguantum well (1.8% in Mnl18 and 2.1% in Mn2l The
tions. Our results are discussed in terms of defects scatterirgpacer thickness is 40 nm. The Mn series is made of semi-
and electron-electron interactions. magnetic compounds and displays specific behaviors under

Inelastic light scattering is a well-established method tosmall applied magnetic fields. In this paper, we focus on
investigate the elementary excitations of electron gases iRaman results at vanishing field and the two series of
semiconductor$>® Because of the wave vector conserva-samples are expected to behave similarly except for an in-
tion, one can measure the dispersion of elementary excitareased disorder due to alloy scattering in the Mn series.
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FIG. 1. Resonant inelastic light-scattering spectra on Cd2dor plasmong

sample shown as a function of the in-plane wave vector transferred

to the electron gas for two different incident laser energies. For ( nezq )1/2
Wp= y

Raman shift (cm™)

E;=1.665¢eV (left) and for E;=1.613 eV (right), the signal due 2em* (1)

plasmongrespectively, SPEis strongly enhanced due to selective

resonances. wheree is the background dielectric constant amd is the
effective mass at the Fermi wave vectqr. This mass is

Raman data have been taken on samples immersed in Supgls_ually taken as the ba_re_ effective_ mass, eventually_ taking

fluid helium (T=1.8K), using a Ti-sapphire laser with a into account nonp_arab0I|C|ty correctionskat but ngglectmg

typical incident power density of 10 W/cm additional corrections due to electron-electron interactions.

We show in Fig. 1a) the wave-vector dependence of Ra- The “cyclotron mass” generally gives a good estimation of

- i L the relevant quantity.
man spectra obtained on sample Cd20, with an incident laser On the other hand, the SPE line is expected to vanish at

energy close .to the zone-centBH, excﬂomc transition vanishing wave vector and to display a linear dispersion with
assomateq v_wth the secon(cdempt)b Condu_ctlon subband. a slope equal to the Fermi velociby:

Such an incident energy provides selective resonances for
plasmons. In this sample as well as in all others, a single J2mn

Raman line is observed in these conditions and displays a wspe=vq=nkeq/m* =h ——q. (2
strong parallel polarization. We assign this line to the plas- m

mon excitation of the electron gas. We show in F|(j_))]the . . The measured plasmon dispersion does not display any
wave-vector dependence of a second Raman line whicligsinctive square-root dispersig&q. (1)]. Assuming a lin-
comes to resonance, when the laser energy is close t0 ey gispersion, and a SPE character for the line, and in spite
E;H, direct transition at the Fermi wave vectg, a dis-  of the distinctive plasmon selection rules and resonance, the
tinctive character of SPEThis Raman line is observed in deduced electron density would be of the order of 2.0
both polarizations with comparable magnitudes. A similarx 10'2cm=2, ten times more than the density expected from
structure is observed in the other samples, but its energihe parameters of the sample. We thus reject this tentative
strongly decreases when going from Cd20 to Cd60 and beassignment and reexamine the plasmon behavior. Following
comes very small in the Mn samples. Based on these profref. 9, we include a finite lifetime of the electron-hole pairs
erties, we tentatively assign this line to single-particle exci-within the RPA calculation.
tations. To summarize, the electronic Raman spectra of II-VI In Ref. 9, a perturbative treatment of the diffusion of
compounds, reported in this paper for the first time, to theelectron-hole pairs caused by the scattering on defects is in-
best of our knowledge, look qualitatively similar to the one troduced, which assumes&function electron-defect inter-
in GaAs quantum wells, despite of the significantly loweraction and a finite lifetimer for the electron-hole pairs. A
electron mobility. When comparing the measured dispersionglasmon dispersion is deduced b+ 0 K, which reduces to
to the RPA predictions, one must however, realize that 5 12
strong departures appear, which have never been reported for e ( vedx 1 )
P 2

GaAs structures. 2 472 )

We show in Fig. 2 the measured dispersion of the differ-
ent Raman lines observed in the five different samples andhen q is sufficiently small as compared to the Thomas-
we compare them with standard theoretical predictions. RPAermi screening wave vectar=e’m* /27h’s. The plasmon
predicts for the plasmon a square-root dependence on thascillations are predicted to soften strongly at small wave
in-plane wave vector, with a vanishing energy at vanishingvector and they only exist for wave vectors larger than a

q:® critical value. The corresponding “shifted square-root” dis-
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TABLE I. Experimental information on the electron gases de-measure is low, because of the uncertainties in the position
duced from our Raman scattering and luminescence data and frogf the gapE, and the Fermi edg&g within the lumines-
magneto-transmission measureme(iRef. 2. cence line. Concerning the lifetimes on the other hand, the
values fitted from the plasmon dispersion are very small and
Cd20 Cd40 Cd60 Mn18 Mn2l of similar magnitudes for all samples. The corresponding
“lifetime widths” are at least twice larger than the measured

Luminescence Eg (meV) 5 3 2 4 4 s
n (10tcm? 22 13 09 18 18 plasmon FWHM though the variations from sample to
Magneto- n (104cm?) 1.95 205 295 sample display consistent trends. We will discuss these

points further below.

Concerning the SPE dispersion, a correct description of
the experimental results based on Eg). and the electron
density deduced from the plasmon dispersion can be ob-
tained for Cd20 only. We report in Fig. 2 the peak positions,
measured as a function of the angle of incidence. These po-
sitions decrease with decreasing Below 2.5 cm?, they
become too close to the elastic scattering at the laser energy

persion gives a excellent description of our experimentaf® P& accurately determined. In samples Cd20 and Cd40, the

findings. This experiment on Ckn)Te modulation-doped measurements extend over a sufficient range of the wave

quantum wells is the first clear observation, to the best of Ouyedctor tr? prlove the linear (l:lhar_ari:_ter of the displersion. In
knowledge, of a finite lifetime effect on the plasmon disper-C 20, the slope agrees well within experimental accuracy

sion. The same model also predicts a finite “lifetime width” With the value deduced from the density, assuming a stan-
for the plasmon line, which is equal to H2We report in dard degenerate electron gas. .In Cd40, an anomalous de-
Table | the values of the electron densiising a “cyclotron crease of the peak frequencies is observed but the slope re-

mass” of 0.105 and a background dielectric constant of 10mains fairly consistent with the plasmon ‘measurement. In
and the lifetime of the electron-hole pairs deduced from the-460. Mn18, and Mn21, the low-energy lines are only de-

fit of the plasmon dispersion. We also give the full width atte_ctable at largey .and the slopes can no longer bg deter-
half maximum(FWHM) of the plasmon line. Concerning the mined. The experimental anomaly, already present in Cd40,

fitted densities, our data confirm that the transferred electrof€COMeS Very strong: the SPE energies are much smaller
density decreases systematically when the thickness of tH32" expected from the value of the electron density deduced

spacer layer is increased. The valuesiafbtained for Cd20  Tom the plasmon dispersiofdashed lines in Fig.)2 The

and the Mn samples are in excellent agreement with the vaprigin of these unexpected features is not yet fuIIy_un_der-
ues deduced from the Landau-level depopulation measur ood. They are likely t.o reflect the unusually short I|fet|m9

in magnetotransmission experiments on the same sarhple®! the electron-hole pairs, as deduced from the plasmon dis-

The agreement with the rough estimations deduced from thBersion. We show in Fig. 2 the dispersion of the peak SPE
width of the luminescence line, taken with similar illumina- €N€19!€S calculated using the response function of the nonin-

tion conditions, is good, except for Cd40 and Cd60. weteracting electron gas, as given in Ref. 9:

show in Fig. 3 the normalized luminescence lines for the five
samples. In modulation-doped quantum wells, the lumines- (0,9)%
cence extends over a finite range of energies corresponding Xol @ \/m—ilr
to the recombination between doping electrons within the F
whole Fermi sea and a photocreated hole, relaxed at the tofhis expression was derived using some strong approxima-
of the valence band. The width of the luminescence line thugons but we have preferred to use it rather than the
provides a measure of the Fermi energy. The accuracy of thisindhard-Mermin formul&® to be consistent with the plas-
mon analysis. Using the densities deduced from the plasmon
dispersion, we cannot fit the SPE data with the very short
plasmon lifetimes but with much larger values, significantly
Mn21 varying from sample to sampl@ee Table)l This fit is not
Mni8 very conclusive for Cd60, Mn18, and Mn21, because of the
limited experimental information but we think that a signifi-
cant decrease of the lifetime in these samples is demon-
Cd20 strated and the estimated values are given in Table I.
Let us now compare the experimental information which
Cd40 we have deduced on the disorder effect in our samples from
the plasmon and SPE dispersions and from the luminescence
Cd60_ line shapes. Contrary to the electron density, which is con-
1.60 161 163 1.64 sistently deduced from the different observations, when
available, the lifetime determinations show some discrepan-
cies. According to the fit of the plasmon dispersion, disorder
FIG. 3. Normalized luminescence spectra on the five samples.effects, due to impurities or alloy fluctuations, should not

transmission
Plasmons n (10%cm?) 2.07 181 15 24 22
27 (p9 0.31 0.30 0.36 0.27 0.28
fl2r(cm™) 17 17 14 20 185
FWHM (cm™ 81 52 42 86 80
SPE 7 (p9 4 2 08 05 05

w

1. (4)

normalized PL intensity

energy (eV)
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vary significantly from sample to sample, in clear contradic-Cd(Mn)Te single quantum wells. While the overall trends
tion to the strong trends observed for the SPE dispersion anfdllow the standard picture established on GaAs wells, sig-
the luminescence lineshape. It is now well establi$h&d nificant quantitative departures appear, which we have ana-
that the activation in the luminescence line of non-verticallyzed in terms of disorder induced finite lifetimes of the
recombinations between occupied conduction electrons witklectron-hole pairs across the Fermi energy. In low-density
finite wave vector and photocreated holes relaxed in neargaAs heterostructures, a transition has been observed in the
zone center valence states is due to potential fluctuationgyminescence spectrdﬁ"lwhich is dominated by band elec-
Depending on the amplitude of these fluctuations, the lumiyong at large densities and becomes dominated by charged
nescence line shape either peaks at the zone-céeﬁ?ter band ggReitons when the density is decreased. This transition is
for instance, in high-quality GaAs quantum wellSor ex-  crrelated to a strong drop in the conductance of the sample
tends up to the Fermi-edge energy without significantly deyng has been attributed to a metal-insulator transifidro-
creasing, forinstance, in quantum wells made @t U&aAs  cajization of electrons has been directly demonstrated by
aIons.' In our Mn samples, the second lgehawor is observeq,ear-field spectroscopy in the same regith@he lumines-

(see Fig. 3 and clearly reflects alloy disorder due to the cance properties of electron gases in 1I-VI quantum wells
substitution of Cd atoms by Mn ones. In Cd samples, the lingjisp|ay the same transition at densities slightly smaller than

shape evolves from a peaked structure in Cd20 towards gajlable in our samplest Even though conductance mea-
broad one in Cd60. As significant variations of the disorderg;,,ements have not been yet reported, a localization transi-

are not expected in these samples, which are very _Sim“%{on is thus very likely to exist in II-VI quantum wells.
except for the spacer layer thickness, we attribute this conapoyve but close to this transition one should certainly expect
tinuous evolution to the decreasing electron density and theyong departures from the standard degenerate electron gas
increasing sensitivity of conducupn electrons to potentialpenavior such as the ones reported in this paper. Fundamen-
fluctuations. The Raman observations associated to the SRE guestions abouti) the type of stateglocalized or ex-
lines are fully consistent W|th_th|_s analys_ls: the departure[ended which are likely to contribute to the plasmon oscil-
from a pure degenerate behavior is large in the Mn samplegion i) the effective mass of the electron-hole pairs when
_and_ increases continuously along the_ Cd series. This beha‘rhe Fermi edge is above but close to the mobility edge, and
ior is not corroborated by our analysis of the plasmon diStinaly (jii) the necessary modifications to the many-body
persion, which indeed shows a strong departure from thggrrections ake due to disorder, have not been yet consid-
ideal dispersion in high mobility electron gas but also exhib-greq in detail from the theoretical point of view. We expect

its very small variations from sample to sample and givesnat the detailed experimental results reported in this work
inconsistent values for the lifetimeand the linewidth. This will help to develop such a theory.

likely reflects that the perturbative treatment of impurity
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