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We report on a detailerl analysis of electroiiic Raman scattering results in modulation doped
siiigle quantum mells.  We illustrate thereby the great power of this technique to get a
detailed characterization of the electron density distribution and the band structure in doped
heterostructures. We report in particular on a recent observaton, for first time directly by
spectroscopy, of the spin splitting of the conduction band of GaAs due to the lack of inversion

symmetry.

1. Introduction

Modulation doped structures are of great interest
for tlie study of the quasi-two-dimensional electron gas
(2DEG), in botli transport and optical experiments he-
cause of the high mobility achieved by separating the
electroiis from the ionized donors. Among these stud-
les, a large amount of work has been devoted to oiie
side modulation doped single quantum wells. Tliis sys-
tem appeals very promising for spectroscopic probes of
the integer and fractional quantum Hall effects by opti-
cal measurements under quantizing magnetic field(1=3].
On the otl er hand, electronic Raman scattering is a
powerful tcol to probe electronic excitations, both col-
lective and single-particle, occuring in a 2DEG. This
was first st ggested by Burstein et al () and has since
been extensively demonstrated!®). Moreover. in the
backscattering set-up, we can change the wavevector
in tlie plane of the 2DEG by simply rotating the sam-
ple relative to tlie fixed incident light wave vector. This
provides a unique possibility to determine the disper-
sion of these excitations and to extract the subband
structure a: well as the electron density in modulation
doped struc turesl®=111. More recently, the observation,
il tliffererit polarization configurations, of distinct spin-
density anc single-particle excitations, in addition to
charge-density waves, opened the way to an indepen-

deiit measure of both direct and exchange-correlation

*Invited tzlk.

Coulomb interactions of the electron gast*?—14.

In this communication, we will illustrate these pos-
sibilities through tl-ie presentation of a whole set of elec-
tronic Raman scattering results on 180 A thick GaAs
single quantum wells claded between GaAlAs barriers.
Modulation doping is obtained from a Si localized dop-
ing iii tlie upper barrier only. This results ill an asym-
metric potential profile due to the self-consistent elec-
tric field. Moreover, due to the thin spacer (1004),
tlie typical electron density lies above 1.0 X 102¢cm—2
but tlic Fermi energy remains below the bottom E, of
tlie second subband. We will present Raman scattering
results oii intersubband and intrasubband transitions
both with single particle and collective character on
the same sample. From their in-plane dispersion and
line-shape, we extract determinations of tl-ie electron
density, tlie band structure and the lifetime of the in-
volved statest™ 1. We will i1 particular report on our
recent first spectroscopic observation of tlie spin split-
ting of tlie GaAs conduction band because of the lack
of inversion symmetry!?. All Raman scattering exper-
iments are done at liquid Helium temperature (1.8 K)
aiid under close energy resonance with the fundamental

energy gap.

Fig. 1 shows electronic intersubband Raman spec-
tra in parallel (polarized spectra) and crossed (depolar-
ized spectra) polarizations respectively, for several dif-
ferent Raman in-plane rvave vectors q. Due to the sym-
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Figure 1: Electronic Raman scattering spectra obtained

with a resonance laser energy of 1.64 ¢V and at pumped
liquid He temperature (1.8K). Tlie left side o tlie figure
shows collective (CDW and SDW) and individual (SPE) in-
tersubband excitations o the 2DEG for a very small Raman
in-plane wavevector, while the right side exhibits tlie same
excitations at larger q.

metry of the valence band states in GaAs, Raman cross-
sections, due to virtual interband processes, in crossed
(respectively parallel) polarization have been shown('?)
to be related to spin-density (respectively charge den-
sity) mechanisms. One thus observes in parallel (re-
spectively crossed) polarization collective charge den-
sity waves (CDW) and spin density waves (SDW) oc-
curing in tlie 2DEG. In strong resonance conditions,
one also observes, in both polarizations, a broader band
of single particle excitations (SPE), with an intensity
comparable t0 the collective ones, contrary to tlie tlie-
oretical prediction of complete screening. Though the
origin of this observation is not yet fully understood,
it appears to be very uscful: the SPE band indeed
peaks at the bare intersubband energy FE3 — FEi of
the doped structure (this is only strictly true when
assuming tlie same parabolic dispersion for both sub-
bands). On our sample we can thereby extract an accu-
rate determination of tlie subband separation (49meV)
in good agreement with the estimation deduced from
luminescencel'!] (48meV). Moreover this band displays
a specific behavior as a function of g. Unlike the CDW
and SDW, wliicli remain approximatively unchanged,
the SPE band is strongly broadened with increasing
Raman in-plane wave vector according to tlie clensity

of intersubband transitions.

This is schematized on Fig. 2 in which wc show tlie
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Figure 2: Schematic geometrical determination o the SPE
Raman signal for three different band filling situations.

2D Fermi disk associated to tlie initial and final bands
respectively for three different cases: a) the second sub-
band is empty as in the sample discussed in this com-
munication, b) it is partially filled and c) the density
is tlie same in both subbands, a situation which ap-
plies to intrasubband transitions. Tliefinal state Fermi
disk lias been shifted by —¢ to account for tlie Ra-
man wavevector transfer. Asthe Raman shift amounts
to approximately A%q - E/m" when assuming ¢ << &,
tlic horizontal scale of the figure can be directly trans-
formed irito an energy scale. Tlie Raman signal for eacli
case is then grapliically deduced from tlie length of the
equi-energy lines inside tlie initial and outside the final
Fermi disks. In case a, thc SPE signal appears as a
broad band extending between two cut-off frequencies,
shifted by —/figvp and +hqve from the Fy — E) en-
ergy respectively. Tlie corresponding dispersion curve
is shown in Fig.3 and compared to tlie experimental
dispersion. The slope of the SPE dispersion reflects the
electron density in F,. However the accuracy of this de-
termination islimited due to the intrinsic broadening of
tlie transitions (2meV). This quantity reflects the life-
time of both initial and final states. Energy-dependent
values are needed to correctly fit tlie SPE lineshape at

every in-plane wavevector('1],

Tlie CDW and SDW lines are not strongly disper-
sive and, due to the large electron density, they are
well separated from the SPE band (see Fig. 1 and
3). Thus one is able to accurately determine their en-
ergies, and to deduce the electron density. Using a
RPA calculation based on self-consistently determined
wavefunctionst®'?], we deduce from the CDW energy
an electron density of 1.3X 10'2cm™~2. With this value,
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Figure 3: Dispersion curve of the collective (CDW and
SDW) and individual (SPE) intersubband excitations of tlie
2DEG, deduzed from Raman scattering experiments as a
function of ¢ The vertical lines are the width at half maxi-
mum of the SPE line and tliesolid lines calculatetl dispersion

curves,

one may ex ract from self-consistent subbands calcu-
lations tlie potential profile of tlie structure and tlie
subbands energies. The calculated value of tlie £y to
Es intersubband energy obtained by this procedure is in
very good agreement with experimental values provided
by PL and Faman measurements. Moreover. from the
experimental SPE, CDW and SDW lines, one may ex-
tract an experimental determination of the direct and
exchange-correlation Coulomb interaction in quasi-two-
dimensional electron gases and compare them to differ-
ent models of these quantities!!2=14],

Let us now turn to the analysis of the intrasubband
electronic transitions. Tlie corresponding Raman spec-
tra areshown on Fig. 4for severa in-plane wavevectors
in both polarization configurations. As we already ex-
plained for tle intersubband ones, SPE and collective
excitations cen he observed simultaneously at strong
resonance. Tlie low energy part of the spectra in both
polarizations is attributed to SPE band. It extends

from zero to a maximum energy +ligvp. However, con-
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Figure 4: Electronic Raman scattering spectra on intrasub-
band excitations in parallel (left-side) and crossed (right
side) polarizations for several in-plane wavevector.
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Figure 5. Schematic representation of the states partici-
pating to the intrasubband Raman process (thick hatched
surface) among the occupied ones in the Fermi sea (thin
hatched).
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Figure G Schematic representation of tlic different possible intrasubband transitions and tlie correspoiiding calculated dis-

sersion curves, dS0 including the plasmon one. A comparison is made with the experimental dispersions.
3 hel

trary to the intersubband case: it reflects the density
of transitions between two occupied subbands: E; and
Ly, Dueto tlie final state occupation, and because the
Raman wavevector isusually much smaller than kp, the
only initial states which can participate in the Raman
process (see Fig.2c and 5) are very close to the Fermi
level and their in-plane wavevector IS oriented along q.
Due to this restriction, the Raman line shape IS well
peaked around +hAgrg. Moreover, the lifetime broad-
ening is very small for these transitions (< 0.2meV) i.e.
ten times less than for intersubband transitions. This
1s a further indication that this broadening indeed sig-
nificantly depends 0ii tlie encrgy of the involved states.
Thanks to these features, the determination of the in-
trasubband SPE dispersion provides an accurate test
of the 2D character of the involved states (linear dis-
persion) and an accurate determination of the electron
density. h value of 1.3 x 10'? ¢cm? is deduced from the
parallel spectra.

Moreover the Raman line shape is particularly sen-
sitive to tlie detail of the band structure around If:FifIZ‘,
which was up to now assumed parabolic and doubly

spin-degenerate. This appears in OUr spectra through a

splitting of the SPE band in crossed polarization. This
splitting reflects avery small, generally neglected effect
in the band structure of GaAs: tlie additionnal spin
splitting due to spin-orbit interaction in crystals with-
out inversion symmetry('%. Taking into account this
splitting and tlie Raman selection rule, we indeed pre-
dict (see Fig. 6) the observation of a single SPE band
in parallel polarization, with a cut-off energy hqgvp, and
two SPE bands in crossed polarization with the same
wavevector dependence but shifted from tlie previous
one by respectively +AE and —AF, where AE is the

splitting at the Fermi wavevector in the direction of §.

These predictions are in perfect qualitative agree-
ment with tlie experimental dispersion (see Fig. 6)
and provide the first direct measure of the spin
splitting (0.38 meV). This contrasts with tlie previ-
ous indirect determinations deduced from polarization
measurements’®l; in these experiments, the splitting
was assumed t0 be negligible with respect to level
broadening and the adclitional spin orbit effect was esti-
mated from the induced precession of the electron spin
in tlie concluction band. The same mechanism was also

involved in tlie recent spin-splitting determination from
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Figure 7: Spin-splitting calculated along [10] aid [11] dirce-
tions as a function o tlie sample parameter x/ky.

anti-weak-localization studies in magnetoconductance
experiments!! . Tn our Raman experiment, we are able
to measure the splitting because of tlic specific features
of Raman scattering by intra-subband SPE excitations
which we previously emphasized and because we are
studying rodulation doped heterostructures. This in-
decd allows to ohtaiii large doping concentrations, and
thus large splittings (AE x k%), with high mobilities at
low tempe ature, and thus weak liiie broadening of the
transitions. We compare this accurate determination
with models of the spin splitting in heterostructures!!s!,
Our experimental value is in good agreement with the
predicted one averaged over the in-plane directions,
thus providing a further support to the description of
this splittiig in bulk GaAs in terms of an additional
spin-orbit coupling of the conduction band with the
However 2D

models predict alarge anisotropy of the spin splitting:

higher energy anti-bonding p-statest!®).

AE = ‘/(ii4k‘ﬁ) - (4x* — Kﬁ)kf/.j)l/z

which moreover strongly depends on the confinement
wavevector k% =< k2 > (201 This is illustrated on
Fig.7 where we show the dependence of the splitting
onto tlie rasio x/ky. The splitting continuously evolves
from a 3D situation for vanishing values of the ratio
towards a 2D oiie at large . In the formel' case the
splitting morcover is proportionnal to k| while it varies
lincarly wit i k) in tlie 2D limit. 1a between, various sit-
uations appear with a splitting along [10] either smaller
or larger than along [11]. A systematic study as afunc-
tion of x/ky and of the wavevector orientation is there-
fore of greet interest to probe the 2D models of this
effect.

The dependence on the wavevector magnitude can
be probed by Raman scattering either on different sam-
ples with the same parameters except tlie electron den-

sity or, more accurately, by the application of an elec-
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Figure 8: Depolarized intrasubband Raman spectra for tlie
same in-plane wavevector oriented along three different di-

rections in tlie layer plane.

tric field onto the electron gas using a Schottky con-
tact to deplete tlie electron channel. The effect of the
wavevector orientation can he more easily investigated
by turning tlie sample with respect to the scattering
wavevector direction. This allows to select a given di-
rection to be probed in the Fermi sea as shown on Fig.
2 and 5. Some preliminary results on tlie saine sample
are shown on Fig.§ [20]. Contrary to the predictions
illustrated on I'ig.7, we observe a moderate anisotropy
which makes us supect some deficiency in the 2D exten-
ston. [Further experiments on the angular and density
dependence of the splitting are in progress and should
bring some new light oiito this problem.

In conclusion, we illustrated the great power of elec-
tronic Raman scattering to probe modulation doped
quantum wells alid to obtain thereby novel information
about tlie band structure of GaAs and about many
body effects at low dimension. The work reported
in tliis communication lias greatly benefited from the
collaboration for sample preparation and characteriza-
tion, optical experiments, theoretical analysis and dis-
cussions of B. Etienne, V. Thierry-Mieg, A. Izrael, H.
Peric, D. Richards, J. Y. Marzin and J. M. Gerard.
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