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We present Raman scattering spectra of intrasubband excitations in an n-type modulation-doped sin-
gle quantum well. We attribute a double peak in the depolarized spectra to be due to spin-flip single-
particle transitions. This gives direct spectroscopic evidence at zero applied magnetic field of the spin
splitting of the conduction band of GaAs due to the lack of inversion symmetry in zinc-blende com-

pounds.

PACS numbers: 78.30.Fs, 71.25.Tn, 71.45.Gm, 71.70.Ej

The spin-split character of the conduction band in
zinc-blende compounds has attracted considerable theo-
retical attention for some time [1-3]. This effect arises
from the polar nature of the III-V materials, eventually
augmented by the existence of an electric field in the
studied structures. In the moving reference frame of an
electron, the total electric field is transformed into a mag-
netic field, which interacts with the electron spin. Experi-
mental estimations have been presented, mostly using ex-
trapolations to zero field of magnetotransport data [4]
and, with a poorer accuracy, of electron-spin resonance
[5] results. Other evidence for this splitting can be found
in the spin relaxation [6] and spin precession [7] process-
es in bulk compounds and quantum wells. Very recently,
a new observation was reported on bulk GaAs using near-
ly zero-field magnetoconduction measurements [3].
However, a direct spectroscopic observation in the ab-
sence of any applied magnetic field is still not available.
We present in this Letter electronic Raman scattering
spectra of excitations between the two spin-split conduc-
tion bands of a modulation-doped GaAs single quantum
well. We thereby obtain a novel determination of the
zero-magnetic-field spin splitting averaged on the Fermi
surface of the two-dimensional electron gas (2DEG)
which can be compared to the calculation of a similar
quantity in GaAs heterojunctions by Malcher, Lommer,
and Rossler [8].

Electronic Raman scattering in parallel polarizations is
well known to probe the charge-density fluctuations in an
electron gas. With crossed polarizations, scattering from
spin density fluctuations and spin-flip excitations of the
electrons are observed [9]. The Raman spectra are then
directly proportional to the imaginary parts of the rel-
evant response functions of the 2DEG [10-12]. In the
absence of screening mechanisms, they simply reflect the
integrals of well-defined single-particle excitation (SPE)
processes within the conduction band. With crossed po-
larizations this will be the case if exchange-correlation
effects are negligible. Processes involving spin flip can
contribute only to the crossed polarization scattering,

while non-spin-flip transitions are allowed in both con-
figurations [12]. Neglecting the spin splitting, these tran-
sitions are degenerate and so the intrasubband spectra
should be identical in both polarizations and display the
characteristic narrow shape of the imaginary part /(g,w)
of the polarizability of a noninteracting 2DEG [13]. At
T=0 and assuming infinite lifetimes of the electronic
states, the spectra extend up to a sharp cutofl w.(q)
which equals vrg as long as the wave-vector transfer g is
much smaller than the Fermi wave vector kr (vf is the
Fermi velocity). The corresponding electron transition is
schematically shown in Fig. 1(a). Changing the angle of
the sample surface normal with respect to the incident
and scattered wave vectors then allows a probe of /(g,w)
over a wave-vector range extending from O to about
1.6x10° cm ™', From the dependence of the Raman
spectra on this angle, one thus obtains proof of the 2D
character of the electron gas and from the linear depen-
dence of the cutoff’ frequency on the corresponding in-
plane wave vector, a determination of the electron densi-
ty.

Including the k° terms in the conduction-band disper-
sion results in an anisotropic spin splitting [1]. This will
not significantly affect the non-spin-flip process and one
expects to observe in parallel polarization a single cut-
off at vpg due to the almost identical 74+ +(w,q) and
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FIG. 1. Schematic representation of the highest energy pro-
cesses associated, respectively, with (a) intrasubband, (b)
inter-spin-split-subband, and (c) single-particle excitations with
in-plane wave vector q.
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I - _(w,q) functions. However, in crossed polarization,
new intrasubband processes should now be resolved, asso-
ciated respectively with the spin-up to spin-down and the
spin-down to spin-up transitions. The shape of the associ-
ated functions I + - (w,q) and I — 4+ (w,q) is not essentially
modified, except for the addition of anisotropy effects, but
they exhibit two different cutoff frequencies as illustrated
in Figs. 1(b) and 1(c). One obtains

w- T (g)=AE(kp)+vrq, ol "(qg)=—AE(kr)+veg

when neglecting the band anisotropy and the very small
difference between the Fermi wave vectors and velocities
associated with both spin-split conduction bands. One
thus expects to observe by Raman scattering the emer-
gence in crossed polarizations, as compared to parallel, of
two similar structures with different cutoff frequencies.
These frequencies vary linearly with g with the same
slope but are separated by a constant offset 2AE (kr).
The sensitivity of Raman scattering to this quantity is
therefore very high because one measures 2AE/hvrq
which exceeds AE/Er by a factor kr/q, which amounts to
100 for a typical Raman wave-vector transfer. An esti-
mate of 2AE, averaged over the wave-vector directions in
the layer plane, can be found in Ref. [8]. It is of the or-
der of 1 meV for a modulation-doped GaAs/GaAlAs
heterojunction with an electron density around 1x10'?
cm ~2 (EF~35 meV) and should be therefore easily ob-
servable by electronic Raman scattering.

We performed Raman scattering experiments on a
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FIG. 2. Low-frequency Raman scattering spectra (a) mea-
sured in crossed polarizations for several different in-plane wave
vector ¢ and (b) calculated for the same values of g according
to the model described in the text. For ¢ =0.5%10° cm ™', we
also show the Raman spectrum in parallel polarization and the
calculated non-spin-flip SPE profile (dashed lines).

180-A-thick modulation-doped GaAs quantum well
grown by molecular-beam epitaxy. It is followed by a
100-A-thick spacer layer and a silicon-doped delta layer.
This results in a rather large density of electrons in the
quantum well (1.3x10'2 cm ~2), as estimated from trans-
port and luminescence measurements and from Raman
scattering determinations of the intersubband excitations
[14,15]. Because of the asymmetric doping, the shape of
the self-consistent potential is very similar, up to around
the Fermi energy, to that of a single heterojunction. Ra-
man scattering experiments were performed around
liquid-helium temperature with an incident photon energy
in close resonance to the fundmental gap of the sample.
We present in Fig. 2(a) Raman spectra taken with
crossed polarizations for several different in-plane wave
vectors. They clearly exhibit two contributions with the
expected line shapes for SPE transitions. Remarkably
this splitting is well resolved at small wave vector. From
these spectra we can get an estimate of the associated
cutoff frequencies from the position of the peaks in the
SPE spectrum, which we plot in Fig. 3 as a function of
the in-plane wave vector. They exhibit linear and parallel
variations. The parallel nature of the dispersion curves is
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FIG. 3. Experimental (bars) and calculated (circles) spin-
flip SPE peak positions shown as a function of the in-plane wave
vector g. The lines are linear interpolations of the experimental
results.
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a very strong argument to support their assignment to
inter-spin-subband transitions. Other possible origins, as-
sociated with purely intrasubband excitations, imply con-
verging energies at very small wave vector, which is clear-
ly not observed here. From these experimental results,
one is able to extract accurate values for the slope and the
distance between the two linear dispersion curves. Be-
cause of experimental uncertainties, both straight lines do
not extrapolate exactly to & AF at vanishing wave vector.
One deduces from these fits AE =0.37 meV, which is
somewhat smaller than predicted in Ref. [8] (0.6 meV)
for a heterojunction with a similar density, and vy =4.33
%107 cm/s. For a density of 1.3%10'> cm ~2 (and hence
kr~2.86%10° cm ~ '), we obtained from a self-consistent
Poisson Schrodinger calculation (taking nonparabolicity
into account [16]) vF=4.39%107 cm/s and Er—43.2
meV in reasonable agreement with other optical results
[14].

We previously attributed [17] the two lines observed in
parallel polarization from the same sample to two
different, strongly coupled plasmons. In this scattering
configuration, only collective charge density models
(plasmons) are expected to be observed, with the SPE
completely screened [9]. However, this does not appear
to be the case for this type of experiment: Intersubband
SPE and charge-density waves have already been ob-
served simultaneously in similar samples [10] and display
comparable intensities in the sample used in this work
[14]. This leads us to present a new assignment of the
lowest component of the parallel spectra to the non-spin-
flip SPE. It indeed displays a linear dispersion and peaks,
whatever the wave vector, between the two maxima in
crossed polarization with a comparable intensity. This
result is illustrated in Fig. 2 for a typical in-plane wave
vector. We are now able to describe all the Raman lines
in both polarizations on the basis of a detailed description
of the single high-mobility gas present in the sample.
This further supports our evidence of spin-splitting ef-
fects.

Let us now model the different contributions to the
SPE line shapes using the classical expression for the Ra-
man signal [9) and the well-known intersubband Lind-
hard polarizability for a noninteracting electron gas [18].
We further introduce a phenomenological elastic lifetime
of the electron states by replacing @ by w+ié in the
equations. The Raman cross section associated with the
spin-split part of the SPE signal should then be straight-
forwardly obtained from a numerical integration over the
Fermi disk of the two similar expressions for /- +(w,q)
and /4 -(w,q), depending on the spin-split conduction-
band dispersion relations E + (k). In a quantum well, the
displacement along z is quantized and k. has to be re-
placed by its associated operator —id/dz. In our self-
consistent Poisson Schrddinger calculation, the nonpara-
bolicity k% terms were included explicitly in the
conduction-band Hamiltonian [16]. This provides the
2D electron subband dispersion, parametrized by an in-
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plane effective mass m™* =0.0695 and nonparabolicity
a=—2587 eVA* The spin-split term [8] is included as
a perturbation to the lowest order, k. replaced by the
average k=1.75x10% cm ™! of its associated operator
onto the fundamental quantum state. We neglect for
simplicity the additional term associated with the average
electric field in the asymmetric quantum well which was
predicted to be small for large gap materials [8]. To
make a comparison with our experimental results, which
involve excitations from k states over all the directions in
the layer plane, we further simplified the dispersion by
averaging over the wave-vector direction [8]. The final
energy dispersions read

E+=h’ki2m* +akif + yolk fx*+ Lk} 2.

We illustrate in Fig. 2(b) the typical results of our
model. For the coefficient yq of the spin-splitting term we
have taken the value of Ref. [8] yo=—27.57 eVA>. We
also used an electron temperature of 10 K. As this pa-
rameter has only a moderate influence on the Stokes part
of the Raman spectra, which we only recorded, the
chosen value is only indicative. We roughly adjust the
broadening parameter 6 to 0.2 meV, corresponding to a
lifetime of 3 ps, in good agreement with other Raman
scattering results [13]. The SPE shapes obtained in these
conditions look very similar to the experimental ones,
thus giving further support to our interpretation. We in-
dicate in Fig. 3 the peak positions deduced from the cal-
culated signals. The agreement is excellent as regards the
slopes and the parallel nature of the dispersions. Howev-
er, the calculation overestimates the spin-splitting 2AFE by
50%. Taking into account a smaller splitting would also
improve the description of the relative intensity of both
SPE signals. This discrepancy could be attributed to a
lack of accuracy in the previously reported values of yq or
to the approximations of the model, such as the in-plane
averaging, or the use of the Lindhard function instead of
an extension of the Mermin one [19] to spin-split transi-
tions. In addition, inclusion of a non-spin-flip component
due to spin-density fluctuations may also give better
agreement. Further experiments involving different elec-
tron densities and different crystal orientations as well as
quantitative estimations of the different possible Raman
processes will be needed to conclude.

Moreover, the exact nature of the Raman processes in-
volved in both intersubband and intrasubband excitations
has been readdressed recently, in particular, the impor-
tance of exchange-correlation contributions to the elec-
tron-electron interactions [10,11]. For intersubband exci-
tations one expects to observe in crossed polarizations not
necessarily the SPE signal but rather the collective spin-
density wave [10,11]. The intrasubband response func-
tion, and hence the Raman line shape, may also be
modified, as has been indicated by a recent investigation
of a low-density modulation-doped multi-quantum-well
[20]. However, the exchange-correlation corrections to
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the irreducible polarizability [21] are predicted to de-
crease strongly with increasing kr/q. Therefore, for the
high-density sample of this work, such corrections may
well be negligible.

To summarize, we have presented in this Letter the
first direct spectroscopic evidence in the absence of any
applied magnetic field of the spin-split character of the
conduction band of GaAs. It provides a unique explana-
tion of the very unusual parallel dispersion observed in
our spectra. The observation of the spin splitting was fa-
cilitated by the large 2D electron density in our sample.
On the basis of sample parameters adjusted on indepen-
dent experimental results and of a published value of the
spin-splitting coefficient, we obtained a reasonable de-
scription of our Raman scattering results, but a signif-
icant overestimation of the spin splitting. This experi-
ment is a new demonstration of the great power of elec-
tronic Raman scattering as a sensitive probe of semicon-
ductor band structures. It opens the way to a more criti-
cal test of the available band-structure models and to
more systematic studies on different semiconductor sys-
tems at different doping levels and eventually under mag-
netic field. It also points out the insufficiencies in the
present understanding of the electronic Raman scattering
mechanisms under strong resonance conditions.
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