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Spin splitting in the electron subband of asymmetric GaAs/AlxGa12xAs quantum wells:
The multiband envelope function approach
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The dependence on carrier concentration of the anisotropic spin splitting of the lowest electron subband in
asymmetrically doped GaAs/AlxGa12xAs quantum wells is determined. We employ the multiband envelope
function approach based on 838 and 14314k•p Hamiltonians. Our self-consistent calculations yield results
in quantitative agreement with experimental data obtained from inelastic light scattering.
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Spin degeneracy in the single-electron energy spectr
solids is the combined effect of inversion symmetry in spa
and time.1 Both symmetry operations convert the partic
wave vectork into 2k, but time inversion flips in addition
the electron spin. The lack of either spatial inversion sy
metry ~or likewise of a symmetry that changesk into 2k) or
of time inversion symmetry removes the spin degenera
Spin splitting due to lack of inversion symmetry is we
known from early theoretical studies for bulk semicondu
tors with zinc-blende structure2–4 and has been demonstrate
by detecting the precession of the spin polarization of e
trons photoexcited from a GaAs~110! surface.5 In addition
to this bulk inversion asymmetry~BIA ! spin splitting in
semiconductor quantum wells can be caused also by
asymmetry of the confining potential. It is referred to as s
face inversion asymmetry~SIA!, and has the meaning o
spin-orbit interaction of the electron~or hole! moving in the
quantum well potential.6–9 More recently this spin-orbit or
Rashba term has been proposed as possible gate control
future spin transistor in heterojunctions based on narrow
InAs.10 A more direct evidence of spin splitting of the ele
tronic subbands in quantum well structures comes from
detection of single-particle spin-flip transitions at the Fer
energy, which can be probed in inelastic light-scattering
periments with crossed polarizations of incident and sc
tered light. These experiments11,12 have been performed o
asymmetricallyn-doped GaAs/AlxGa12xAs quantum wells.
They provide clear information on the spin splitting of th
electron subband at the Fermi energy in dependence o
carrier density and on its anisotropy inki space. In the
present paper, we compare these experimental data with
culated spin splittings. We apply the multiband envelo
function approach13 based on 838 and 14314k•p Hamilto-
nians and find good quantitative agreement with the Ram
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data. Our results will be discussed in comparison with th
recently published by Pfeffer,8 who simulates the asymme
ric quantum well by a single heterojunction. He misinte
preted the experimental data by a factor of 2 by taking
Raman spin splitting in Fig. 2 in Ref. 12 as the subband s
splitting.

A quantitative calculation of the subband dispersion
quantum wells has to take into account properly the b
band structure of the involved semiconductors and the ge
etry of the quantum structure including the doping profi
The bulk band structure of GaAs belongs to the best-kno
single-particle spectra in solid state physics. The near ba
edge states are well described by a 14314 ~or five level!
k•p model,3,14 which takes explicitly into account theG8v
andG7v topmost valence-band states and theG6c , G7c , and
G8c conduction-band states. Within this model, the para
eters for which have been determined to high precision
experiment, the lowest conduction band is accurately
scribed in the energy range of subband formation in quan
wells. Almost as accurate knowledge exists about thek•p
parameters for the barrier material AlxGa12xAs (x.0.3).15

By applying Löwdin partitioning, the 14314 model can be
reduced to models operating in more restricted spaces,
the 838 k•p model~using the basisG7v , G8v , G6c) ~Refs. 3
and 16! and a 232 k•p model~for G6c).

3 Löwdin partition-
ing corresponds to a perturbative treatment of the o
diagonalk•p couplings in the 14314 model, which leads to
corrections in the reduced models of higher order ink. Con-
sequently, the reduced models are less accurate than th
14314 model.3

In application to quantum well structures, these mod
are in use with the appropriate modifications~see, e.g., Ref.
13!: the material parameters change at the interfaces, in
15 375 ©1998 The American Physical Society
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growth direction the wave-vector componentkz is replaced
by (1/i )]z , and for doped quantum structures the Hart
potential VH(z) and the exchange-correlation potent
VXC(z) ~we use the same as in Ref. 7! are added in the
diagonal of thek•p Hamiltonian.VH(z) andVXC(z) have to
be calculated by self-consistent iteration of the Schro¨dinger
and Poisson equations. An additional parameter in the ca
lation is the band offset.

It is worth mentioning that the Rashba term in a 232
subband Hamiltonian can be obtained in a systematic wa
applying Löwdin partitioning to the 14314 subband
Hamiltonian.13 Similarly, the k3 bulk inversion asymmetry
and corresponding interface terms result in the 232 subband
Hamiltonian as a consequence of higher order perturba
theory applied to the 14314 model. This concept and it
fully self-consistent solution as carried out by Pfeffer a
Zawadzki8 is obviously superior to a merely perturbation
treatment of the Rashba andk3 terms with subband state
obtained in a parabolic approximation.7

The spin-splitting data obtained by inelastic light scatt
ing provide sufficiently accurate and detailed data to test
different models. Here we present self-consistent data f
subband calculations based on the 838 and 14314k•p
models13 with material parameters given in Table I. Th
sample parameters are those given in Table 2 of Ref. 12
the experiments of Refs. 11 and 12 the spin splitting of
lowest electron subband at the Fermi energy and its de
dence on the direction of the in-plane wave vector has b
detected for samples with the same nominal width of
quantum well of 180 Å but for different carrier concentr
tions.

In Fig. 1, we show the conduction-band profile obtain
by self-consistent calculation for a 180 Å-wide asymme
cally doped GaAs/AlxGa12xAs quantum well with a carrier

TABLE I. Material parameters of the 14314 model for GaAs
~Ref. 3! and AlxGa12xAs ~Ref. 15!.

GaAs Al0.3Ga0.7As

E0 ~eV! 1.519 1.885
E08 ~eV! 4.488 4504
D0 ~eV! 0.341 0.329
D08 ~eV! 0.171 0.165
D2 ~eV! 20.050i 20.050i
P ~eV Å! 10.493 10.036
Ck ~eV Å! 20.0034 20.0018
P8 ~eV Å! 4.780i 4.780i
Q ~eV Å! 8.165 8.165
m* (m0) 0.0665 0.091

g* 20.44 0.548
g1 6.85 5.332
g2 2.10 1.446
g3 2.90 2.174
k 1.20 0.582
q 0.01 0.01
C 21.878 21.315
C8 20.02 20.014
«0 12.40 11.698

Conduction band offset~eV! 0.240
e
l

u-

y

n

-
e
m

In
e
n-

en
e

-

concentrationNS5831011 cm22 together with the lowest
bound subband levels and the Fermi energy. The s
consistent potential does not depend on whether the 838 or
14314 model is used. With increasing charge carrier den
ties the potential asymmetry increases. According to our s
consistent calculations, up toNS51.231012 cm22 all carri-
ers can be accommodated in the lowest subband. Th
results do not change when we consider a weak unintenti
acceptor concentration in the GaAs layer.~In our calcula-
tions the depletion charge densityNd was about 1010 cm22,
almost independent ofNS .) The spin-degeneracy of all sub
bands is lifted at finite in-plane wave vector due to BIA a
SIA. In Fig. 2, we compare the calculated spin splittings
different in-plane directions from the 838 and 14314 mod-
els with the available experimental data. It should be not
that the experimental data points in our Fig. 2 are those
Fig. 2 in Ref. 12~converted from cm21 to meV! divided by

FIG. 1. Conduction-band profile~solid line! of a 180-Å-wide
asymmetrically doped GaAs/Ga0.7Al0.3As quantum well with a car-
rier concentration ofNS5831011 cm22. The bottom of the lowest
subbands~dashed lines! and the Fermi energy~dotted line! are in-
dicated.

FIG. 2. Calculated spin splittings at the Fermi energy vs car
concentration for a 180-Å-wide asymmetrically dope
GaAs/Ga0.7Al0.3As quantum well for different directions of the in
plane wave vector obtained from the 838 ~dotted lines! and
14314 ~solid lines! models. Experimental data from Ref. 12 a
shown for comparison. For the experimental data points indica
by the asterisks the direction of the in-plane wave vector was
determined.
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a factor of 2, because the latter are Raman spin-splittin
which equal twice the subband spin-splitting.

In the experiments of Ref. 12 the electron densities h
been determined via the Fermi velocitiesvF obtained from
the dispersion of the Raman single-particle excitation~SPE!
spectrum. The high energy cutoff frequency for SPE of wa
vectorq varies asvFq and was taken as the half maximu
point in the high-energy edge of the non-spin-flip SPE l
shapes, measured with the polarizations of incident
scattered-light parallel. In Ref. 12 the Fermi velocity h
been converted intokF ~and the charge carrier density! using
an energy-dependent mass from a 232 model.12 The esti-
mated error in the determination of these Fermi velocities
about 2.5% corresponds to an error in the densities of ab
5%. The experimental Fermi velocities have been conve
into carrier densities by applying a 232 model.12 Due to the
shortcomings of the 232 model these densities turn out to b
too large if compared with those obtained from the mu
band approach. Therefore, the experimental data point
Fig. 2 are shifted to the lower density values, which, acco
ing to the present calculation, correspond to the experim
tally determined Fermi velocities. The accuracy of the m
sured Raman spin-splitting (60.8 cm21) gives an error of
the subband splittings of60.05 meV~see Fig. 2!.

Considering the fact that the calculations are parame
free the overall agreement with the measured spin splitti
is striking. While for the@110# direction, our results from
both models~curves 2! coincide with each other and with th
experimental data, there is some model dependence an
viation from the data points for the@100# ~curves 1! and

@11̄0# ~curves 3! directions with the results from th
14314 model~dash-dotted lines! being closer to the experi
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ment than those from the 838 model~dotted lines!. For the
data points denoted by the asterisks the in-plane wave ve
was not determined in the experiment. By comparison w
our calculation they can be assigned to the@110# direction.
The calculated spin splittings turned out to be insensitive
changes in the Al content of the barrier fromx50.3 to x
50.35, i.e., they would be the same forx50.33, the Al
content of the samples in Refs. 11 and 12.

Pfeffer,8 when applying his 232 model to the Raman
data,11,12 performs calculations for a single heterojunctio
He makes use of the depletion charge densityNd ~which
usually is not known from experimental data! as a free pa-
rameter. With changingNd from 1.5 to 3.531011 cm22 he
increases the calculated spin splitting, e.g., for the@110# di-
rection, by almost a factor of 2. Pfeffer compares his cal
lated subband splittings with the experimental data of Fig
in Ref. 12, which are explicitly identified as the measur
Raman spin splittings and thus, twice the subband splittin

In conclusion, we have performed self-consistent subb
calculations in the multiband envelope function approa
based on 838 and 14314k•p models for asymmetrically
n-doped GaAs/AlxGa12xAs quantum wells in order to obtain
the spin-splitting at the Fermi energy. Our parameter-f
calculations reproduce quantitatively the experimental d
obtained from inelastic light scattering both with respect
their dependence on the carrier density and the anisotr
with respect to the direction of the in-plane wave vect
Minor improvements of the results from the 14314 model
over those of the 838 model are found. Given the high ac
curacy of the bulk band parameters we tend to ascribe
remaining small discrepancies between theory and exp
ment to uncertainties in the quantum well width and cha
carrier concentrations.
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struct.2, 267~1986!; U. Rössler, F. Malcher, and G. Lommer, i
High Magnetic Fields in Semiconductor Physics II, edited by G.
Landwehr~Springer, Berlin, 1989!, p. 376.

8P. Pfeffer, Phys. Rev. B55, R7359 ~1997!; P. Pfeffer and W.
Zawadzki,ibid. 52, R14 332~1995!.

9E. A. de Andrada e Silva, G. C. La Rocca, and F. Bassani, P
Rev. B55, 16 293~1997!.
s.

10J. Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys. Re
Lett. 78, 1335~1997!; J. P. Heida, B. J. Van Wees, T. M. Klap
wijk, and G. Borghs, inProceedings of the 23rd Internationa
Conference on the Physics of Semiconductors, edited by M.
Scheffler and R. Zimmermann~World Scientific, Singapore,
1996!, p. 2467.

11B. Jusserand, D. Richards, H. Peric, and B. Etienne, Phys. R
Lett. 69, 848 ~1992!.

12D. Richards, B. Jusserand, G. Allan, C. Priester, and B. Etien
Solid-State Electron.40, 127 ~1996!; B. Jusserand, D. Richards
G. Allan, C. Priester, and B. Etienne, Phys. Rev. B51, 4707
~1995!.

13R. Winkler and U. Ro¨ssler, Phys. Rev. B48, 8918~1993!.
14P. Pfeffer and W. Zawadzki, Phys. Rev. B41, 1561~1990!.
15S. Adachi, GaAs and Related Materials: Bulk Semiconducti

and Superlattice Properties~World Scientific, Singapore, 1994!.
16H.-R. Trebin, U. Ro¨ssler, and R. Ranvaud, Phys. Rev. B20, 686

~1979!.


