PHYSICAL REVIEW B VOLUME 58, NUMBER 23 15 DECEMBER 1998-I

Spin splitting in the electron subband of asymmetric GaAs/AlGa; _,As 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/fba _,As quantum wells is determined. We employ the multiband envelope
function approach based orx8 and 14< 14 k-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 spectra afata. Our results will be discussed in comparison with those
solids is the combined effect of inversion symmetry in spaceaecently published by Pfefférwho simulates the asymmet-
and time® Both symmetry operations convert the particleric quantum well by a single heterojunction. He misinter-
wave vectork into —k, but time inversion flips in addition preted the experimental data by a factor of 2 by taking the
the electron spin. The lack of either spatial inversion sym-Raman spin splitting in Fig. 2 in Ref. 12 as the subband spin
metry (or likewise of a symmetry that changesnto —k) or splitting.
of time inversion symmetry removes the spin degeneracy. A quantitative calculation of the subband dispersion in
Spin splitting due to lack of inversion symmetry is well- quantum wells has to take into account properly the bulk
known from early theoretlcal_ftudles for bulk semiconduc-pang structure of the involved semiconductors and the geom-
tors with zinc-blende structute® and has been demonstrated etry of the quantum structure including the doping profile.

by detecting thg precession of the spin po?rizationlgf eleCThe bulk band structure of GaAs belongs to the best-known
trons photoexcited from a GaAd.10 surface In addition single-particle spectra in solid state physics. The near band-

to th's bulk inversion asymmetryBIA) spin splitting  in edge states are well described by ax14 (or five leve)
semiconductor quantum wells can be caused also by thg

3,14 i P
asymmetry of the confining potential. It is referred to as sur—k p model,"™ which takes explicitly into account thEg,

face inversion asymmetrySIA), and has the meaning of andl'7, topmost valence-band ;tgtes qndfh;g, I'7¢, and
spin-orbit interaction of the electrafor hole moving in the | sc conduction-band states. Within this model, the param-
quantum well potentidi-® More recently this spin-orbit or ©ters _for which have been deter_mlned to hlgh precision by
Rashba term has been proposed as possible gate control fof%Periment, the lowest conduction band is accurately de-
future spin transistor in heterojunctions based on narrow gapcribed in the energy range of subband formation in quantum
InAs.1° A more direct evidence of spin splitting of the elec- Wells. Almost as accurate knowledge exists aboutkhp
tronic subbands in quantum well structures comes from th@arameters for the barrier material Sl _,As (x=0.3).'°
detection of single-particle spin-flip transitions at the FermiBy applying Lavdin partitioning, the 1414 model can be
energy, which can be probed in inelastic light-scattering exreduced to models operating in more restricted spaces, e.g.,
periments with crossed polarizations of incident and scatthe 8X8 k- p model(using the basi$';,, I'g,, I'sc) (Refs. 3
tered light. These experimefts? have been performed on and 16 and a 2x 2 k- p model(for I'g.).® Lowdin partition-
asymmetricallyn-doped GaAs/AlGa, _,As quantum wells. ing corresponds to a perturbative treatment of the off-
They provide clear information on the spin splitting of the diagonalk - p couplings in the 1414 model, which leads to
electron subband at the Fermi energy in dependence of therrections in the reduced models of higher ordek.itCon-
carrier density and on its anisotropy kj space. In the sequently, the reduced models are less accurate than the full
present paper, we compare these experimental data with cal4x 14 model?

culated spin splittings. We apply the multiband envelope In application to quantum well structures, these models
function approachf based on &8 and 14< 14k-p Hamilto-  are in use with the appropriate modificatioisee, e.g., Ref.
nians and find good quantitative agreement with the Ramaf3): the material parameters change at the interfaces, in the
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TABLE I. Material parameters of the 2414 model for GaAs 0.405 T T oobbona energy
(Ref' 3 and AlXGaﬂ-_XAS (Ref 15 E Fermi energy
d Ng = 8+ 10" cm™
GaAs Ab Ga, As 0.30F E

E, (eV) 1.519 1.885 - g

Eo (V) 4.488 4504 3 0.20f

A (V) 0.341 0.329 > 3

Ag (eV) 0.171 0.165 3 —_—— e —_—

A~ (eV) —0.050 —0.050 0.10 - forrioer] mvbredboreboretirsl re

P (eVA) 10.493 10.036 E N

Cy (eV A) —0.0034 -0.0018 0.00EC007Aloshs  Gahs Gag Al A

P" (eVA) 4.780 4.780 —400 -200 0 200 400

Q (eVA) 8.165 8.165 z (A)

m* (my) 0.0665 0.091
g* —0.44 0.548 FIG. 1. Conduction-band profilésolid line) of a 180-A-wide
v, 6.85 5332 asymmetrically doped GaAs/G#l,sAs quantum well with a car-
v, 210 1.446 rier concentration oNs=8 101 cm‘z_. The bottom of the lowest
vs 290 2174 sybbands{dashed linesand the Fermi energfdotted ling are in-
K 1.20 0.582 dicated.
q 0.01 0.01
C 1878 1315 concentrationNg=8x 10" cm™2 together with the lowest
c’ —0.02 —0.014 bound subband levels and the Fermi energy. The self-
co 12.40 11.698 consistent pot_ential does_no_t depen_d on whether 1?!_&& ar _

Conduction band offseeV) 0.240 14X14 model is used. With increasing charge carrier densi-

ties the potential asymmetry increases. According to our self-
consistent calculations, up tds=1.2x10*2 cm 2 all carri-
ers can be accommodated in the lowest subband. These

growth direction the wave-vector componégtis replaced . X :
by (14)d,, and for doped quantum structures the HartreereSUItS do not change when we consider a weak unintentional
Z

potential V4(z) and the exchange-correlation potential e}cceptor conce_ntrat|on in the GaAs laydn ouréc):alcglza-
Vxc(z) (we use the same as in Ref) @re added in the tions th_e depletion charge densrt;_(, was about 19’ cm™,
diagonal of thek- p Hamiltonian.Vy(z) andVyq(z) have to almost independent dfis.) The spin-degeneracy of all sub-
be calculated by self-consistent iteration of the Sdhnger

bands is lifted at finite in-plane wave vector due to BIA and
. : " . SIA. In Fig. 2, we compare the calculated spin splittings for
E\Tgs?slstsr]%nb?nudag?fgzt An additional parameter in the CalCudifferent in-plane directions from thex8 and 14<14 mod-
It is worth mentionin.g that the Rashba term in x2 els with the available experimental data. It should be noted,

subband Hamiltonian can be obtained in a systematic way b hat th? experimental data points ',nl our Fig. 2. are those of
applying Lavdin partiioning to the 1%14 subband ig. 2 in Ref. 12(converted from cm-" to meV) divided by
Hamiltonian® Similarly, the k® bulk inversion asymmetry
and corresponding interface terms result in the2ZSubband
Hamiltonian as a consequence of higher order perturbation
theory applied to the 1414 model. This concept and its
fully self-consistent solution as carried out by Pfeffer and
Zawadzk? is obviously superior to a merely perturbational
treatment of the Rashba amd terms with subband states
obtained in a parabolic approximation.

The spin-splitting data obtained by inelastic light scatter-
ing provide sufficiently accurate and detailed data to test the
different models. Here we present self-consistent data from
subband calculations based on th&&and 14<14k-p I
model$® with material parameters given in Table I. The 0.0 L L L L
sample parameters are those given in Table 2 of Ref. 12. In 6 8 0 2 14
the experiments of Refs. 11 and 12 the spin splitting of the Ns (107 cm™)

lowest electron_sub_band at th_e Fermi energy and its depen- FIG. 2. Calculated spin splittings at the Fermi energy vs carrier
dence on the direction of the in-plane wave vector has beeg,ncentration for a 180-A-wide asymmetrically  doped

detected for samples with the same nominal width of thezaas/GaAl,4As quantum well for different directions of the in-
quantum well of 180 A but for different carrier concentra- plane wave vector obtained from thex8 (dotted line$ and
tions. 14x 14 (solid lineg models. Experimental data from Ref. 12 are

In Fig. 1, we show the conduction-band profile obtainedshown for comparison. For the experimental data points indicated
by self-consistent calculation for a 180 A-wide asymmetri-by the asterisks the direction of the in-plane wave vector was not
cally doped GaAs/AlGa _,As quantum well with a carrier determined.
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a factor of 2, because the latter are Raman spin-splittingsnent than those from thexX3 model(dotted line$. For the

which equal twice the subband spin-splitting. data points denoted by the asterisks the in-plane wave vector
In the experiments of Ref. 12 the electron densities havavas not determined in the experiment. By comparison with

been determined via the Fermi velocities obtained from  our calculation they can be assigned to &0 direction.

the dispersion of the Raman single-particle excitati®RB The calculated spin splittings turned out to be insensitive to

spectrum. The high energy cutoff frequency for SPE of wavechanges in the Al content of the barrier fram0.3 to x

vectorq varies aw¢q and was taken as the half maximum =0-35, i.e., they would be the same fer=0.33, the Al

point in the high-energy edge of the non-spin-flip SPE linecontent ogthe samples in Refs. 11 and 12.

shapes, measured with the polarizations of incident and Pfeffer.” when applying his 22 model to the Raman

scattered-light parallel. In Ref. 12 the Fermi velocity hasddt@ ~* performs calculations for a single heterojunction.

been converted intkg (and the charge carrier densitysing He mak_es use of the depletlon_ charge denslfy (which

an energy-dependent mass from a2 model’? The esti- usually is not known from experimental datas a free pa-

. > . > ameter. With changing\y from 1.5 to 3.5 10 cm™2 he
mated error in the determination of these Fermi velocities Ofncreases the calculated spin splitting, e.g., for[th0)] di-

about 2.5% corresponds to an error in the densities of aboq ction, by almost a factor of 2. Pfeffer compares his calcu-
S%. The experimental Fermi velocities have been converteifted subband splittings with the experimental data of Fig. 2
into carrier densities by applying @2 model.“ Due to the iy Ref. 12, which are explicitly identified as the measured
shortcomings of the 22 model these densities turn out to bé Raman spin splittings and thus, twice the subband splittings.
too large if compared with those obtained from the multi- | conclusion, we have performed self-consistent subband
band approach. Therefore, the experimental data points igajculations in the multiband envelope function approach
Fig. 2 are shifted to the lower density values, which, accordyzsed on &8 and 14< 14k- p models for asymmetrically
ing to the present calculation, correspond to the experimerh_doped GaAs/AlGa, _,As quantum wells in order to obtain
tally determined I.:ermi.v_elocities. The accuracy of the meayhe spin-splitting at the Fermi energy. Our parameter-free
sured Raman spin-splitting(0.8 cm*) gives an error of  cajculations reproduce quantitatively the experimental data
the subband splittings of 0.05 meV(see Fig. 2 obtained from inelastic light scattering both with respect to

Considering the fact that the calculations are parametefhejr dependence on the carrier density and the anisotropy
free the overall agreement with the measured spin splittinggith respect to the direction of the in-plane wave vector.
is striking. While for the[110Q] direction, our results from \inor improvements of the results from the 44 model
both modelgcurves 2 coincide with each other and with the gyer those of the 88 model are found. Given the high ac-
experimental data, there is some model dependence and d&yracy of the bulk band parameters we tend to ascribe the
viation from the data points for thg100] (curves 3 and  yemaining small discrepancies between theory and experi-
[110] (curves 3 directions with the results from the ment to uncertainties in the quantum well width and charge
14x 14 model(dash-dotted linesbeing closer to the experi- carrier concentrations.
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