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For GaSb/AlSb heterostructures with the absolute conduction minimum deriving from theL point of the
bulk Brillouin zone, we predict zero-field spin splittings well exceeding 10 meV, about one order of magnitude
larger than typical values resulting from the Dresselhaus and Rashba spin-orbit coupling terms near the zone
center. Electronic structure calculations are performed within an improved tight-binding model and the main
results can be reproduced in a 434 k ·p Hamiltonian including band parameters andk-linear spin splittings
derived from the GaSb bulk. Our results provide direct insight intoL-valley heterostructures, indicating a
promising direction for future research on spintronics.
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Zero-field spin splittings in bulk zinc-blende-type semi-
conductors due to spin-orbit coupling and to inversion asym-
metry have been known for a long time.1 During the past
decade, most studies have been focused on states near the
center of the Brillouin zone: close to theG6c conduction
minimum, the spin splitting induced by bulk inversion asym-
metry is of third order in the Cartesian components of the
wave vectork. In heterostructures, additionalk-linear contri-
butions to the electron-spin splitting may originate from me-
soscopic inversion asymmetry2,3 and from microscopic inter-
face asymmetry.4,5 In GaAs/AlGaAs heterostructures,
typical spin splittings are less than 1 meV in the region ofk
space occupied by electrons,6–9 whereas they are typically a
few meV in heterostructures based on InAs,6,7,10–12 which
has a much narrower gap. On the other hand, at theL critical
point of the zinc-blende lattice, spin splittings are forbidden
along the[111] direction of the valley axis, butk-linear split-
tings are expected on the basis of double-group symmetry
considerations1 for wave vectors transverse to[111]. Even in
nonpolar materials the spin-orbit interaction may lead to a
large spin splitting of theL-derived surface states as ob-
served in Au(111).13

Compared to theG valley of III-V semiconductors, we
predict here much larger spin splittings in the surrounding of
theL point for both bulk and quantum wells(QWs), consid-
ering GaSb as prototype material.

The calculations are performed in ansp3d5s* nearest-
neighbor tight-binding (TB) model including spin-orbit
coupling14 with an extremely accurate parametrization,
where original parameters have been optimized to fulfill the
target of very good agreement with experimental data.15 The
new parametrization was evaluated for suitability in the cal-
culation of spin-orbit coupling effects in the conduction band
of GaSb, by comparing model results withab initio
calculations.16,17 In particular, for the directions ink space
available in Ref. 17, we have checked that TB calculations
are in very good agreement with fully relativistic linear
muffin-tin-orbital results. We first present the spin splittings
in bulk GaSb, and then give the results for GaSb/AlSb het-
erostructures in which theL valley gives rise to the lowest

electronic subband. In order to rationalize them, ak ·p
Hamiltonian based on the bulk invariants is constructed for
both cases, including intervalley coupling for the quantum
well case. To ensure a meaningful comparison, band param-
eters used in bothk ·p models (e.g., effective masses and
spin-orbit coupling) are set by fitting the TB band structure
of bulk GaSb.

Figure 1 shows the zero-field spin splittings in bulk GaSb
for the G and L electron valleys together with those of the
heavy and light hole bands along the[110] direction. Defin-
ing the size of the spin splitting at a given excess energy with
respect to the band extremum as the figure of merit, it is
obvious that the transverse directions around theL point are
the most interesting candidates for spintronics applications.
However, contrary to those along the[110] direction,17 these
effects on the surface of the Brillouin zone have not received
attention. The spin-dependent Hamiltonian of the conduction
band near theL minimum can be written as

FIG. 1. Calculated zero-field splitting between the two spin
states for electrons, heavy holes(hh), and light holes(lh) close toG,
and for electrons aroundL for the directionsL→W (solid line) and
L→K (dashed line). The spin splittings are reported as a function of
the average energy of both spin states.
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where kl and kt are the longitudinal and transverse wave
vectors with respect to theL valley, ml and mt the band
masses along these directions,s the vector of the 232 Pauli
matrices with the Cartesian components refering toex

=f11̄0g /Î2, ey=f110g /Î2, andez=f001g, respectively,u the
angle between[111] and [001], n=f111g /Î3 the orientation
of the L valley under study, anda a material-dependent pa-
rameter for thek-linear spin splitting. The energy-band struc-
ture of GaSb alongL→K andL→W, where the spin degen-
eracy is lifted, is shown in Fig. 2(along theL→G direction
the electronic band remains twofold degenerate). The present
calculations givea=0.84 eV Å for GaSb,18 corroborated by
density-functional results in the local-density
approximation,16 and the resulting 232 k ·p model is super-
imposed on the tight-binding results in Fig. 2. In the ener-
getic region of interest for the quantized states in aL-valley
quantum well, thisk ·p model is very precise.

The ideal heterostructure realizing a spin splitting for the
lowest quantized conduction states resembling Fig. 2 con-
sists of GaSb quantum wells between AlSb barriers grown
along the[111] direction. As the quantization energy of the
states deriving from theL valley is based on the large longi-
tudinal massml =1.3, they remain the lowest quantized states
up to well thicknesses beyond 19 MLs1 ML= a/2
.3.06 Åd. On the other hand, for technological reasons, a
[001] orientation of the growth axis is preferable. In
GaSb/AlSb quantum well heterostructures grown on(001)
substrate, the character of the lowest conduction state is

known to change from anL-derived to aG-derived state if
the thickness of the well is larger than 14 ML.19 Further
increase in the energy separation betweenL andG subbands
can be achieved by controlling theL-band-edge positions in
the quantum structure, using, for instance, an AlGaSb alloy
as well material.20 These systems are particularly suitable for
optical applications based onL-like intersubband transitions
at normal incidence.20,21

The calculation of the quantum confined conduction states
reported in Fig. 3 reproduces the crossing between direct and
indirect minima in the thickness region where it is
observed.19,22As the two bulkL valleys ats 1

2 , 1
2 , 1

2
d2p /a and

s 1
2 , 1

2 , 1
2

d2p /a project onto the same wave vector
s 1

2 , 1
2 ,0d2p /a at the surface of the two-dimensional(2D)

Brillouin zone of the heterostructure(2D L point), states
originating from two different regions of the bulk Brillouin
zone can mix via the quantum well potential. In a perturba-
tive approach, the leading order of this coupling is propor-
tional to the product of the envelope functions at the inter-
faces. Symmetry considerations show that the coupling is
finite (vanishing to first order) for an odd(even) number of
monolayers in the QW region,23 which leads to pronounced
even-odd oscillations in the splitting between the two lowest
L-like states.

Figure 4 shows the spin splittings of the lowest conduc-
tion subbands for wave vectorsk2D in the plane of the 2D
Brillouin zone around the 2DL point. Large zero-field spin
splittings occur for all in-plane directions around the quan-
tized states deriving from theL point of bulk GaSb(see also
Fig. 5).

In order to deduce ak ·p model including spin for the
GaSb quantum well, we start with the effective-mass bulk
Hamiltonian[Eq. (1)]. In the following, we first solve for the
quantum well confined states without spin,24 and then derive
a 434 k ·p model to deal with spin-orbit coupling via de-
generate perturbation theory.25,26 For simplicity, we assume
infinite barriers and vanishing envelope functions at the in-
terfacesuzu= lw/2. Without intervalley coupling, the envelope

functions for thes 1
2 , 1

2 , 1
2

d2p /a ands 1
2 , 1

2 , 1̄
2
d2p /a valleys can

be written as

FIG. 2. Dispersion of the two spin states around theL point in
bulk GaSb calculated with a nearest-neighborsp3d5s* tight-binding
model(solid lines), for L→K (to the left) andL→W (to the right).
Coordinates of the zinc-blende pointsL, K, andW are, respectively:
s 1
2 , 1

2 , 1
2

d2p /a, s1, 1
4 , 1

4
d2p /a, s1, 1

2 ,0d2p /a. The superimposed 2
32 k ·p model is based on Eq.(1) with a=0.84 eV Å and a trans-
verse mass ofmt=0.087(dashed lines). The reference energy is the
lowestG6c conduction-band state.

FIG. 3. Tight-binding energy levels vs well thickness(in ML ) of
L-like (solid lines) and G (dashed line) conduction states in
GaSb/AlSb quantum wells lattice matched on GaSb(001). The two
L-derived states at each thickness correspond to states split by the
intervalley coupling. TheL band edge offset is 1 eV.15 The confine-
ment energies are reported with respect to theG6c band edge in the
well region.
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where the plane-waves exps±ifkyzd with

f =
sml − mtdcosu sinu

mt cos2 u + ml sin2 u
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result from the misorientation of the effective-mass ellipsoid
with respect to the growth direction,24 and the energies of the
confined states have a parabolic dispersion,

E2dskx,kyd = Ē +
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with m3=mt cos2 u+ml sin2 u, m2=mt, while the quantum

confinement energyĒ is considered a fitting parameter.
The two intravalley 232 blocks accounting for the spin-

orbit coupling within eachL valley can be obtained from
expectation values of the spin-dependent part of the bulk
Hamiltonian Eq.(1) over the envelope functions in Eq.(2)
by usingkz=−is] /]zd. Noting that the spin-orbit Hamiltonian

for the valley arounds 1
2 , 1

2 , 1̄
2
d2p /a turns out to differ from

Eq. (1) by the sign of the terms proportional to sinu, we
obtain

kHs11±1dl = E2dskx,kyd + afbkysx + kxssy cosu 7 sz sinudg,

s5d

with b=f sinu−cosu,−0.056.
In order to describe the intervalley coupling, we phenom-

enologically introduce two real parametersV andW, the lat-
ter corresponding to spin mixing induced by the confining
potential. Consistent with theC2v symmetry of the 2DL
point, the resulting 434 Hamiltonian has the following
form:

H =1
E2d − A C V iW

C* E2d + A iW V

V − iW E2d + A C

− iW V C* E2d − A
2 , s6d

where A=akx sinu and C=asbky− ikx cosud= uCueig. The
spins are quantized along thez direction (001), and the dif-
ferent lines refer to the zeroth order statescs111du↑ l,
cs111du↓ l, cs111̄du↑ l, and cs111̄du↓ l, respectively. The four ei-
genvalues are given by

E = E2dskx,kyd ± fA2 + uCu2 + V2

+ W2 ± 2ÎsA2 + uCu2dsV2 + W2d − sAV+ WuCusingd2g1/2.

s7d

In this model the spin splittings do not depend directly on the
well thickness, but have a small indirect dependence through
the values ofV and W. As visualized in Fig. 4, thek ·p
Hamiltonian in Eq.(6) gives a good description of the direc-

tion kxi f1̄10g based on the GaSb bulk parameters, and inter-
valley couplingsV andW chosen in order to ensure the best
agreement with TB results. However, alongky, the k-linear
spin splittings are underestimated.27 This difference is exam-
ined in more detail in Fig. 5, which shows that the discrep-
ancy is limited to a narrow range of directions close to[110].
In particular, the large plateaus aroundf11̄0g observed in the
tight-binding results are well reproduced by thek ·p model
introduced here, which is the simplest possible one.

FIG. 4. In-plane dispersion of the lowestL-conduction sub-
bands, forsGaSbd9sAlSbd20 (left panel) andsGaSbd10sAlSbd20 (right
panel) as a function ofkx (to the right) andky (to the left), respec-

tively, along thef11̄0g and [110] directions. Black solid lines: TB
calculation, dashed lines: 434k ·p model according to Eq.(6)
based on the parametersmt=0.087,ml =1.3, anda=0.84 eV Å of

bulk GaSb. The quantum confinement energyĒ and the intervalley

couplingsV and W were set by fitting TB results, resulting inĒ

=160, V=18.5, andW=11.7 meV for 9 ML, andĒ=138, V=3.4,
andW=7.7 meV for 10 ML. The reference energy is reported with
respect to theL6c band edge in the well region.

FIG. 5. Spin splitting of the lowest conduction band in a
10-ML GaSb/AlSb quantum well as a function of the angle be-
tween the in-plane wave vectork2d and the[110] direction near the
L point. The results of thek ·p model in Eq.(7) (dashed lines) are
compared with the tight-binding results(solid lines), for different
values ofuk2du as annotated.
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In conclusion, we have demonstrated that spin splittings
well exceeding 10 meV can be realized in symmetric
GaSb/AlSbL-valley quantum wells. By a careful combina-
tion with asymmetries of the confining potential, or by ex-
ternal electric-field gating, additional freedom for the control
of the spin properties of the electronic bands could be

achieved. The giant zero-field spin splittings ofL-valley het-
erostructures point to a promising direction for future re-
search on spin electronics.

The authors thank P. Krüger for unpublished LDA calcu-
lations and F. Bassani for clarifying discussions.
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