RAPID COMMUNICATIONS

PHYSICAL REVIEW B 70, 121306R) (2004

Giant spin splittings in GaSb/AISb L-valley quantum wells
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For GaSh/AISb heterostructures with the absolute conduction minimum deriving froin plont 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 &4 k -p Hamiltonian including band parameters aktinear spin splittings
derived from the GaSb bulk. Our results provide direct insight intealley heterostructures, indicating a
promising direction for future research on spintronics.
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Zero-field spin splittings in bulk zinc-blende-type semi- electronic subband. In order to rationalize themkep
conductors due to spin-orbit coupling and to inversion asymHamiltonian based on the bulk invariants is constructed for
metry have been known for a long tirheDuring the past both cases, including intervalley coupling for the quantum
decade, most studies have been focused on states near {hell case. To ensure a meaningful comparison, band param-
center of the Brillouin zone: close to thies. conduction eters used in both -p models(e.g., effective masses and

minimum, the spin splitting induced by bulk inversion asym- spin-orbit coupling are set by fitting the TB band structure
metry is of third order in the Cartesian components of theyt hylk Gash.

wave vectoik. In heterostructures, additionlallinear contri- Figure 1 shows the zero-field spin splittings in bulk GaSbh
butions to the electron-spin splitting may originate from me-¢, the I and L electron valleys together with those of the
soscopic inversion asymmefryand from microscopic inter- heavy and light hole bands along tfeL0] direction. Defin-

5
Iacﬁ:alis);nmrsn?ittrtgi’h Sl';reclaésapgst/rgr??Arﬁevhﬁﬁ;]ftrgjﬁg‘&e;’ ing the size of the spin splitting at a given excess energy with
yp pin Spitting 9 respect to the band extremum as the figure of merit, it is

space occupied by electrofr$,whereas they are typically a obvious that the transverse directions aroundLthgint are

few meV in heterostructures based on IfAs®-12which th ¢ interesti didates f introni licat
has a much narrower gap. On the other hand, at tbetical € most nteresting candidates for spintronics applications.

point of the zinc-blende lattice, spin splittings are forbiddenHowever, contrary to those along tfiL0] direction;” these
along the[111] direction of the valley axis, butlinear split- effect_s on the surface of the BrIIIoum zone have not recelv_ed
tings are expected on the basis of double-group symmetrgttention. The spl'n-.dependent Hamyltonlan of the conduction
considerationsfor wave vectors transverse [b11]. Even in ~ band near thé minimum can be written as

nonpolar materials the spin-orbit interaction may lead to a

large spin splitting of thel-derived surface states as ob-

served in A@111).13 150
Compared to thd" valley of 1lI-V semiconductors, we
predict here much larger spin splittings in the surrounding of S
the L point for both bulk and quantum wellQWs), consid- GE’ 100 b \ 110
ering GaSb as prototype material. g (110)
The calculations are performed in @p’d®s* nearest- 2
neighbor tight-binding (TB) model including spin-orbit =
coupling® with an extremely accurate parametrization, & 50 |
where original parameters have been optimized to fulfill the £
target of very good agreement with experimental dafhe & hh (110)
new parametrization was evaluated for suitability in the cal- I (110)

culation of spin-orbit coupling effects in the conduction band 0_0 5 00
of GaShb, by comparing model results withb initio ’ '
calculations'®7 In particular, for the directions ik space

available in Ref. 17, we have checked that TB calculations FIG. 1. Calculated zero-field splitting between the two spin
are in very good agreement with fully relativistic linear states for electrons, heavy holés), and light holeglh) close tol’,
muffin-tin-orbital results. We first present the spin splittingsand for electrons around for the directiond. — W (solid line) and

in bulk GaSb, and then give the results for GaSb/AISb hett — K (dashed ling The spin splittings are reported as a function of
erostructures in which the valley gives rise to the lowest the average energy of both spin states.
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wave vector (0.01 x 2n/a) FIG. 3. Tight-binding energy levels vs well thickng&s ML) of

L-like (solid lineg and I' (dashed ling conduction states in
FIG. 2. Dispersion of the two spin states around theoint in  Gash/AISb quantum wells lattice matched on G@8H). The two

bulk Gasb calculated with a nearest-neighipid®s* tight-binding | derived states at each thickness correspond to states split by the
model(solid lines, for L—K (to the lefy andL — W (to the righ). intervalley coupling. Thé band edge offset is 1 e¥?.The confine-
Ciocl)rcilnates of thle zllnc-blende poirisk, andW are, respectively:  ment energies are reported with respect toltgeband edge in the
(5,5,5)277/& (1,;1,;1)277/a, (1,5,0)277/a. The superimposed 2 ell region.
X 2 k-p model is based on E@l) with «=0.84 eV A and a trans-
verse mass af=0.087(dashed lines The reference energy is the known to change from ah-derived to al’-derived state if

lowestT'g, conduction-band state. the thickness of the well is larger than 14 MR Further
increase in the energy separation betwkeeandI” subbands
B2 122 can be achieved by controlling theband-edge positions in
Hay = A0 IR S ak X @) -n the quantum structure, using, for instance, an AIG.aSb alloy
2m, 2my ' as well materiaf® These systems are particularly suitable for
WA 128 optical applications 0bzalsed dnrrlike intersubband transitions
=L+ =L 4 a(k,sin 6~ k, cos)ay at normal incidencé? _ _
2m. 2m The calculation of the quantum confined conduction states
. reported in Fig. 3 reproduces the crossing between direct and
+ akeoy €080 - ok, sin 6, (1) ingirect mini?na inp the thickness region where it is
where k, and k, are the longitudinal and transverse wave observed?22As the two bulkL valleys at(3,%,2)2w/a and

vectors with respect to thé valley, m and m;, the band E%,%,%)Zw/a project onto the same wave vector

masses along these directionsthe vector of the X 2 Pauli E,E,O)Zw/a at the surface of the two-dimensionéD)
matrices with the Cartesian components refering efo  Brillouin zone of the heterostructur@D L point), states
=[110]/+2 ey:[llo]/\s’i ande,=[001], respectively,d the originating from two different regions of the bulk Brillouin
angle betweeif111] and[001], n=[111]/\/3 the orientation zone can m'ﬁ V'? thle quantum We"f pk(])_tentlal. I!n a perturba-
of the L valley under study, and a material-dependent pa- tive approach, the leading order of this coupling is propor-

. : s tional to the product of the envelope functions at the inter-
rameter for thek-linear spin splitting. The energy-band struc- faces. Symmetry considerations show that the coupling is
ture of GaSb alongt — K andL — W, where the spin degen-

¢ : art e finite (vanishing to first ordgrfor an odd(even number of
eracy is lifted, is shown in Fig. Zalong thel —I' direction  mgnolayers in the QW regiofs,which leads to pronounced
the electronic band remains twofold degenexatée present  eyen-odd oscillations in the splitting between the two lowest
calculations givex=0.84 eV A for GaSH? corroborated by | _jike states.
density-functional  results in  the  local-density  Figure 4 shows the spin splittings of the lowest conduc-
approximation’ and the resulting X 2 k -p model is super-  tion subbands for wave vectoksy, in the plane of the 2D
imposed on the tight-binding results in Fig. 2. In the ener-Brillouin zone around the 2 point. Large zero-field spin
getic region of interest for the quantized states in-@alley  splittings occur for all in-plane directions around the quan-
quantum well, thisk -p model is very precise. tized states deriving from the point of bulk GaSksee also
The ideal heterostructure realizing a spin splitting for theFig. 5).
lowest quantized conduction states resembling Fig. 2 con- In order to deduce &-p model including spin for the
sists of GaSb quantum wells between AlISb barriers growr3aSb quantum well, we start with the effective-mass bulk
along the[111] direction. As the quantization energy of the Hamiltonian[Eq. (1)]. In the following, we first solve for the
states deriving from the valley is based on the large longi- duantum well confined states without spfrand then derive
tudinal massn =1.3, they remain the lowest quantized states? 4% 4 k-p model to deal with spin-orbit coupling via de-
up to well thicknesses beyond 19 ML(1 ML=a/2  generate perturbation thedi¥2® For simplicity, we assume
~3.06 A). On the other hand, for technological reasons, dnfinite barriers and vanishing envelope functions at the in-

[00]] orientation of the growth axis is preferable. In terfacedz =1,,/2. Without intervalley coupling, the envelope

GaSb/AISb quantum well heterostructures grown(6@1)  functions for thel3,3,2)27/a and(%,%,%)zwa valleys can

substrate, the character of the lowest conduction state ise written as
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with mg=m, cog #+m sir? , my=m,, while the quantum
confinement energf is considered a fitting parameter.

The two intravalley 2< 2 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 ER)
by usingk,=-i(d/ dz). Noting that the spin-orbit Hamiltonian

[ /
/
160kl =10 ML/ /

140

1205——t— L1

for the valley around?,2,)2zr/a tums out to differ from
Eqg. (1) by the sign of the terms proportional to ginwe
obtain

T 0 1 29 70 1 2
In-plane wave vector (0.01 x 2x/a)

FIG. 4. In-plane dispersion of the lowektconduction sub-

bands, folGaShg(AISb), (left pane) and(GaSh,(AlSb),, (right
pane) as a function ok, (to the righy andk, (to the lefy, respec-

tively, along the[lTO] and[11Q] directions. Black solid lines: TB

(Ha1:1) = Eza(Ki ky) + af Bkyoy + ky(0y, cOSO F o, sin )],
©)

calculation, dashed lines: X4k -p model according to Eq(6)

based on the parametem=0.087,m=1.3, anda=0.84 eV A of
bulk GaSb. The quantum confinement eneffggnd the intervalley
couplingsV and W were set by fitting TB result_s, resulting B

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

with 8= ¢ sin #—cos6f~ -0.056.

In order to describe the intervalley coupling, we phenom-
enologically introduce two real paramet&fsandW, the lat-
ter corresponding to spin mixing induced by the confining
potential. Consistent with th€,, symmetry of the 2DL
point, the resulting 4«4 Hamiltonian has the following
form:

eik><x+ikyy 2 ) _ .
Ya1zy=—F \/; CO 7y ik, (2 Fa=A C v W
N | | :
VA w w H = C*  Ey+A iW \ ©)
| v -iW Exy+A C |
where the plane-waves e ¢k z) with —iw v C*  Ey-A

_ (m —my)cos@sin g where A=ak,sin# and C=a(pk,~ik, cos6)=|C|é”. The

= o2 0+ m S0 0.64 (3)  spins are quantized along tedirection (001), and the dif-

ferent lines refer to the zeroth order stateq|1),
Yawnl L), daanl 1), and guiy| 1), respectively. The four ei-

result from the misorientation of the effective-mass ellipsoidgenyalues are given by
with respect to the growth directidfi,and the energies of the

confined states have a parabolic dispersion,

E = Epq(Keky) + [AZ+|CJ2 + V2

+ W2 £ 21(A2 + |C]) (V2 + WA) = (AV + W[C]sin y)?]"2.

£ @

13

o

-,% I /, N In this model the spin splittings do not depend directly on the

S sE N7 k=0.01 (2n/a) \3 well thickness, but have a small indirect dependence through

c 20 - — ] the values ofV and W. As visualized in Fig. 4, th&:p

2 13: ______ k=9-99_5_(§n/a) ] Hamiltonian in Eq(6) gives a good description of the direc-
Sm tion k,lI[110] based on the GaSb bulk parameters, and inter-
% "0 180 270 360 valley couplingsV andW chosen in order to ensure the best

FIG. 5. Spin splitting of the lowest conduction band in a
10-ML GaSh/AISb quantum well as a function of the angle be-
tween the in-plane wave vectkipy and the[110] direction near the
L point. The results of th& -p model in Eq.(7) (dashed linesare
compared with the tight-binding resultsolid lineg, for different
values of|k,g as annotated.

angle (degrees) agreement with TB results. However, alokg the k-linear

spin splittings are underestimat&dThis difference is exam-
ined in more detail in Fig. 5, which shows that the discrep-
ancy is limited to a narrow range of directions clos¢1Q].

In particular, the large plateaus arourid0] observed in the
tight-binding results are well reproduced by thep model
introduced here, which is the simplest possible one.
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In conclusion, we have demonstrated that spin splittingschieved. The giant zero-field spin splittingsletalley het-
well exceeding 10 meV can be realized in symmetricerostructures point to a promising direction for future re-
GaSh/AISbL-valley quantum wells. By a careful combina- search on spin electronics.
tion with asymmetries of the confining potential, or by ex-
ternal electric-field gating, additional freedom for the control ~ The authors thank P. Kruger for unpublished LDA calcu-
of the spin properties of the electronic bands could bdations and F. Bassani for clarifying discussions.
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