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Infrared absorption in Si ÕSi1ÀxGex ÕSi quantum wells
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The infrared intersubband optical transitions in SiGe/Si quantum wells is theoretically examined. We have
used the 838, 12312, and 14314 k•p Hamiltonians taking into account both thep-like first conduction band
and thes-like second conduction band to calculate wave functions and energy dispersion of the valence band
of Si/Si0.8Ge0.2/Si quantum wells. We discuss intersubband absorption in the valence band and we show that
the p-p interaction favors intersubband transitions for an optical polarization parallel to the layer plane (x
polarization!. For z polarization, boths-p andp-p interactions play the same footing role in intervalence band
transitions.

DOI: 10.1103/PhysRevB.64.085329 PACS number~s!: 73.90.1f, 78.67.De
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I. INTRODUCTION

Infrared transitions in quantum well structures betwe
either confined levels of the conduction band~CB! or con-
fined levels of the valence band~VB!, the so-called intersub
band transitions, have been extensively studied during
past two decades. Most studies on this subject were base
III-V materials, especially GaAs.1–5 It is an important matter
thanks to its wide application in infrared photodetection a
its use as an infrared source~quantum cascade lasers!. Con-
trary to GaAs/AlGaAs~n-type! quantum wells, which need
only a polarization of the optical field along the growth d
rection (z polarization! to show the intersubband transitions6

GaAs/AlGaAs (p-type! quantum wells exhibit this intersub
band transitions for both polarizations, along and across
growth direction (x and z polarization!.7 The intersubband
absorption inz-polarization is allowed but experiments ca
not be performed with a wave vector parallel to the grow
direction, which makes the experiment difficult. The inte
subband absorption inx direction is forbidden. As usual al
lowed and forbidden refer to transition atkr50, wherekr is
the wave vector in the plane direction. Thex-polarization
absorption is possible atkrÞ0 as a result of admixture be
tweens-type CB andp-type VB (s-p interaction!. Moreover,
IV-IV heterostructures, such as Si/Si12xGex /Si, have also
been a subject of many interesting studies. One of the
ticularities of the quantum heterostructures Si12xGex /Si is
associated to the band discontinuity between the two ma
als which occurs essentially in the VB. As a result, the o
served intersubband transitions involve the different state
holes ~heavy holes, light holes, and spin-orbit split VB! at
krÞ0. This admixture allows to observe intersubband a
sorption for an optical polarization parallel to the lay
plane.8,9 The implementation of photodetector or of infrare
modulator operating at normal incidence is therefo
possible.10,11 The dependence of polarization intersubba
transitions in heavily doped Si12xGex /Si quantum well
have been emphasized by Chunet al.12 Many experimental
investigations were recently performed in Si12xGex /Si quan-
tum wells in order to study the intersubband transitio
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within the VB. These experiments have demonstrated
existence of the photoinduced intersubband absorption
doped or undoped wells.13,14

These intersubband transitions show strong dipolar m
ment, which is convenient for observation of important no
linear effects. Nonlinear second-order optical resonant tr
sitions of harmonic generation at 10.6mm in asymmetrical
wells have been observed.15 The saturation of intersubban
absorption in the VB at 10mm and the measurement o
intersubband relaxation time have been emphasized in
16. Additionally, Ref. 17 points out studies on the evoluti
of the intersubband absorption in interdiffused Si12xGex /Si
quantum wells. The most realistic approach to analyze
model the experimental results is to consider a full desc
tion of the quantum well band structure. Furthermore, a la
variety of methods for studying the pertinent experime
have been reported in the literature, such as the pseud
tential method18 and the computation of the dispersion in th
valence band taking into account the coupling between
three VB, heavy holes, light holes, and spin orbit.19 As
quoted in Ref. 20, ‘‘detailed calculations of the transitio
strengths away from the zone center would be necessa
The purpose of this paper is to show another theoretical
pect on the oscillator strengths.

Up to now the admixture between theG5
1/(G8

11G7
1) in

simple/double group VB and theG2
2/G7

2 CB was calculated
taking into account thes-like (G2

2) CB. This is justified for
semiconductors such as GaAs or Ge where theG2

2 CB is the
lowest CB. This leads to use a 838 H8 Hamiltonian~6 for
the G5

1 VB, 2 for the G2
2 CB). However, in silicon or in

Si12xGex with a small Ge concentration the lowest CB h
the G4

2/(G8
21G6

2) symmetry and the use of the H8 is no
longer justified. The use of H8 would be justified if the op-
tical matrix element between theG5

1/(G8
11G7

1) and G4
2

would be zero or very small with respect to the matrix e
ment betweenG5

1 andG2
2 . However, the square of the firs

matrix element is larger than half the square of the sec
one,21 i.e., both matrix elements are of the same order
magnitude. Thus, in Si12xGex , we have to take into accoun
©2001 The American Physical Society29-1
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both bandsG4
2 andG2

2 on the same foot. Indeed, one of th
aims of this paper is to show the influence of the first t
CB’s, namelyG2

2 andG4
2 , on intersubband absorption wit

normal incidence for a 34 Å Si0.8Ge0.2/Si strained quantum
well. First we begin to study the oscillator strengths taki
into accountG5

1 andG2
2 levels via the H8 Hamiltonian. Sec-

ond we take into accountG5
1 andG4

2 levels via a 12312 H12

Hamiltonian ~6 for the G4
2 CB). Finally we take into ac-

count all the levelsG5
1 , G4

2 and G2
2 via a 14314 Hamil-

tonian H14. From a numerical viewpoint we use a meth
which has been shown efficient in studies of several kind
two and one dimensional semiconductors.22–24

The method used here for calculating electronic ba
structure is based on the 14314 k•p method.25 This method
has been used previously for calculating the electronic b
structure in the bulk semiconductors.26–29The most complete
treatment along these lines has been detailed by Pfeffer
Zawadzki21,30 who described in detail various properties
conduction electrons in GaAs and determined import
band parameters. The layout of this paper is as follows
Sec. II we give the theoreticalk•p framework account for
the G5

1 , G4
2 , andG2

2 levels. In Sec. III we give the disper
sion relations obtained with the three above Hamiltonia
The dependence of intersubband absorption versus the w
vector and the absorption ratio calculated betweenx and z
polarizations versus the wave vector is given in Sec. IV. T
Sec. V is devoted to the conclusion.

II. QUANTUM WELL STRUCTURE

A. The Hamiltonian matrix elements

In the absence of strain, the band structure can be fo
by solving thek•p equation:31

FIG. 1. Five-level model~14-level model by taking into accoun
the spin-orbit coupling! for Si and Ge near theG point of the Bril-
louin zone. The notation of~i! the energy gapsEG andEGC , ~ii ! the
spin orbit splittingsD and DC , and ~iii ! the interband matrix ele-
ments of momentumP and PX useful here are symbolically indi
cated. The numerical values ofEG , EGC , D, andDC are given in
Table I.
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HkUlk
(0)5El k

(0)~k!Ulk
(0) , ~1!

where

Hk5
p2

2m0
1U1

\

4m0
2c2

~¹W U`pW !•sW 1
\

m0
k•p1 k̆2 ~2!

andm0 is the free electron mass,U is the periodic potential
of the unstrained crystal, k̆25\2k2/2m0 and sW

5(sx ,sy ,sz) are the Pauli matrices. Ulk
(0) denotes Bloch

spinors in the unstrained crystal. Standard notation is u
for the other quantities. In Eq.~2! we have neglected
\/4m0

2c2(¹W U`kW )•sW term which gives rise tok linear terms
in semiconductors without inversion center such as GaAs
the following, we applied thek•p formalism to the 14 fold
space of the VB (G8

11G7
1), the lowest (G7

2) and the second
CB (G8

21G6
2) which are treated as quasidegenerate. In A

pendix A Hk is given explicity fork5(kx ,ky ,kz). However,
in our calculations, inside theG8

21G6
2 CB, we have taken

all the off-diagonal interaction terms including thep-type
CB’s equal to zero. Figure 1 gives the band structure
interest in silicon and germanium.

FIG. 2. The band structure of the unstrained Si0.8Ge0.2/Si quan-
tum well and of the strained Si0.8Ge0.2 quantum well grown on Si
~001! with a well width of 34 Å. The energies are given in me
and the zero energy is taken at the top of the unstrained heavy-
well.
9-2
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TABLE I. Numerical values of bulk parameters used in this work for Si and Ge. The energies gapEG and
EGC , spin orbit splittingD and DC , Kane energyEP , and the energyEPX are given in eV. Theg j ’s ( j
51,2,3) are the Luttinger parameters andmc is the effective masses~in m0) at band edge of typeG2

2 . All
parameters are obtained from Ref. 34, except for the energyEPX which is obtained byEPX53(g3

2g2)(EG1EGC). This later relation is obtained via the twentyk•p model ~Ref. 39!.

EG EGC D DC EP EPX g1 g2 g3 mC

Si 4.185 20.775 0.044 0 21.60 11.32 4.285 0.339 1.446 0.52
Ge 0.898 2.225 0.297 0.186 26.30 13.58 13.38 4.24 5.69 0.0
ed

tio
s
-

r-

ti
d

e

s

t
es
rd

-

. In
om

n-

ried
ur

m-
aken
d
e

the

ed

of

r

B. The k"p method of a strained-layer quantum wells

The band structure in the presence of strain~for any k in
the Brillouin zone! can be found using the method report
by Pikus and Bir.32 The strain matrix element HS can be
obtained from thek•p matrix element~see Appendix A!. It
can be easily included by the same symmetry considera
and a straightforward addition of corresponding term
kakb→«ab ; a,b5x,y,z («ab have exactly the same sym
metry askakb) with the deformation potentialsac , av , and
bv , at the corresponding positions ofg̃c/2, 2g̃1/2 ~or
2g̃D1/2) and2g̃2 ~or 2g̃D2). The problem under conside
ation is that of a quantum well grown on~001! substrate, in
which the well material is thin enough so that it can elas
cally accommodate the strain due to lattice mismatch. Un
these conditions, the strain in the~001! plane is

«xx5«yy5« i5
a(Si)2a(Si12xGex)

a(Si12xGex)
, ~3!

where a(Si) and a(Si12xGex) are the lattice constants of th
substrate~barrier material! and the layer material~well ma-
terial!, respectively. The condition of zero stress in thez
direction yields

«zz5«'522
C12

C11
« i , ~4!

while «xy5«yz5«zx50. C11 andC12 are the elastic stiffnes
constants. The 838 strain Hamiltonian matrix, namelyHS
matrix which is well known,33 induces a shift and a splitting
from the potentialV due to both VB and CB offset, so tha
the well for light holes is not the same as for heavy hol
The subband dispersion was obtained from a second o
k•p 14-band Hamiltonian~A1! Hk onto which we expanded
the 838 strain HamiltonianHS and the potentialV. The
Hamiltonian to be solved is

TABLE II. This table gives the values of the lattice parametea
~in Å) for Si and Ge. The deformation potentialsac for the CB and
av , bv for the VB are given in eV.ag5ac2av is the gap deforma-
tion potential.C11 andC12 are the elastic moduli~stiffnesses! given
in MPa. All parameters are obtained from Ref. 34.

a ac av ag bv C11 C12

Si 5.431 25.10 0 25.10 22.10 1.675 0.65
Ge 5.658 29.50 0 29.50 22.90 1.315 0.494
08532
n
:

-
er

.
er

H5Hk1HS1V~z!, ~5!

where V(z), which is a scalar, is diagonal in the 14
dimensional spinor basis. In unstrained semiconductorsV(z)
describes only the valence and conduction band offset
strained semiconductors the whole potential results fr
both the chemical potentialV(z) and the potential induced
by the strainHS . Figure 2 gives the band structure of u
strained and strained Si/Si0.8G0.2/Si quantum well.

III. k "p THEORY: VALENCE DISPERSION CURVES

Calculations for valence-subband structure can be car
out with the methods outlined in the previous section. In o
calculation we have taken linear interpolation of all para
eters. The Si and SiGe band parameters have been t
from Ref. 34~Tables I and II! and a heavy-hole valence ban
offset DEV5840x (meV) ~Ref. 35! has been assumed. W
choose the quantum well direction (z axis! as the quantiza-
tion axis of the angular momentum. Figure 3 shows
valence-subband structure of 34 Å Si0.8Ge0.2/Si strained
quantum well obtained with the axial approximation.36 The
optical properties of these quantum well will be discuss
extensively below. At the zone center (kr50), the valence
subbands are either heavy-hole (Hn)-like, light-hole

FIG. 3. Valence-subband structure of a 34 Å quantum well
Si0.8Ge0.2/Si, along the@001# direction, calculated with 14314
Hamiltonian model~solid lines!, 12312 Hamiltonian model~long-
dashed lines!, and 838 Hamiltonian model~dot-dashed lines!.
9-3
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TABLE III. Luttinger-Kohn periodic amplitudes used in 14-bands model. For convenience, the func
phases are chosen arbitrarily for several reasons~hole functions, maximum of matrix elements are real!.

uc3
2&5uiF2 1

A2
~Xc1 iYc!↑G & u 3

2 &5u i F2
1

A2
~X1 iY!↑G &

uc 1
2 &5u i FA2

3 Zc↑2
1

A6
~Xc1 iYc!↓G & u 1

2 &5u i FA2
3 Z↑2

1

A6
~X1 iY!↓G &

uc2
1
2 &5u i F 1

A6
~Xc2 iYc!↑1A2

3 Zc↓G & u2 1
2 &5u i F 1

A6
~X2 iY!↑1A2

3 Z↓G &

uc2
3
2 &5u i F 1

A2
~Xc2 iYc!↓G & u2 3

2 &5u i F 1

A2
~X2 iY!↓G &

uc 7
2 &5u i F 1

A3
Zc↑1

1

A3
~Xc1 iYc!↓G & u 7

2 &5u i F 1

A3
Z↑1

1

A3
~X1 iY!↓G &

uc2
7
2 &5u i F 1

A3
~Xc2 iYc!↑2

1

A3
Zc↓G & u2 7

2 &5u i F 1

A3
~X2 iY!↑2

1

A3
Z↓G &

u1&5uS↑& u2&5uS↓&
d
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(Ln)-like or spin-orbit-like, and they are labeled H1, ‘‘L 1,’’
H2, ‘‘L 2,’’ ‘‘SO 1,’’ etc., according to their characters an
principal quantum numbers. ‘‘Ln’’ and ‘‘SOn’’ indicate that,
even atkr50, the functions are not pureu6 1

2 & andu6 7
2 & but

they are mixed (u6 1
2 & andu6 7

2 & are defined in Table III!. As
shown in Fig. 3 and for the three Hamiltonian model
38, 12312, or 14314) there is very little band admixtur
in the dispersions since we are dealing with a material h
ing wide band gap. At large values ofkr , the highest light-
hole band ‘‘L1’’ and the two highest heavy-hole bands H1
and H2 are mixed leading to strongly nonparabolic disp
sions relations. For example, a strong coupling between
two states ‘‘L1’’ and H1 for 12312 Hamiltonian model is
observed nearkr50. This indicates the valence bands a
strongly mixed between them as well as with the conduct
band in the quantum well. For the two Hamiltonian mod
(12312 or 14314), we note that the energy of the heav
hole branches atkr50 are the same~they are coupled in the
same way with the other branches!, but the light-hole
branches are pulled up. The curvatures of all branches
strongly dependent on the Hamiltonian model (838, 12
312, or 14314) and as a consequence, they will pres
different effective masses.

IV. INTERSUBBAND TRANSITION

After the states and energies of the semiconductor het
structure system have been calculated via thek•p method
08532
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described in the previous sections, optical transitions
tween the valence band states~intervalence band transitions!
can then be evaluated. For evaluating the momentum ma
element between initial stateuCH1 ,kr,3/2& and final state

uCH2 ,kr,3/2&, one needs to calculate the term:

~uW •pW !H1→H2
5^CH1 ,kr,3/2uuW •pW uCH2 ,kr,3/2&, ~6!

whereuW is a unit vector in the direction of the electric field
The valence-subband statesuCHi ,kr,3/2& ( i 51,2) with wave

vector kr can be expanded in terms of a set of basis sta
uM & (uM & are the 14 basis functions represented by
uJ,MJ& notation!:

uCHi ,kr,3/2&5(
M

ei r•krxM
Hi~z!uM &, ~7!

wherer5(x,y). Finally, for xM
Hi(z) we take the following

expansion:

xM
Hi~z!5

1

AA
(

l
Cl

MsinS lpz

2A D , ~8!

where 2A is the quantum well width and we takeuf l&
5(1/AA)sin(lpz/2A) as the basis.22 Using the expansion a
given in Eqs.~7! and ~8! into Eq. ~6!, we have
~uW •pW !H1→H2
5 (

M1M2
H \kW r•uW dM1 ,M2

^xM1

H1 uxM2

H2 &1^xM1

H1 uuzpzuxM2

H2 &dM1 ,M2

1^xM1

H1 uxM2

H2 &^M1uuW •pW uM2&
J ~9!
9-4
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INFRARED ABSORPTION IN Si/Si12xGex /Si . . . PHYSICAL REVIEW B 64 085329
the optical matrixuW •pW in Eq. ~9! can be obtained from the
k•p matrix element given in Sec. II. The optical matrix h
indeed the same form as thek•p matrix element, except tha
kikj is replaced withkiuj1kjui . The coefficients of the
overlap terms in Eq.~9! are linear inkr , whereas the coef
ficients of the dipole terms are independent ofkr . Further
the overlap terms only couples envelope functions of
same parity, whereas the dipole terms only couples enve
functions of opposite parities. The form of Eq.~9! shows that
the x-polarization absorption is going to be different to ze
if the initial or the final state has ap symmetry. If the Hamil-
tonian described only thep symmetry VB or thep symmetry
CB, the optical matrix element would simply be a zero,
that atkr50 the two highest heavy-hole statesuCHi ,kr,3/2&
( i 51,2) are completely decoupled with all the conducti
subband states. Figures 4 and 5 show the squared mome
matrix elements (2/m0)u^CH1 ,kr,3/2uuW •pW uCH2 ,kr,3/2&u2 for a

34 Å Si0.8Ge0.2/Si strained quantum well versus the pla
wave vector forx- and z-polarized fields, respectively. In
both of these figures a prominent transition from the fi
subband H1 to the three subband H2 is shown. For conve-
nience, (H1H2)838 is defined as the transition when the in
tial state is H1, the final state is H2 and to calculate with
eightfold space ofG7

2 , G8
1 , and G7

1 . We note that in our
notation, (12312) means that thek•p formalism is applied
inside thep-CBs and thep-VBs. For thex polarization, as
shown in Fig. 5, (H1H2)14314 are very strong forkr peaks
around 0.06 Å21 and decreases whenkr increases.
(H1H2)12312 offers the same behavior and exhibits a pe
around 0.06 Å21 as well. Thus we expect the (H12H2)
transition atkr50.06 Å21 to play an important role in the
absorption. (H1H2)838 transition shows a broadness pe

FIG. 4. Squared momentum matrix elements for a light po
ized along thex direction between sublevelsH1 andH2 in a 34 Å
Si0.8Ge0.2/Si strained quantum well. Dot-dashed line, long-dash
line, and solid line give the result respectively withH8 Hamiltonian
taking into account the bands$G5

1 ,G2
2%, with theH12 Hamiltonian

taking into account the bands$G5
1 ,G4

2% and with theH14 Hamil-
tonian taking into account the bands$G5

1 ,G4
2 ,G2

2% ~see text!.
08532
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aroundkr50.04 Å21. The broadness of the intersubban
transition peaks is partially due to the nonparabolic behav
of the valence subbands. The (H1H2)12312 transition is twice
stronger than (H1H2)838 one. This fact indicates that th
coupling between thep-type CB’s andp-type VB’s (p-p
coupling! plays an important role for thex-polarization inter-
subband transition. For thez polarization, as shown in Fig. 5
(H1H2)838 and (H1H2)12312 are strong at the zone cente
and becomes large forkr'0.07 Å21. For kr,0.08 Å21,
the (H1H2)838 transition is similar to (H1H2)12312 one and
the peak position is aroundkr'0.075 Å21. However, the
peak position for (H1H2)12312 transition moves slightly to a
lower kr (0.069 Å21). The peak intensity of the square

-

d

FIG. 5. Same as in Fig. 4 but for a light polarized along thez
direction.

FIG. 6. The ratio between squared momentum matrix eleme
for x andz polarization for theH1-H2 transitions versus the plan
wave vectorkr . Dot-dashed line, long-dashed line and solid li
give the result respectively withH8 Hamiltonian,H12 Hamiltonian,
andH14 Hamiltonian.
9-5
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momentum matrix for (838) case is about 765 meV
whereas the (12312) one is about 980 meV. The squar
momentum matrix in both these two Hamiltonian models
almost identical, and therefore, so are the calculated inte
ties for each optical transition. This indicates that the (s-p)
coupling and the (p-p) coupling play an equal footing role
for thez polarization. In the (14314) case, a peak position i
found at near 0.09 Å21 and the peak intensity is about 150
meV, approximately the sum of the two transition cases
38 and 12312). Figure 6 shows the ratio between squa
momentum matrix elements forx and z polarization for the
(H1-H2) transitions versus the plane wave vectorkr . As
expected from momentum matrix element in Fig. 4 and F
5, the ratio@Px /Pz#14314 is stronger than the@Px /Pz#12312
one which is stronger than the@Px /Pz#838 one. For (8
38) Hamiltonian model, absorption ofx-polarized light
could be stronger than that ofz-polarized beam ifkr belongs
to @0.025 Å21, 0.06 Å21#. This indicates that inside thi
kr interval, the forbidden transition becomes much stron
than the allowed transition. For (12312) Hamiltonian
model, thekr interval where@Px /Pz#12312.1 is more wide
for the one calculated with (838) Hamiltonian model.
Moreover, the intensity ratio for the (12312) Hamiltonian
model is more stronger that the (838) one. This is ex-
plained by the fact that the anisotropic interactionp-p favors
08532
e
si-

8
d

.

r

the intersubband transitions for a radiation electric field p
allel to the layers rather than for an electric field along t
growth direction.

V. CONCLUSION

The intersubband transitions in the VB were calcula
for x and z polarization. We have presented a general fiv
levelsk•p model in which one takes explicitly into accoun
the p-symmetry VB and thes- and p-symmetry CB’s. We
have calculated the dispersion relation of valence subban
the axial approximation for a strained semiconductors qu
tum well. We have given the intersubband absorption
strained Si0.8Ge0.2/Si quantum well for thex andz polariza-
tion. Our calculation clearly explains that the anisotropicp-p
interaction favors thex polarization, whereas the isotropi
interaction (s-p interaction! and the anisotropic one play a
equal footing role for thez polarization.
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APPENDIX A: H k MATRIX

In the basis spinors atk50 given in Appendix B~see Table III! ~taken in order:uc 3
2 &, uc 1

2 &, uc2 1
2 &, uc2 3

2 &, uc 7
2 &,

uc 2 7
2 &, u1&, u2&, u 3

2 &, u 1
2 &, u2 1

2 &, u2 3
2 &, u 7

2 &, u2 7
2 &), the 14314 k•p Hamiltonian Hk is given by

~A1!
9-6
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where

k̆ j
25

\2kj
2

2m0
, j 5x,y,z; k65kx6 iky ; Pz5Pkz ; P65Pk6 ; PX

z 5PXkz ; PX
65PXk6 .

Taking the zero of energy at the top of theG8
1 , one obtains

E8C
105E8C8 2g̃C1k̆21AC ,

E8C
205E8C8 •••g̃C1k̆2

•••AC,

E7C
0 5E7C8 2g̃DC1k̆2,

E6
05E61g̃Ck̆2,

E8
105E882g̃1k̆21A,

E8
205E882g̃1k̆22A,

E7
05E782g̃D1k̆2,

where

E8C8 5EG1EGC1DC ,

E7C8 5EG1EGC ,

E65EG ,

E8850,

E7852D.

The spin-orbit energies are defined as

D5
3\

4m0
2c2

^ iXu@¹W U`pW #yuZ&;DC5
3\

4m0
2c2

^ iXCu@¹W U`pW #yuZC&

and the momentum matrix elements are

P5^Supxu iX&,

PX5^XCupzu iY&5^YCupzu iX&5^XCupyu iZ&52^Xupzu iYC&52^Yupzu iXC&.

The corresponding energies areEP5(2/m0)P2 andEPX5(2/m0)PX
2 . The coefficientsA, B, C, AD , BD , andCD for VB

and the same ones for CB (AC , BC , CC , ADC , BDC , CDC! are given by

A5g̃2~2k̆z
22 k̆r

2!; AD5g̃D2~2k̆z
22 k̆r

2!,

B52A3g̃3k̆zk̆2 ; BD52A3g̃D3k̆zk̆2 ,

C5A3@ g̃2~ k̆x
22 k̆y

2!22i g̃3k̆xk̆y#; CD5A3@ g̃D2~ k̆x
22 k̆y

2!22i g̃D3k̆xk̆y#,

AC5g̃C2~2k̆z
22 k̆r

2!; ADC5g̃DC2~2k̆z
22 k̆r

2!,

BC52A3g̃C3k̆zk̆2 ; BDC52A3g̃DC3k̆zk̆2 ,

CC5A3@ g̃C2~ k̆x
22 k̆y

2!22i g̃C3k̆xk̆y#; CDC5A3@ g̃DC2~ k̆x
22 k̆y

2!22i g̃DC3k̆xk̆y#.

The parametersg̃1 , g̃2 , g̃3 , g̃D1 , g̃D2, andg̃D3 are the modified Luttinger parameters37 which are related to the Luttinge
parameters38 (g1 ,g2 ,g3) by
085329-7
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g̃15g12
1

3

EP

EG
2

EPX

3 H 1

EG1EGC1DC
1

1

EG1EGC
J ,

g̃25g22
1

6

EP

EG
1

1

6

EPX

EG1EGC
,

g̃35g32
1

6

EP

EG
2

1

6

EPX

EG1EGC
,

g̃D15g12
1

3

EP

EG
2

EPX

3 H 1

EG1EGC
1

1

EG1EGC1DC
2

2

D1EG1EGC1DC
J ,

g̃D25g22
EP

6EG
1

EPX

12 H 2

EG1EGC
2

1

EG1EGC1DC
2

1

D1EG1EGC1DC
J ,

g̃D35g32
EP

6EG
2

EPX

12 H 2

EG1EGC
2

1

EG1EGC1DC
2

1

D1EG1EGC1DC
J .

In the same way, forp-type CB’s we define the modified Luttinger parametersg̃C1 ,g̃C2 ,g̃C3 ,g̃DC1 ,g̃DC2 ,g̃DC3 and for
s-type CB we also define theg̃C ones as follows:

g̃C15gC11
EPX

3 H 1

DC1EG1EGC
1

1

DC1EG1EGC1DJ ,

g̃C25gC22
1

6

EPX

DC1EGC1EG1D
,

g̃C35gC31
1

6

EPX

DC1EGC1EG1D
,

g̃DC15gC11
EPX

3 H 1

DC1EG1EGC
1

1

DC1EG1EGC1D
2

2

EG1EGC
J ,

g̃DC25gC21
EPX

12 H 1

DC1EG1EGC
1

1

EG1EGC
2

2

DC1EG1EGC1DJ ,

g̃DC35gC32
EPX

12 H 1

DC1EG1EGC
1

1

EG1EGC
2

2

DC1EG1EGC1DJ ,

g̃C5gC2
EP

3 H 2

EG
1

1

EG1DJ ,

where (gC1 ,gC2 ,gC3) andgC are the Luttinger-like parameters associated to thep-type CB ands-type CB, respectively.

APPENDIX B: BASIS FUNCTIONS

This appendix gives the basis used in our calculations. In order to contract the writing script, we use the fo
notations:

InsideG8
2 CB, we note the functionsu 3

2 ,M &G
8
2 like ucM&, whereM56 3

2 ,6 1
2 .

InsideG6
2 CB, we note the functionsu 1

2 ,6 1
2 &G

6
2 like uc6 7

2 &.

InsideG7
2 CB, we note the functionsuS↑& and uS↓& like u1& and u2&, respectively.

InsideG8
1 VB, we note the functionsu 3

2 ,M &G
8
1 like uM & whereM56 3

2 ,6 1
2 .

InsideG7
1 CB, we note the functionsu 1

2 ,6 1
2 &G

7
1 like u6 7

2 &.

In semiconductors, we replace the atomic functionss, x, y, z,xc ,yc ,zc by the functionsS, X, Y, Z,XC ,YC , ZC which are
defined as
085329-8
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HUXC5EXC
XC ; HUYC5EXC

YC ; HUZC5EXC
ZC ,

HUS5ESS,

HUX5EXX; HUY5EXY; HUZ5EXZ,

whereHU is given byP2/2m01U andEXC
,ES ,EX are the eigenenergies forp-type CB,s-type CB, andp-type VB, respec-

tively. These eigenenergies for the CB and VB are considered well known. Periodic functionsS and X,Y,Z,XC ,YC ,ZC are
assumed to be real and to transform likes-like and p-like atomic functions under operations of the cubic symmetry gr
(OH). The XC ,YC ,ZC functions denote the conductionp-type levels whereas, theX,Y,Z functions denote the valencep-type
levels. The basis functions are defined by analogy with the atomic ones~Table III!.
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