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The infrared intersubband optical transitions in SiGe/Si quantum wells is theoretically examined. We have
used the &8, 12x12, and 1& 14 k- p Hamiltonians taking into account both thdike first conduction band
and thes-like second conduction band to calculate wave functions and energy dispersion of the valence band
of Si/Si gGey »/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 (
polarization. For z polarization, botts-p andp-p interactions play the same footing role in intervalence band

transitions.
DOI: 10.1103/PhysRevB.64.085329 PACS nuni®er73.90+f, 78.67.De
[. INTRODUCTION within the VB. These experiments have demonstrated the

existence of the photoinduced intersubband absorption in
Infrared transitions in quantum well structures betweerdoped or undoped well$:'*

either confined levels of the conduction baf@B) or con- These intersubband transitions show strong dipolar mo-
fined levels of the valence baruB), the so-called intersub- ment, which is convenient for observation of important non-
band transitions, have been extensively studied during thgnear effects. Nonlinear second-order optical resonant tran-
past two decades. Most studies on this subject were based gfions of harmonic generation at 106m in asymmetrical
lIl-V materials, especially GaAS.® It is an important matter elis have been observéliThe saturation of intersubband
thanks to its wide application in infrared photodetection a”dabsorption in the VB at 10um and the measurement of
Its use as an/mfrared sourgguantum cascT}de Iis_}:rzﬁon-d intersubband relaxation time have been emphasized in Ref.
trary 1o GaAs A_GaAin-type) quantum wells, which needs ;¢ Additionally, Ref. 17 points out studies on the evolution
only a po'a”zﬁ“"’? of the opiical f'eld along the growth di- of the intersubband absorption in interdiffused SGe,/Si
rection (z polarization to show the |ntersub_b§1nd_tra_1n5|t|o‘hs, quantum wells. The most realistic approach to analyze and
GaAs/AlGaAs p-type) quantum wells exhibit this intersub- g the experimental results is to consider a full descrip-
band transitions for both polarizations, along and across thgop, of the quantum well band structure. Furthermore, a large
growth direction & and z polarization.” The intersubband \ arjety of methods for studying the pertinent experiments
absorption mz-polarl_zatlon is allowed but experiments can- pove been reported in the literature, such as the pseudopo-
not be performed with a wave vector parallel to the growthig ntia| methodf and the computation of the dispersion in the
direction, which makes the experiment difficult. The inter-\gience hand taking into account the coupling between the
subband absorption ir direction is forbidden. As usual al- {4ee VB heavy holes, light holes, and spin offiitAs
lowed and forbidden refer to transitionlaf=0, wherek,, i g,,oted in Ref. 20, “detailed calculations of the transitions
the wave vector in the plane direction. TRepolarization strengths away from the zone center would be necessary.”

absorption is possible &,+0 as a result of admixture be- The purpose of this paper is to show another theoretical as-
tweens-type CB andp-type VB (s-p interactior). Moreover, pect on the oscillator strengths.

IV-IV heterostructures, such as Si{SiGe,/Si, have also Up to now the admixture between thig /(g +T') in
been a subject of many interesting studies. One of the pa%'imple/double group VB and thé, /T; CB was calculated

tlcular_|t|es of the quantum het.ero_structuresl§Gex/S| 'S taking into account the-like (I';) CB. This is justified for
associated to the band discontinuity between the two materi-_ . )
als which occurs essentially in the VB. As a result, the Ob_semlconductor_s such as GaAs or Ge Whergﬁlj@B is the
served intersubband transitions involve the different states dpwesﬁ CB. This leads to use a@ Hg Hamiltonian (6 for
holes (heavy holes, light holes, and spin-orbit split et~ theI's VB, 2 for the ', CB). However, in silicon or in
k,#0. This admixture allows to observe intersubband ab-Si-xG& With a small Ge concentration the lowest CB has
sorption for an optical polarization parallel to the layerthe I';/(I's +I'g) symmetry and the use of thegHs no
plane®® The implementation of photodetector or of infrared longer justified. The use of $would be justified if the op-
modulator operating at normal incidence is thereforetical matrix element between thEs/(I's +T'7) and I’
possiblet®!! The dependence of polarization intersubbandwould be zero or very small with respect to the matrix ele-
transitions in heavily doped Si,Ge/Si quantum well ment betweed’s andl', . However, the square of the first
have been emphasized by Chenall? Many experimental matrix element is larger than half the square of the second
investigations were recently performed in SiGe, /Si quan-  one?! i.e., both matrix elements are of the same order of
tum wells in order to study the intersubband transitionsmagnitude. Thus, in $i,Ge, we have to take into account
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FIG. 1. Five-level mode(14-level model by taking into account 168
the spin-orbit couplingfor Si and Ge near thE point of the Bril- 3410 s v
louin zone. The notation df) the energy gapEq andEgc, (ii) the oo R I
spin orbit splittingsA and A, and(iii) the interband matrix ele- ; ! ! !
ments of momentun® and Py useful here are symbolically indi- Lk 4 ) )
H H H l [} ) )
cated. The numerical values Bf;, Egc, A, andA¢ are given in L 4‘{I ' X ' i 44£
Table I. Lr -1 - ! !

Si Siy £ 5 Si B Si Siy £ i

unstrained quantum well strained quantum well

both bandd”, andI', on the same foot. Indeed, one of the
aims of this paper is to show the influence of the first two
CB’s, namelyl’, andI', , on intersubband absorption with FIG. 2. The band structure of the unstrainegSig, ,/Si quan-
normal incidence for a 34 A §iGe, ,/Si strained quantum tum well and of the strained &iGe, , quantum well grown on Si
well. First we begin to study the oscillator strengths taking(001) with a well width of 34 A. The energies are given in meV
into accounts andT', levels via the i Hamiltonian. Sec-  and the zero energy is taken at the top of the unstrained heavy-hole
ond we take into accouiit; andl'; levels viaa 1x12H,,  Wel
Hamiltonian (6 for the I', CB). Finally we take into ac-
count all the leveld's , T'; andl'; via a 14x 14 Hamil- HUD=EQU, (N
tonian H,. From a numerical viewpoint we use a method
which has been shown efficient in studies of several kinds of
two and one dimensional semiconductérs>* where

The method used here for calculating electronic band

structure is based on the %44 k- p method® This method ’ " "
has been used previously for calculating the electronic band pH, = P Sy (VUAD)- c+—k-p+K2  (2)
structure in the bulk semiconductdfs2°The most complete 2mg 4mjc? Mo

treatment along these lines has been detailed by Pfeffer and
Zawadzki*° who described in detail various properties of _ . . .
conduction electrons in GaAs and determined importanfind Mo is the free electron masS} Is the periodic potentlal
band parameters. The layout of this paper is as follows: Iif the unstrained crystal, k’=%°k?2m; and o

Sec. Il we give the theoretic&l- p framework account for = (0x,0y,0,) are the Pauli matrices. {fJ denotes Bloch
theT's , I'; , andT, levels. In Sec. Ill we give the disper- Spinors in the unstrained crystal. Standard notation is used
sion relations obtained with the three above Hamiltoniansfor the other quantities. In Eq(2) we have neglected
The dependence of intersubband absorption versus the waMmgcz(ﬁﬂAE) - term which gives rise td linear terms
vector and the absorption ratio calculated betwgeandz  in semiconductors without inversion center such as GaAs. In
polarizations versus the wave vector is given in Sec. IV. Thahe following, we applied thé-p formalism to the 14 fold

Sec. V is devoted to the conclusion. space of the VB[ +I'7), the lowest ['7) and the second
CB (I'g +I's) which are treated as quasidegenerate. In Ap-
Il. QUANTUM WELL STRUCTURE pendix A H, is given explicity fork=(k, k, ,k,). However,

in our calculations, inside thEg +1'; CB, we have taken
all the off-diagonal interaction terms including thmetype

In the absence of strain, the band structure can be foun@B’s equal to zero. Figure 1 gives the band structure of
by solving thek - p equation®! interest in silicon and germanium.

A. The Hamiltonian matrix elements
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TABLE I. Numerical values of bulk parameters used in this work for Si and Ge. The energi&s;gap

Egc, spin orbit splittingA andA¢, Kane energyEp, and the energ¥py are given in eV. They;’s (]

=1,2,3) are the Luttinger parameters angdis the effective massg# my) at band edge of typE, . All

parameters are obtained from Ref. 34, except for the en&gy which is obtained byEpy=3(y3

—v,)(Eg+Egc). This later relation is obtained via the twerkyp model (Ref. 39.

Ec Ecc A Ac Ep Epx 71 Y2 V3 mc
Si 4.185 —-0.775 0.044 0 21.60 11.32 4.285 0.339 1.446 0.528
Ge 0.898 2.225 0.297 0.186 26.30 13.58 13.38 4.24 5.69 0.038

B. The k-p method of a strained-layer quantum wells H=H,+Hs+V(2), (5)
The band structure in the presence of sti@m anyk in o o .

the Brillouin zong can be found using the method reportedWhere V(z), which is a scalar, is diagonal in the 14-

by Pikus and Bif? The strain matrix element dcan be dimensional spinor basis. In unstrained semicondudtée;

obtained from thek- p matrix elementsee Appendix A It describes only the valence and conduction band offset. In

can be easily included by the same symmetry consideratioptr@ined semiconductors the whole potential results from

and a straightforward addition of corresponding termsoth the chemical potential(z) and the potential induced

K Kg—eng: a,B=XY,z (¢,5 have exactly the same sym- by the strainHs. Figure 2 gives the band structure of un-
alh oap byl B o Y ™ Strained and strained SitSiGo/Si quant I

metry ask,kz) with the deformation potentials;, a,, and ~ Strained and straine 163Go o/ Si quantum well.

b,, at the corresponding positions of/2, —7/2 (or
—ya1/2) and—, (or —y,,). The problem under consider-

ation is that of a quantum well grown 40D substrate, in  cajcylations for valence-subband structure can be carried
which the well material is thin enough so that it can elasti-o ¢ \yith the methods outlined in the previous section. In our
cally accommodate the strain due to lattice mismatch. Undegacyation we have taken linear interpolation of all param-
these conditions, the strain in t@01) plane is eters. The Si and SiGe band parameters have been taken
from Ref. 34(Tables | and Il and a heavy-hole valence band
offset AEy,=840x (meV) (Ref. 35 has been assumed. We
choose the quantum well directior axis) as the quantiza-

tion axis of the angular momentum. Figure 3 shows the

Ill. k -p THEORY: VALENCE DISPERSION CURVES

a(si) ~ a(si;_,Ge))

Exx™ EyyT &7 3

a(si;_,Gey)

where a(s; and a(si, ,Ge,) are the lattice constants of the

substratgbarrier materigl and the layer materigwell ma-
terial), respectively. The condition of zero stress in the

valence-subband structure of 34 A,gbe,,/Si strained
quantum well obtained with the axial approximatfSrThe
optical properties of these quantum well will be discussed

direction yields extensively below. At the zone centek & 0), the valence

c subbands are either heavy-hole .jHike, light-hole
ermeL= =25 ), (4) . _ _ _
—-—- 8x8

while e,y =¢,,=¢&,,=0. C1; andC,, are the elastic stiffness —_— 12x12
constants. The 88 strain Hamiltonian matrix, namely g
matrix which is well knowr?® induces a shift and a splitting
from the potentiaV due to both VB and CB offset, so that sF SN TS ——
the well for light holes is not the same as for heavy holes.3 )
The subband dispersion was obtained from a second ordeff
k-p 14-band HamiltoniartAl) H, onto which we expanded &
the 8x8 strain HamiltonianHg and the potentiaV. The g
Hamiltonian to be solved is Y 00

TABLE II. This table gives the values of the lattice parameter
(in A) for Si and Ge. The deformation potentias for the CB and
a,, b, for the VB are given in eVag=a.—a, is the gap deforma-
tion potential.C,; andC,, are the elastic modulstiffnessesgiven 150 . .
in MPa. All parameters are obtained from Ref. 34. 0.000 0.025 ko-[(iA5"0] 0.075 0.100

N
a & i % o Cu  Cu FIG. 3. Valence-subband structure of a 34 A quantum well of

Si 5431 -510 0 -510 -210 1675 0.65 Sip G&y»/Si, along the[001] direction, calculated with 1414
Ge 5658 —950 0 —-950 —290 1.315 0.494 Hamiltonian model(solid lineg, 12X 12 Hamiltonian mode({long-

dashed lines and 8<8 Hamiltonian modeldot-dashed lings
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TABLE llI. Luttinger-Kohn periodic amplitudes used in 14-bands model. For convenience, the functions
phases are chosen arbitrarily for several reagbake functions, maximum of matrix elements are yeal

1

|c%>—|i{ ﬁ<xc+ivm )

) |%>—|i[—%<><+im

lc)=li @m—%xmvcw ) 15=li @m—%mm )
le—4 =|i[%<xc—wm+@zci ) —%>=|i[%(x—iY)T+\/§Zl )
3| 1 . a0 |1 )
|CZ>:||[E(XC|Yc)l ) |=3)=li ﬁ(xfuv)l )
01 1 ) .0 1 1 .
lcz) =i ﬁZcT+ ﬁ(XﬁIYc)l ) |7)=]i ﬁzwﬁ(xwv)l )
o1 ) 1 o1 _ 1
|C_§>:|||:ﬁ(xc_ch)T_ﬁzcl ) |—E):|l{ﬁ(X—lY)T—ﬁZl )
|+)=Ist) |=)=ISl)
(L,)-like or spin-orbit-like, and they are labeled, H'L ;,” described in the previous sections, optical transitions be-

H,, “L,," “SO ;,” etc., according to their characters and tween the valence band stat@stervalence band transitions
principal quantum numbers. " and “SO," indicate that,  can then be evaluated. For evaluating the momentum matrix

even ak,=0, the functions are not pufe- 1) and|+ ) but ~ element between initial state¥'y  s) and final state
they are mixed | 3) and|= 5) are defined in Table IJl As | W1, ka2, ONe needs to calculate the term:

shown in Fig. 3 and for the three Hamiltonian model (8 !
X8, 12x 12, or 14x 14) there is very little band admixture
in the dispersions since we are dealing with a material hav-
ing wide band gap. At large values kf, the highest light- o ) ) ] ) o
hole band “L” and the two highest heavy-hole bands H whereu is a unit vector in the d|rect|on_ of the eIgctnc field.
and H, are mixed leading to strongly nonparabolic disper-The valence-subband statelsy, i s2) (i=1,2) with wave
sions relations. For example, a strong coupling between theectork, can be expanded in terms of a set of basis states
two states “l;” and H; for 12x 12 Hamiltonian model is |M) (M) are the 14 basis functions represented by the
observed neak,=0. This indicates the valence bands are|J,M;) notation:

strongly mixed between them as well as with the conduction

band in the quantum well. For the two Hamiltonian model ink  H

(12X 12 or 14X 14), we note that the energy of the heavy- Wy, 'kp,3/2>:%: e oxy (2IM), (7

hole branches &,=0 are the saméthey are coupled in the

same way with the other branchesbut the light-hole \here p=(x,y). Finally, for Xr,.i(z) we take the following
branches are pulled up. The curvatures of all branches aBpansion:

strongly dependent on the Hamiltonian modelx(®, 12

X 12, or 14x14) and as a consequence, they will present

different effective masses. X';/li( 7)=

(G'5)Hl—>H2:<\I,Hl,kp,3/2|l]'5|‘PH2,kp,3/2>v (6)

1 ECM' |7z
_Al |Slnﬁ

JA

where A is the quantum well width and we takep,)
After the states and energies of the semiconductor hetero= (1/\/A)sin(72z/2A) as the basi& Using the expansion as
structure system have been calculated viakhp method given in Egs.(7) and(8) into Eqg.(6), we have

: ®

IV. INTERSUBBAND TRANSITION

- - Hy| H H H
. 2 hkp‘U5M1,M2<XM11|XM22>+<XM11|Uzpz|XM22>5M1,M2
(U-Pp,-n,= Hy H - = ©
P MM, +<XM11|XM22><M1|U'F)|M2>
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FIG. 4. Squared momentum matrix elements for a light polar- FIG. 5. Same as in Fig. 4 but for a light polarized along the
ized along thex direction between subleveld, andH, in a 34 A direction.
Siy.gGey »/Si strained quantum well. Dot-dashed line, long-dashed
line, and solid line give the result respectively witly Hamiltonian  ground k,=0.04 A~1l. The broadness of the intersubband
taking into account the band#'s ,I', }, with theH, Hamiltonian  transition peaks is partially due to the nonparabolic behavior
taking into account the bandd’s ,T'y} and with theH,, Hamil-  of the valence subbands. The ()1, transition is twice
tonian taking into account the banf; .I'; ,I';} (see text stronger than (H,)gxg One. This fact indicates that the
coupling between the-type CB’s andp-type VB's (p-p
coupling plays an important role for thepolarization inter-
subband transition. For thepolarization, as shown in Fig. 5,
(H{H5)gxg and (HH,)1,x 1, are strong at the zone center
and becomes large fdr,~0.07 A™*. Fork,<0.08 A~
the (HH,)gxg transition is similar to (KHH,) 151> ONe and

the optical matrixu-p in Eq. (9) can be obtained from the
k-p matrix element given in Sec. Il. The optical matrix has
indeed the same form as thep matrix element, except that
kik; is replaced withkju;+k;u;. The coefficients of the
overlap terms in Eq(9) are linear ink,, whereas the coef- Al - A1
ficients of the dipole terms are independentkgf Further the peak position is arounkl,~0.075 - However, the
the overlap terms only couples envelope functions of thd?€aK position for ('?';'Z)HW transition moves slightly to a
same parity, whereas the dipole terms only couples envelog@Wer K, (0.069 A™"). The peak intensity of the squared
functions of opposite parities. The form of E§) shows that
the x-polarization absorption is going to be different to zero

if the initial or the final state has@symmetry. If the Hamil- —— &
. . ———12x12
tonian described only the symmetry VB or thep symmetry 14x14 1

CB, the optical matrix element would simply be a zero, so
that atk,=0 the two highest heavy-hole statkai ,kp,3/2>
(i=1,2) are completely decoupled with all the conduction
subband states. Figures 4 and 5 show the squared moment
matrix elements (2/10)|<‘PH11kp,3,2|J-|5|\IfH2,kpy3,2>|2 for a
34 A Si,¢Gey,/Si strained quantum well versus the plane
wave vector forx- and z-polarized fields, respectively. In
both of these figures a prominent transition from the first
subband H to the three subband,Hs shown. For conve-
nience, (HH,)gxg is defined as the transition when the ini-
tial state is H, the final state is Kl and to calculate with

2

ratio [Px/Pj

1

eightfold space of’;, I'y , andI'; . We note that in our S

. _ L ) 0 2
notation, (12 12) means that thk-p formallsm.|s gpplled 9 050 5025 5050 5075 5,100
inside thep-CBs and thep-VBs. For thex polarization, as K A"
shown in Fig. 5, (HH,)14x14 are very strong fok, peaks k
around 0.06 A' and decreases wherk,, increases. FIG. 6. The ratio between squared momentum matrix elements

(H1H2) 12412 Offers the same behavior and exhibits a peakfor x andz polarization for theH,-H, transitions versus the plane
around 0.06 A as well. Thus we expect the (HH,) wave vectork,. Dot-dashed line, long-dashed line and solid line
transition atk,=0.06 A~1 to play an important role in the give the result respectively witHg Hamiltonian,H, Hamiltonian,
absorption. (HH,)g«g transition shows a broadness peakandH;, Hamiltonian.
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momentum matrix for (&8) case is about 765 meV, the intersubband transitions for a radiation electric field par-
whereas the (1212) one is about 980 meV. The squaredallel to the layers rather than for an electric field along the
momentum matrix in both these two Hamiltonian models aregrowth direction.

almost identical, and therefore, so are the calculated intensi-

ties for each optical transition. This indicates that thep} V. CONCLUSION

coupling and the g§-p) coupling play an equal footing role
for thez polarization. In the (1% 14) case, a peak position is
found at near 0.09 A! and the peak intensity is about 1500
meV, approximately the sum of the two transition cases (
X8 and 1 12). Figure 6 shows the ratio between square
momentum matrix elements forand z polarization for the
(Hy-Hy) transitions versus the plane wave veclgr. As
expected from momentum matrix element in Fig. 4 and Fig
5, the ratio[ P, /P,]14x 14 IS Stronger than theP, /P,]1ox 12
one which is stronger than thgP,/P,]g«xg One. For (8

X 8) Hamiltonian model, absorption of-polarized light
could be stronger than that efpolarized beam ik, belongs

to [0.025 A™%, 0.06 A 1]. This indicates that inside this
k, interval, the forbidden transition becomes much stronger
than the allowed transition. For (¥212) Hamiltonian
model, thek,, interval where[ P, /P,]1,.1,>1 is more wide We would like to thank Philippe Boucaud for useful dis-
for the one calculated with (88) Hamiltonian model. cussions. This work was supported in part by the contract
Moreover, the intensity ratio for the (¥12) Hamiltonian DGRST/CNRS Code 98/R1304. We wish to thank the El
model is more stronger that the X&) one. This is ex- Khawarizmi Computing Center at EI Manar, Tunis, where
plained by the fact that the anisotropic interactmp favors  our numerical computations were done.

The intersubband transitions in the VB were calculated

for x and z polarization. We have presented a general five-
8Jevelsk-p model in which one takes explicitly into account
he p-symmetry VB and thes- and p-symmetry CB’s. We
ave calculated the dispersion relation of valence subband in
the axial approximation for a strained semiconductors quan-
tum well. We have given the intersubband absorption of
strained §j §G&, »/Si quantum well for thex and z polariza-
tion. Our calculation clearly explains that the anisotrgpic
interaction favors the polarization, whereas the isotropic
interaction 6-p interaction and the anisotropic one play an
equal footing role for the polarization.
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APPENDIX A: H ¢ MATRIX

In the basis spinors a@=0 given in Appendix B(see Table Il (taken in order:c3), |c3), [c—3), [c—3), |c3),

le=3), 1), 1=0 19 1) =5, [=9), 13), [=3)), the 1414 k- p Hamiltonian H, is given by

EQ Bc ¢ 0 LBac Vac 0 0 0 RPf LPp 0 Lpy \JiP;
ce B 0 € —VPac —f3Bac 0 0 Py 0 0 Lpy o Zp¢
ce 0 E® -Bc —\/3Bie VRac 0 0 P 0 0 Spy LPg 0
0 cc c EBff -V 5Bac 0 0 0 3ZPg zPx O 3Pk APk
cc cc cc cc E% 0 0 0 Py 0 P - \/3P% O 0
cc cc cc cc 0 ES. 0 0 3Pt »Px 0 P% 0 0
oo 0 0 0 0 0 0 EQ 0 =Pt \fipr Lpm 0 Lp: Lp-
0 0 0 0 0 0 0 E§ 0 ZJPt\Jipr Spm SPT opr |
0 cc cc 0 cc ce cc 0 E;‘O B < 0 %‘BL\ V2€a
ce 0 0 cc 0 ce cc cc ce Eg 0 0 ¢ —V2% A — \/g Ba
cc 0 0 cc cc 0 cc cc cc 0 EZ° —B —\/g‘B*A V2%A
0 ec c 0 cc cc 0 cc 0 cc cc EF*  —V2ex -\—}:‘7%2
cc 0 c cc 0 0 cc cc cc cc cc cc E? 0
cc cc 0 cc 0 0 cc cc ce ce cc cc 0 EY

(A1)
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where

21,2
K2 hki-

= am, T2 ke=kexiky; P*=Pk,; P*=Pk.; P5=Pyk,; Px=Pyk..

Taking the zero of energy at the top of tig , one obtains
Egc=Egc— veik?+2c,
Egc=Egc- - verk?: - -2,
Egc: Eéc_;’AmRza
Ee=Eg+yck?,
Eq O=E{—y:k?+2L,
Eg °=Eg—y1K*— 2L,
E9= E§_~7’A1R2,
where
Egc=Eg+EgctAc,

Esc=Ec+tEgc,

EGZEG,
E,=0,
El=—A

The spin-orbit energies are defined as

3% R - 3h R R
iX|[VUAP]y|Z);Ac=———(iXc|[VUAP]|Z
4m(2)cz< I[ plylZ);Ac 4m§c2< cll plylZc)
and the momentum matrix elements are
P=(S|p.iX),

Px={(XclpiY)=(Yc|p|iX)=(Xc| py| iZ)=—(X|p,iYc)=—(Y|p,liXc).

The corresponding energies @&g= (2/my) P2 and Epy=(2/my) P>2<. The coefficient, B, €, 2A,, B,, and<, for VB
and the same ones for CBIE, Be, Cc, Apc, Bac, €ac) are given by

A=75(2k2 kD)1 Ay=ra0(2K—KD),
B=23y3kk_; By=23ysskk_,
€= B[ Yok —k5) = 2 yakuky i €a= 3 yaa(ki—K5) — 21 yasksky],
Qlc:t}"cz(zvkg_k,z;); QlAc:;’Acz(z\kg_R,z;),
Be=2\3ycakK i Bac=213yacskko,
Ce=V3[yea(KE- ko) —2iycakeky ] €xc= V3[yaca(KZ— k2) = 2iyacakeky].

The parameters,, ¥, vs, va1, ¥a2, andyas are the modified Luttinger paramet&ravhich are related to the Luttinger
parameter¥ (yy,7,,7v3) by

085329-7



RIDENE, BOUJDARIA, BOUCHRIHA, AND FISHMAN PHYSICAL REVIEW B64 085329

~  1Ep Epy 1 L1
MI=YM73E. 3 |EetEectAc  EgtEgcl’

~ 1Ep+1 Epx
Y2= 72 EE_G E—EG"'EGC,

- 1Ep 1 Epy

- 1Ep Epy 1 1 2

VA=YV 3 o + - :

B Ep  Epy[ 2 1 1

Y827 72T GE. T 12 |EutEae  Ea+EaotAc A+Ea+EaotAg)’
G G GC G GC C G GC C

Ep  Epx

~ 2 1 1
YA3= Y3 E 12

Eg+Ecc Egt+EgetAc A+Eg+EgetAc

In the same way, fop-type CB's we define the modified Luttinger parametees , yc», Ycs, Yacts Yacs, ¥acs and for
stype CB we also define thg. ones as follows:

Epx

- 1 1
Yc1=ve1t 3

_|_
Ac“l‘ EG+ EGC Ac“l‘ EG+ EGCJFA

- 1 oy
Ye2mYC2T § N+ EgotEgTA’

-t Epx
Ye3T YC3T G A+ Eqet Eqt A’

1 1 2

Epx
_|_ —

> = _|__
Yac1= Yc1 3

1 1 2
+ —

T . Eex
Yac2= Yc2 12

1 1 2
Ac+Eg+ EGC+ Eg+Ege Ac+Eg+EgetA

~ Epx
YAc3= Yc3™ 12

- . Eel2 1
=Y 3 |Eg TEarh

where (yc1,vc2,Yc3) and yc are the Luttinger-like parameters associated topHtgpe 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 following
notations:

Insidel’y CB, we note the functiont%,M)rg like |cM), whereM =+ 3, =3,
InsideT’s CB, we note the function%,i%)rg like [c=3).

InsideI’; CB, we note the functionkST) and|S]) like |[+) and|—), respectively.
Insidel’y VB, we note the function$§,M>Fg like [M) whereM=+$% +3.
InsideT’; CB, we note the function%,i%)r; like |+ ).

In semiconductors, we replace the atomic functiens, y, zX;,Y.,Z: by the functionsS X, Y, Z,X¢,Y¢c, Z¢ which are
defined as
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HyXc=ExXc: HyYc=Ex Yc: HuZc=Ex.Zc,

H uS: Ess,

HuX:EXx, HuY:ExY, HuZ:EXz,
whereH, is given byP?/2m,+ ¢l and Ex.Es.Ex are the eigenenergies fprtype CB,stype CB, andp-type VB, respec-
tively. These eigenenergies for the CB and VB are considered well known. Periodic fun8tamdX,Y,Z,Xc,Yc,Zc are
assumed to be real and to transform lééke and p-like atomic functions under operations of the cubic symmetry group

(On)- The X¢,Yc,Zc functions denote the conductigntype levels whereas, th§Y,Z functions denote the valengetype
levels. The basis functions are defined by analogy with the atomic (@abge 111).
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