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A conventional 8 x 8 k-p zincblende Hamiltonian is corrected to include the bulk (or intracell) inversion asymmetry. Meanwhile, a conventional
8 x 8 k-p zincblende optical matrix is also corrected to include this intracell asymmetry. © 2011 The Japan Society of Applied Physics

1. Introduction

In zincblende semiconductors, the odd-in-k terms exist in
both bulk and quantum well expressions due to the bulk
inversion asymmetry (i.e., tetrahedral symmetry) effect. The
presence of these terms is shown to induce the spin-splitting
phenomena, which have been extensively studied both
experimentally'? and theoretically.’””

In our previous article,® we had demonstrated the effect of
the bulk inversion asymmetry on the optical transitions in
zincblende semiconductor quantum wells. The results have
shown that asymmetry effects cause a clear difference in the
optical transition strength.®

In semiconductor physics, the conventional k-p formalism
does not take into account the tetrahedral symmetry within
a unit cell.”'” However, this symmetry property can be

E. + 1°k*/2m, Bo(q - %) + iPy(k - %)
Bo(q - %) — iPo(k - %) E,+ Lk} + M(k; 4 k2)
Bo(g - 9) — iPy(k - 9) Nkk,

Bo(q-2) — iPo(k - 2) Nk.k,

where k = k& + k9 + k.2, q = kk X+ kky+ kkyZ, Py
(in units of eV A) is the Kane parameter, i.e., Py=
(h/mg)(s|p|x), and By (in units of eV A?) is given by

accounted for by inserting the Kane By parameter terms
(i.e., Bokcky, Bokyk., and Bok.k;) into the conventional sp3
kp Hamiltonian matrix.®*!”  Accordingly, the aim of
this study is to incorporate bulk (or intracell) inversion
asymmetry into the matrix elements of the conventional
8 x 8 k-p Hamiltonian and optical matrix.

Although the effects of inversion asymmetry within the
unit cell are not accounted for in the conventional k-p
formalism, these effects are though to play a key role in
determining the electronic and optical properties of semi-
conductors.>!”

2. Theoretical Method

The resulting k-p Hamiltonian with bulk inversion asym-
metry (in the sp? basis ordering as |S), | X), |Y), |Z)) has the
form?

Bo(q - 9) +iPok - 9) Bo(q - %) + iPy(k - %)

Nk.k, Nkyk, o
E, + Lk, + M(k2 + k) Nkyk, ’
Nkyk, E, + LKk + M(k + k3)

It is noted that in eq. (1), the By terms are the only matrix
elements that are incompatible with inversion symmetry.
The resulting 8 x 8 k-p Hamiltonian with bulk inversion

LA polu) (wilp,|2) asymmetry (in the spin—orbit coupling basis ordering
Bo=25) [+ En2—El° @ as [iS1). [iS)). 13/2.3/2). 13/2.1/2). 13/2.-1/2),
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where * denotes the Hermitian conjugate, and the matrix
elements can be written as

1 k?
A=E.
+2mc
S 1('S|H|X+'Y) j 20 X+ i9)
= —— (i YY=i—q X+1i
Py
——k-X4+1)),
NG &+ i9)
1 By
R=—(S|H|X — =—z— X—1
ﬁ |H| iY) ﬁ (X =)
Py
+—=k-&—19),
NG &—1)
V2 fz V2
T =—(iS|H|Z Boq -2+ —=Pok -2,
ﬁ |H|Z) = ﬁ oq Nkl
C=-— (X+iY|HIX —iY
2f |H| )s
1
D=——(X+iY|H|Z),
ﬁ< |H|Z)
1 1
P:g(X+iY|H|X+iY)+§(Z|H|Z),

1 1
Q = ¢ (X +iY|HIX +iY) = 2 (Z|H|Z).

Other than the matrix elements (S, R, and T) described
above, all other elements are the same as those of the
conventional 8 x 8 k-p Hamiltonian.

The present study applies a conceptually straightforward
approach to derive an analytical expression for the
momentum (or optical) matrix elements, Mk.p(k)i’j with
the spin—orbit coupling basis i,j = 1-8. The first-order
derivative of the k-p Hamiltonian with respective to the
wave vector k is given by!>!315:16)

Oy o (K); -
ec - Myp(k);; = & - [kl’()d], @)

ok
where e; is the unit vector of the &-polarization optical field,
and & (= x, y, or z) is the polarization direction of the optical
field.

The expansion for the quantum-well state |n, k) is written
as

n k) =Y Finky, k)l k), )
Jok:

where j is the spin—orbit coupling basis, n is a label for
the subband index of the quantum well, k =k + k.2,
and Fj(n,kj,z) is the so-called envelope function of the
quantum-well state and is given by the following Fourier
transform:

Fi(n.kj.2) = Y Fin.ky, k)e™. ©6)
ke
The momentum matrix element between subband states
k) and |n,Ky) is given by!>1%1519
€ - Mn’,n(k\l)
= Z Fi(n', ky, k) * [eg - Mk-p(k)i,j]Fj(ns Kk, k;)
i,k

&t - Z /szi(n/,k||,Z) * 0; j(ky, 2) Fj(n, Ky, 2)
i.j
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where ;¢ - O, j(K|, 2) and &¢ - Q; ;(K|, z) are the &-polarization
momentum (or optical) matrix elements in the finite-
difference scheme.

d
F(I’l k|| Z)i| (7)

3. Results and Discussion

Owing to the adopted bulk inversion asymmetry effect, some
of the conventional Hamiltonian matrix elements in the
8 x 8 k-p framework should be corrected as

V3
Hiy = v3Hy = — ~=Hy

V2
By . Py .
= — — kx—lk k7__ kx+lk s
ﬁ( y) 4 \/E( y)
N&]
Hys = ~/3H5 = «/_§H18
Bo . PO .
=~5 (ky + iky)k, + 7 (kx — iky),
Hy = \/§H17 = Hys = _\/EHZB
2 2
= _i“/—— Bokyky + V2 Pok:.
V3 V]

Note that the 8 x8 k-p Hamiltonian is Hermitian,
which results in Hiszj’; with i,j = 1-8. Other than
the matrix elements described above, all other elements
are the same as those of the conventional 8 x 8 kp
Hamiltonian.

Owing to the adopted bulk inversion asymmetry effect,
some of the conventional 8 x 8 optical matrix elements
(in the finite-difference scheme) should be corrected as
follws.

(1) The corrected x-polarization matrixes & - O; j(Kj, 2)
and &,-Q;;(kj,z) in the same basis ordering as the
Hamiltonian are given by

2
14 =201 = 05 = 2055 = —i£

Bok,,
300
V3 By
== \/§ = — — = ——,
O3 024 NG 027 NG
V3 By
— V30 =Y os=-2
0O Ois NG O 7
(2) The corrected y-polarization matrixes &, - O; ;(k),z)

and ey -Q; (kj,z) in the same basis ordering as the
Hamiltonian are given by

2
01 = V2017 = 05 = —/205 = _igBka,
3 B
013 =30 = —%Qn = l'T;,
3 B
02 = V3015 = %Qw = —i\/—%.
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where y is the conduction band spin-splitting parameter
for the bulk semiconductor.”!”" It has been shown
experimentally that y = 186eV A3 for GaSb.>?? Con-
sequently, By has a value of 43.1eV A? for the zincblende
semiconductor quantum wells considered in the current
analysis. Applying this value to calculate the optical
transition strength of 50 A well-width GaSb/AISb quantum
wells. As shown in Figs. 1(a) and 1(b), the results reveal
that asymmetry effects (B, terms) can cause a clear
difference in the optical transition strength.

4. Conclusions

We have corrected the conventional 8 x 8 k-p zincblende
Hamiltonian and optical matrix to include the bulk (or
intracell) inversion asymmetry. By comparing the conven-
tional k-p formalism, the enhanced 8 x 8 k-p zincblende
Hamiltonian and optical matrix have shown some extra
terms (By terms).
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