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Spin-orbit splitting of valence subbands in semiconductor nanostructures
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We propose a 14-band k - p model to calculate spin-orbit splittings of the valence subbands in semiconductor
quantum wells. The reduced symmetry of quantum well interfaces is incorporated by means of additional terms
in the boundary conditions which mix the I'js conduction and valence Bloch functions at the interfaces. It
is demonstrated that the interface-induced effect makes the dominating contribution to the heavy-hole spin
splitting. A simple analytical expression for the interface contribution is derived. In contrast to the 4 x 4 effective
Hamiltonian model, where the problem of treating the V,k? term seems to be unsolvable, the 14-band model
naturally avoids and overcomes this problem. Our results are in agreement with the recent atomistic calculations

[Luo et al., Phys. Rev. Lett. 104, 066405 (2010)].
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I. INTRODUCTION

As follows from the time inversion symmetry and the
Kramers theorem, the electronic states in centrosymmetric
systems are at least doubly degenerate. On the other hand,
in the three-, two-, and one-dimensional systems lacking
a center of space inversion, the degeneracy of free Bloch
single-electron states is removed with exception of particular
points and directions of the Brillouin zone. The removal of
spin degeneracy occurs due to the spatially antisymmetric
part of the single-particle periodic Hamiltonian H(r, p) with
allowance for the spin-orbit interaction. In terms of the
effective Hamiltonian H(k), the interaction appears as a
spin-dependent contribution odd in the electron wave vector
k. This contribution is responsible for a number of fascinating
and important effects being actively studied nowadays, see,
e.g., Refs. [1-8].

In nano- and heterostructures, the quantum confinement
strongly modifies free-carrier dispersion. Particularly, in quan-
tum wells (QWs), the parabolic conduction band turns into
series of two-dimensional subbands shifted, in parallel, along
the energy axis. In the absence of inversion center, the
spin-orbit interaction splits each subband with the splitting
described by linear and, sometimes, cubic k terms in the 2 x 2
effective Hamiltonian [9,10]. Because of the more complex
valence-band structure, the dispersion of holes is also much
more complicated than that in the conduction band. Rashba and
Sherman [11] were the first to calculate the spin splitting of the
topmost heavy- and light-hole subbands in QWs grown along
z || [001] from zinc-blende lattice semiconductors by using the
bulk effective Hamiltonian (four-by-four matrix) consisting of
the conventional Luttinger Hamiltonian and spin-dependent
terms of the order of k. They imposed the simplest conditions
for the four-component hole envelope wave function, ¥ = 0,
on the boundaries of the QW and obtained k-linear terms in
the effective Hamiltonians of two-dimensional hole subbands.
Direct extension of the procedure developed in Ref. [11] for
the realistic models of quantum confinement, particularly,
including the effects of finite barrier, deems impossible
owing to the presence of k2 spin-dependent term in the bulk
4 x 4 Hamiltonian. This term makes consistent matching of
the valence-band wave functions really challenging, since
it leads to a kz2 contribution to the velocity operator 7,
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and, therefore, to a singularity of the flux ¥,y at the
interface.

Here, we develop the 14-band k- p model to calculate
spin splittings of hole subbands in QWs, which allows us to
avoid the k; -term problem. Moreover, we propose additional
terms in the boundary conditions for the 14-component
envelope, which naturally describe the interface heavy-light
hole mixing arising due to anisotropy of chemical bonds at
the interfaces [12—17]. The developed k - p approach presents
an independent alternative to atomistic calculations of the
spin-orbit splittings in QWs [18,19].

The paper is organized as follows. Section II presents
the symmetry analysis of the spin-dependent terms in the
valence-band Hamiltonian, Sec. III outlines the 14-band k - p
model and the spin-orbit splittings in the bulk semiconductor as
well as boundary conditions for the QW structures; numerical
results and analytical approximations are presented in Sec. [V
and Sec. V contains brief conclusions.

II. SYMMETRY CONSIDERATIONS
A. Bulk zinc-blende-lattice crystals

We begin the symmetry analysis by reminding that, in a
bulk zinc-blende-lattice semiconductor, the expansion of spin-
dependent part H?) of the electron effective Hamiltonian in
the conduction band I'¢ starts from the nonzero cubic term

HY = ye(o), (1)

where y. is the band parameter, ¢ and » are pseudovectors
composed of the Pauli matrices in the coordinate system x ||
[100], y || [010], z || [001] and the cubic combinations »x, =
kx(ki — k2), etc. The expansion of the 4 x 4 effective Hamil-
tonian in the I'g valence band starts from the first-order term
HY = (4ko/v/3)Vk, where V, = {J,.J} — J2};, {A. B}, =
(AB + BA)/2, J, are the angular momentum matrices in the
basis of spherical harmonics Y3/, ,, [20,21]. Although the T,
point symmetry allows this term, the coefficient ky is nonzero
only due to the k - p mixing between the valence states and
the remote '3 states, it is quite small and may be neglected for
the GaAs-based systems [20,21]. In the I'g band, the cubic-k
term contains three linearly independent contributions as
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follows:

Hf) = Vv(.]}f)

1 3 2 1 2
+Lon [2 Rt o ek (- 1¢)]

(@)

where, for further convenience, two of the three coefficients
are presented as products of the parameter 8y, which has the
dimension of y.,y, and dimensionless factors a,/2 and a3/2
[20]. It is noteworthy that the first term is nonrelativistic in
its origin, it is symmetry-allowed for the I';s band. Two terms
in the second line of Eq. (2) are relativistic and one can see
that the last summand contains the “dangerous” contribution
proportional to k2.

B. Quantum well structures

In the following symmetry analysis, we consider only
symmetrical QW structures grown along the crystallographic
axes [001], [110], or [111] and having the point symmetries
(i) Dyg, (i) Cyy, and (iii) Cs,, respectively. The Cartesian
coordinates are conveniently chosen along the axes
() x || [100], y || [010], z || [001] ~ or i || [110], y; ||
[110], z; || [001], (i) x2 || [110], y2 || [001], z> || [110], and
(iii) x3 || [112], y3 || [110],z3 || [111]. In a QW structure, the
I's valence band is split into the heavy- and light-hole-like
states. In the following, we choose the basic states at the
[ point (k,; = ky, = 0) transforming under the symmetry
operations as the Bloch functions:

I =Ty, =3/2) = V(X —iV)/V2,
Y = |Tg,3/2) = —1(X; +iV)/V2,

3

or

0 = Ts,1/2) = [212; — L(X; +1V)1/V6, “
W =T, —1/2) = [2LZ; + NX; — iV)]/V6.

Here, 1, are the spin-up and spin-down two-component
columns, &X;,);, and Z; are the periodic orbital Bloch func-
tions in the chosen coordinate system x;,y;,z; (j = 1,2,3),
and for simplicity we omit the index j in the spin columns.

1. Growth direction [001]

The states in the heavy-hole subbands Ahl1,hh3, ... and
light-hole subbands [h2,lh4, ... transform according to the
I'¢ spinor representation of the point group D,,;, whereas the
eigenstates [h1,/h3, ... and hh2,hh4, ... form the bases for
the I'; representation. In the method of invariants [21], the
2 x 2 matrix effective Hamiltonian in each hole subband is
decomposed into a linear combination of four basis matrices.
Since both direct products I'¢ x I'g and I'; x I'; reduce to the
same direct sum of irreducible representations I'; + ', 4 I's,
the basis matrices can be chosen common for the subbands
of I'g and I'; symmetries. If the basic functions of the spinor
representations are chosen in the form (3), (4), then the set of
basic matrices includes the identity matrix (I"; representation),
pseudospin matrix o;, (I'; representation) and two pseudospin
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matrices oy,,0,, transforming as the pair of wave vector
components k,, k., (I's representation). This allows one to
write the linear-k term in the effective Hamiltonian as

HE,OO]] = /Bgn)(o'xlkyl + Oy, kx]) = 5")(O_ka - Uyk)')v (5)

where n = hhv orlhv,v =1,2, ..., and ,Bi") are the subband
parameters. In Eq. (5), the effective Hamiltonian is presented in
the two coordinate systems x,y,z and x1, y;,z; relevant for the
(001) structures. We stress that the same form of the effective
Hamiltonian for the heavy-hole and light-hole subbands
results from the special order of the Bloch functions in
Egs. (3) and (4).

2. Growth direction [110]

Both heavy- and light-hole states transform according to
the same spinor representation I's of the group C,,. Among
components k,, k,,, and Ou; only ky, and o,, transform
according to equivalent representations. As a result, the linear-
k term has the form

! = 80 ke, ©)

with BY" being the subband parameters.

3. Growth direction [111]

The pair of functions (3) and the states hhv transform
according to the reducible representation I's + I'¢c of the
C3, point group. The direct product (I's + ') x (I's + ') =
2I'1 +2I'; does not contain the I's representation, which
means that the k-linear splitting of the heavy-hole states is
symmetry forbidden. The first nonvanishing spin-dependent
contribution to the heavy-hole effective Hamiltonian is cubic
in k and has the form [22]

Hi| = 1" owkys (k5 = 382) + 13 ok (K7, = 3K

+ 93 0 ky, (K2, — 3K2) (7

with three independent parameters ", 3", and y3(”).

By contrast, k-linear terms are allowed in the dispersion of
light-hole subbands. Indeed, the functions (4) and the light-
hole states [hv transform according to the two-dimensional
representation I'y. The product 'y x I'y = T'y 4+ I'; + I'3 con-
tains a I'; representation meaning that the k-linear light-hole
splitting is described by

111 v
Hl[hv = g )(zek}’s - Jyskx3)’ €))

with a single parameter ﬂ;").

II1. 14-BAND MODEL

A. Energy spectrum and spin splittings in bulk semiconductor

The 14-band k- p model, called sometimes five-level
k - p model or the 14 x 14 extended Kane model, displays the
full symmetry of a zinc-blende-lattice crystal and describes
in detail the electron dispersion in the vicinity of the I" point
in materials [9,20,23-26]. The model includes the I'y, and
I'7, valence bands formed from the orbital Bloch functions
X, Y, Z (I'|s representation in the coordinate system x,y,z),
the lowest conduction band I'q, formed from the invariant
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TABLE 1. Analytic expressions for the effective mass of an
electron in the I'¢ conduction band and the Luttinger parameters
¥1, ¥2, and y; for the ', band [9].

2
%EK+A) - 2;;1205,; ( - %E;ﬁ)

mo __ 2mg P2 (1
me szEg
2

(P2, Q0
=g (Eg + Ey+E, + Eg+E;+A/)

2 2
2= 3”1702(% - EngE’)

orbital function & (I'; symmetry) and the higher conduction
bands I's, and I'7. originating from the I'js-symmetry orbital
functions X, ), Z’. For the spinor I'-point Bloch functions
INY (N =1,...,14), we use the notations

[Toc,m), [Tgy,m’), T7y,m), |Tse,m’), [T7em), (9)

wherem = £1/2and m’ = £1/2, £3/2, the ['¢ basis is taken
in the form 1S, |S, the I'g basis is given by Egs. (3) and
(4), and the I'; basic functions are also taken in the canonical
form [10]. The model contains eight parameters of the 14-
band model, namely, the band gap E,, the energy distance E ;,
between the I';. and [y states, spin-orbit splittings A and A’
of the valence and higher conduction bands, interband matrix
elements of the momentum operator

N P
P =i—(5|p:|X),
my

P/

. h J
i—(S|p.|X7), (10)
mo

NI
1— (X7 py|2),
my

and, finally, the interband matrix element of the spin-orbit
interaction between the valence and higher conduction bands
defined by

A7 = 3(Tge,m[Hyo|Tgpum’) = —3(Toe,m|Hyo Ty ,m),
(11)

where H,, = h*([o x VU(r)lp)/4m}c* is the spin-orbit
Hamiltonian, U(r) is the spin-independent single-electron
periodic potential, ¢ is the speed of light, and mg is the
free-electron mass. We stress that the matrix elements P’ and
A~ are responsible for the removal of the space inversion
symmetry in this model and lead to the bulk inversion asym-
metry spin-orbit splittings of conduction and valence bands
[20]. Note that hereafter we ignore the difference between
the generalized momentum operator & and the operator p =
—ihV because the k - (r — p) correction is usually negligibly
small [27]. The 14 x 14 Hamiltonian matrix ’H%{, is a sum of
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the diagonal matrix elements E?\,S nn and off-diagonal matrix
elements linear either in A~ or in k. As frequently used
in the simplified multiband k - p models [9], we ignore the
free-electron term (72k%/2mg)8y n, which in the case of QW
structures reduces the number of boundary conditions at an
interface from 28 to 14 and simplifies numerical calculations.
The diagonalization of the 14-band Hamiltonian yields
the electron energy spectrum in the bulk material. Table I
summarizes four fundamental band parameters, the electron
effective mass in the I'q conduction band and the three
Luttinger parameters for the I's, band, calculated in the
second order of the k - p perturbation theory. Table II shows
three different parametrizations of the 14-band model used
in Refs. [20,25,28]. One can see that these parametrizations
provide close values of the conduction-band effective mass
and Luttinger parameters but as demonstrated below, quite
different values of k-dependent spin-orbit splittings.
Following Ref. [20], we present the coefficients y, and
y» in Egs. (1) and (2) as sums y. = y.0 + 8y, and y, =
w0 + a18y, /2, respectively, which allows one to separate the
k - p third-order contributions (y,q, ) from the fourth-order
contributions (8y,,8y,), which include one order in A™. The
third-order contributions were found in Ref. [20] with the result

4 ANE,+AN)+ANE,
Yoo =—3P - - —  (12)
3 E Ey(Eg + A)XE) 4+ A)
) E,+E,+A/2
Yo = 3PP QO - - —.  (13)
3 E((Eg+ E))E, + Ej, + A)

Note that, as compared with Eqgs. (18) and (20) of Ref. [20],
we use here the different sign for Q, include the factor ih/mg
in our definition of P and P’, and refer E ; not to the I'g. but
to I'7. band. The fourth-order correction to y, reads

4 PX(3E, +2A") + P?(3E, + A)

BVC =500 ’ ’ ’
9 E,E,(E, + A)E, + &)

(14)

The fourth-order corrections éy,a;/2 in the I'g valence band
are conveniently written as (ai(o) + 8a;)éy,/2 (i =1,2,3),
where

4 ATPPQIA+2AN +3(E; + E)]

=g AEy(Eq + E, + M)A + Eg + E}) (13
and
a§0) %, ag)) -1, a§0) =1 (16)
©

The terms proportional to g; ) represent the A~ P2(Q contri-
bution; they were derived in Ref. [20]. Equation (15) differs
from Eq. (21a) in Ref. [20] by extra A in the numerator and
denominator. In addition to afo), there are other contributions

TABLE II. Three parametrizations of k - p model for GaAs used in the literature. Energy gaps are given in eV, matrix elements P, P’, and
Q are given in eVA. Conduction band effective mass and Luttinger parameters are calculated after expressions given in Table 1.

Parametrization E, A E i, A A~ P P’ @) me/mg Y1 V2 V3
Ref. [28] (I) 1.52 0.341 3.02 0.2 —-0.17 9.88 0.41 8.68 0.063 8.51 2.08 3.53
Ref. [20] (IT) 1.52 0.34 2.93 0.17 —-0.1 10.3 33 6 0.062 7.51 2.7 34
Ref. [25] (IIT) 1.52 0.341 297 0.17 —0.061 10.31 3 7.7 0.061 8.42 2.48 3.63
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TABLE III. The constants of spin-orbit splitting calculated after Egs. (12)—(15) (in eVA3), corrections to the parameters a; calculated after
Eq. (17), and spin-orbit constants for k || [110] calculated after Eq. (18) (in eVA?) for three different parametrizations introduced in Table II.

Parametrization Yo 3Ye Ve Y0 3V da, Sa das Vin Vi
@ —2.39 -22.0 —24.4 6.65 76.7 0.883 —0.431 —0.258 96.4 13.2
1 —13.9 —10.6 —-24.5 39.5 347 0.396 —0.193 —0.116 79.3 5.84
(1) —16.0 —-8.13 —24.1 45.7 26.9 0.645 —0.315 —0.189 80.5 8.79

proportional to A~ Q3, which are disregarded in Ref. [20] and
can be presented in the form
Q’E, 41 5

(Si: _— = —, = ——
Y= S, —i—E/) T @

a7

These contributions may play an important role because P and
Q are of the same order of magnitude. It is worth to mention
that additional contributions oA~ P"2Q are negligibly small
as compared to those in Eq. (17).

For completeness, below we write down the expressions for
the coefficients of the k3 splittings Ay, (k) = yunk>, Ap(k) =
yink® of the heavy- and light-hole subbands for the particular
direction k || [110]:

1 3 — 1 26
Vi = 5 )’v(l - —m> +87/v|:<1 — —m>
+ lSal (1 - ﬂ) + l(3612(7 — &>
P\t e el e
+%8a3<1 + —\/15__3€2>jH (18a)
1 31 26
Yin =73 J/v(l + —m) +8Vv|:<1 + —m>
+ l8611 <1 + &> + l8612(7 + M)
P\t se) e Ut e
+th§“3<l BV jw)”’ (159

where the ratio & = y3/y, characterizes the valence-band
warping. Table III summarizes the values of spin-orbit splitting
constants for the conduction and valence bands calculated,
again for different parametrizations of the k - p model. It is
seen that the fourth-order contributions are comparable with
and can be even larger than the third-order ones. Moreover,
the inclusion of the corrections da; in Eq. (18) significantly
increases the spin splitting of heavy-hole states. For example,
in the parametrization (I) (Ref. [28]), the omission of §a; terms
yields y, ~ 4.6 eVA3, while the corrected value is larger by
almost a factor of 3.

B. Boundary conditions and electronic states in QWs

Let us now apply the 14-band model to calculate the energy
spectrum in a symmetric QW grown along the z || [001] direc-
tion. In addition to the basis (9), we use another set of basic
functions |l,s) { =1, ...,7,s = £1/2),where |[,1/2) = IR,
for the spins = 1/2 and |/, —1/2) = |'R; for s = —1/2, and

‘R, are the orbital Bloch functions S, X, Y, Z,X’,)’',Z’. This
basis consisting of products of the up- and down-spinors and
the orbital functions is more convenient for the formulation
and analysis of boundary conditions at the interfaces. Within
the 14-band approach, each electron state W, ; in a QW is
described by 14 envelope functions f,; ;s in the expansion

eikip

W, = 752 an, 1)), (19)

Here, z is the growth axis, kj is the in-plane wave vector
with two components k,,k,, S is the normalization area, the
subscript n denotes the subband, e.g., n = el,hhl,lh1, etc.,
and j is a pseudospin index enumerating two states in each
subband n degenerated in the I' point (k; = 0). The energy
spectrum E,;(kj) in the nth electronic subband in k space
is obtained from the numeric solution of the Schrodinger
equation,

HID (ke k)W, = E,j (k)W) (20)

where k. is replaced by a differential operator k, = —i9/9z
acting on the envelopes f,; 15(z).

Equation (20) should be supplemented with the boundary
conditions. The key requirement is associated with the conser-
vation of the particle flux z component. For a 14-component
envelope fi;, the flux is given by

(,14) k
Zf‘lv ls ls( )flv, (21)

l s'ls

or explicitly one has, e.g., for the flux z component
i At A At A FPPVIRN At A
S: = L [P(fLfs = fifz) + P'(FLfs = 1)
SR S BN O 2
+O(fufy = fyfo+ fyfo = fafv)]. (22

where two-component spinor envelopes

N VAV
fr= [ﬁ,—l/z}

are introduced for brevity.

Since the k- p Hamiltonian contains k, terms only of
the first order, it is enough to impose one condition per
envelope f,j ;. In what follows, we assume for simplicity
that the interband matrix elements P, P’, O, and A~ are the
same in the QW and barrier materials, so that solely the
diagonal elements E?.ie. the positions of bands at k = 0,
experience discontinuities at heterointerfaces. In this case, the
simplest and intuitively natural set of boundary conditions con-
serving the flux could be merely the continuity of all envelopes
at the interface, see Eq. (22). However, such boundary condi-
tions do not account for the reduced microscopic symmetry of
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a single interface described by the C,, point group and caused
by the anisotropy of chemical bonds in the (001) plane [12—
14,29]. Therefore we are interested in boundary conditions as
simple as possible but those which conserve the flux and make
allowance for the interface heavy-light hole mixing. We recall
that in calculations based on 4 x 4 Luttinger Hamiltonian
and four-component envelope @ this kind of state mixing is
described by an extra term in the boundary conditions [13]:

M*(E) —M“(E) 2 e,
A 9z A_ B 9z B ﬁao mo

where the matrix M is diagonal and comprises the values
of heavy-hole, m,, = mgy/(y; — 2y»), and light-hole, m;;, =
mo/(y1 + 2y»), effective masses in the [001] direction, #;, is a
real coefficient, and ay is the lattice constant. In order to include
the hole mixing effect into the 14-band k - p model, we provide
the minimal generalization of natural boundary conditions for
envelopes f,; ;s as the requirement of continuity of the five en-
velopes f;; s correspondingto R; = S,X,), Z and 2’ and the
following discontinuity of the remaining envelopes as follows:

(Fujxda = (fujx)s + 1(fuj x)Bs

(Fjy)a = (Fajy)s + 1(Fuj )5,

where 7 is a real dimensionless interface-mixing parameter.
One can readily see that the proposed conditions (24) are in
agreement with the flux continuity. The boundary conditions
for the 4 x 4 model can be obtained from Eq. (24) taking into
account that the Qk. off- -diagonal matrix elements in the 14 x
14 Hamiltonian couple fn j,x with f,, j,y and f,, j,y with f,, j. & s

(23)

24

P Q  fuiy

= — DI 25
Juix E.—E,; oz (252)
A 0 3 fujx

iy = — 25b
fj,y E,— Enj 3z ( )

Here, E. is the energy position of I'} ; conduction band and we
replaced k. by —id/dz acting on the smooth envelopes. Substi-
tuting f, X fu ;,y from Eq. (25) into Eq. (24), transforming it
into ['g basis and making use of the explicit forms of Luttinger
parameters y; and y, presented in Table I we arrive in the
linear-k, approximation at the second boundary condition (23)
with the heavy-light hole mixing coefficient

2mpay

lh = —=—

V3R

In what follows, we use ;. as an independent parameter of our
theory. It is worthwhile to stress that an inclusion of other extra

terms in the 14-band boundary conditions modifies Eq. (23) to
a more complicated form of Ref. [30].

7. (26)

IV. RESULTS AND DISCUSSION

Figures 1 and 2 display the main results of our 14-
band model calculation, with the generalized boundary con-
ditions (24), of valence-band structure in a 100-A-thick
GaAs/Aly35GagesAs QW. The energy dispersion of three
topmost valence subbands is obtained neglecting, Fig. 1, and
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taking into account, Fig. 2, the heavy-light hole interface
mixing. Each figure contains four panels. Panels (a) and
(b) are calculated for the parametrization (I), see Table II,
panels (c) and (d) represent the parametrization (II). Solid
and dashed lines in panels (a) and (c) show the subband
dispersion, while the wave vector dependence of the spin
splittings is depicted in panels (b) and (d). As mentioned
above we assume the same values of P, P, Q, A, A/,
and A~ for the well and barrier materials, the band gap of
Al,Ga;_, As solid solution is taken from the quadratic equation
[B1] Eg(x) = E4(0) + 1.04x + 0.46x2. The standard ratio 2/3
is used for the I'g, and ', bands off-sets, AE, and AE.. The
off-set A E for the higher conduction band is chosen to equal
—AE), since all proposed parametrizations give practically the
same value for the sum E, + E ’g in GaAs and AlAs.

We begin the discussion from comparison of the I'-point
positions of the valence subbands calculated by using the
14-band model and 4 x 4 Luttinger Hamiltonian in the absence
of interface mixing, #;.;, = 0. In the four-band Luttinger model,
the heavy- and light-hole envelope functions and I'-point
energies Epj,, Epy (v = 1,2, ...) are found from

2 ’ ’ . hhv hhv hhvs
2 , : Ih , : Lhv lhv Lhvs

where V(z) is the confinement potential determined by the
valence-band offsets, and functions ®(z) satisfy the Bastard
boundary conditions given by the Eq. (24) at ., = 0. It turns
out that the I'-point energies calculated in the 14-band and
Luttinger models agree with each other within 5% accuracy.
It is seen from Figs. 1(a) and 1(c) that the two sets of
parameters result in significantly different positions of the two
lower subbands at kj = 0 despite the relatively small (<30%)
difference of the Luttinger parameters. For the parameter
set (II), these subbands are much closer in energy than for
the set (I). Moreover, the calculation carried out within the
Luttinger Hamiltonian model for the parametrization (II) gives
the crossing between the #h2 and [h1 states at a =~ 95 A, see
Ref. [36] for details. For the 100-A-thick QW, the pure-state
energies still lie very close to each other, the mixing is
remarkable and we use for these I' states in Figs. 1 and 2
the notation s+-,h— instead of [h1 and hh2, respectively.

The heavy-light hole mixing is crucial both for the A4
states and the spin-orbit splitting of the valence subbands. In
the 4 x 4 effective Hamiltonian approach, one could expect
to get the Ah2-lh1 mixing by including the Vl%3 term of
Eq. (2). The matrix V, indeed mixes the |I'g,3/2) state with
the |T's, —1/2) state as well as |I's, —3/2) with |I'g,1/2).
The inclusion of the last term in Eq. (2) into the effective
Hamiltonian makes however the problem unsolvable, neither
rigorously nor approximately, even for the infinitely high
barriers in which case the boundary conditions reduce to
vanishing of the envelopes at the both interfaces. Firstly,
strictly speaking, the order of differential equations increases,
and additional unphysical solutions appear. Secondly, an
attempt to take the operator V, 1213 into account as a perturbation

encounters the problem of a nonhermitian nature of the 123
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FIG. 1. (Color online) Dispersion [(a) and (c)] and absolute values of spin splitting [(b) and (d)] of valence subbands for
GaAs/Aly35GagesAs QW. The calculations are done for two parametrizations (see Table II): (I) [(a) and (b)] and (II) [(c) and (d)]. Solid
and dashed curves in (a) and (c) present the energy dispersion of two spin-orbit-split branches degenerated at k = 0. The spin splitting of

conduction subband el is presented in (b) and (d) for comparison.

operator, (hh2|k3|Ih1) # (Ih1]k3|hh2)*, defined on the space
of envelopes satisfying Eq. (27) and vanishing at the interfaces.
It is worth to mention that, due to the special reason [40],
the linear-k terms in the valence subbands hhv,lhv related to
the VZIQZ3 operator and found as a first-order correction to the
energy spectrum in Ref. [11] are finite and can be compared
with the 14-band calculations, see below. For barriers of finite
height, the inconsistency related to the VZ@ operator seems
insurmountable for finding both the I"-point energies and the
linear-k dispersion. On the other hand, the 14-band k- p
model under study allows one to derive the cubic terms of
Eq. (2) for bulk materials and to compute the QW valence
eigenstates comprising an admixture of the Bloch functions
|T's,3/2) and |I'g, —1/2) or |I'g, —3/2) with [I'g,1/2) at the
point ky =k, = 0.

The curves in Fig. 2 are calculated for the same set of
parameters as in the previous figure, with one exception: now
the interface mixing parameter 7 in the boundary conditions
(24) is nonzero and corresponds to a reasonable value of the
parameter z;;, = 0.5 related with 7 by Eq. (26) [39]. Comparing
Figs. 1 and 2 we observe striking effects of the interface
mixing. The splitting between the 4+ and i — states in Fig. 2(c)

tremendously increases. Furthermore, all the spin splittings in
Fig. 2 are enhanced by about an order of magnitude. The
positions of the 2+ and h— states at the I" point can perfectly
be evaluated in the framework of Luttinger Hamiltonian and
generalized boundary conditions (23). In the first order in #;,
the role of extra term in the boundary conditions (23) can be
reduced to an effective matrix element

tin K2

modo

Ay =

Dpn2(zi)Pin1(z:) (28)
that mixes the /41 and hh2 states at k = 0. Here, z; is the
coordinate of the right-hand interface. The mixed state energies
are given by

Ewp + E Ewn — Em \°
hh22 lhl :t\/< hh22 lhl) +A12_h (29)

Atthe crossing point, where Ej;, = Ejpj, the splitting between
the A+ and h— eigenstates equals 2|A; ;| and each of them
is an equal admixture of the hh2 and [h1 pure states. The
comparison of Figs. 1(c) and 2(c) shows that, in parametriza-
tion II, the “bulk” hh2-Ih1 mixing inside the QW layer is by

Epr =
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FIG. 2. (Color online) Dispersion [(a) and (c)] and absolute values of spin splitting [(b) and (d)] of valence subbands for
GaAs/Aly35GapesAs QW with account for the interface mixing of heavy and light holes [#,, = 0.5 corresponding to 7 &~ 0.07 for the set
(I) and 7 = 0.1 for the set (IT), see Eq. (26)]. Solid and dashed curves in (a) and (c) present the energy dispersion of two spin-orbit-split branches
degenerated at k = 0. The calculations are done for two parametrizations (see Table II): (I) [(a) and (b)] and (II) [(c) and (d)].

an order of magnitude smaller than that due to the interface
effect.

The 14-band model developed here automatically provides
the spin-orbit splitting of conduction and valence subbands
for kj # 0. Like the energy dispersion presented in panels
(a), (c), the spin splittings are given for two directions of
the in-plane wave vector k; || [100] and kj || [110]. It is
noteworthy that the anisotropy of spin splittings becomes
pronounced at k; ~ 10® cm™!. One can see in Figs. 1(b)
and 1(d) that, even in the absence of interface mixing, the
k-linear spin splitting of 21 subband is comparable with that
for el conduction subband also shown (by triangles). The
other notable feature is a huge linear-in-k spin splitting of
hh2 and [h1 (or h+ and h—) subbands, which is particularly
pronounced for the set of parameters (II) where these states
are close in energy. For this set of parameters, the linear
terms for Ay states markedly exceed those for el electron
and hh1 valence subbands. Such a behavior was uncovered by
Rashba and Sherman [11] in the model of infinite barriers: it is
caused by (i) the heavy-light-hole mixing by the off-diagonal
elements of Luttinger Hamiltonian proportional to k. (k, + iky)

and (ii) Vzlgg term in the bulk spin-orbit Hamiltonian (2). The

heavy-light-hole interface mixing results in the considerable
enhancement of spin splittings of the valence subbands, while
the modification of the conduction-band spin splitting is less
pronounced. The detailed analysis of the heavy-light hole
mixing on the interface inversion asymmetry contributions to
the conduction-band spin splitting is beyond the scope of the
present paper [32-34].

To analyze further the effect of interface mixing, we present
in Fig. 3 the absolute value | ﬂfhhl)l as a function of #,;, for a
85-A-thick GaAs /AlAs QW. The spin splitting constant 8 fhhl)
in Eq. (5) vanishes at a particular value of 7, =~ 0.2 either 0.5
for the parametrizations (II) and (I), respectively, where the
bulk-inversion asymmetry and interface-inversion asymmetry
contributions to the splitting cancel each other. Here, it is
worth to remark that the cancellation takes place for positive
values of #,;,, while for #,_;, < 0, the absolute value of the
splitting monotonously increases with an increase of |f;_p]|.
The analysis of the sign of this parameter lies beyond the
limits of this work. Atomistic calculation of the spin-orbit
splitting performed in Ref. [19] predicts huge values of 8 fhhl)
for the hh1 subband reaching 115 meVA for a GaAs/AlAs
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pseudopotential calculations (J.-W. Ljuo et al.)

100

@ parametrization (II)
>

[}

g GaAs/AlAs
§_ 50 L a= 85 A
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parametrization (I)

4 16

1 1 1 1 1
02 04 06 08 1.0 12 1
Interface mixing parameter #;;,

0
0

FIG. 3. (Color online) The results of calculations of heavy-hole
(hh1) spin splitting as a function of the interface mixing strength for a
GaAs/AlAs 85-A well. The dashed line indicates the result of pseudo
potential calculations obtained for the same QW in Ref. [19].

structure with the GaAs layer thickness of 85 A, as shown
in Fig. 3 by the horizontal dashed line. For this particular
structure, the 14-band model yields the same value of hhl
spin-orbit splitting assuming ¢, = 1.2 = 1.6. Relatively high
values of interface-mixing parameter meet the expectation of a
monotonous increase of #,.; with the content x of the heteropair
GaAs/Al,Ga;_,As. The dependence of ﬁihh]) on the QW
width a is shown in Fig. 4(a). One can see that for the both sets
of parameters the interface mixing dominantly contributes to
the spin splitting. In the selected well-width range, 8" is
a monotonous function of a. For smaller values of the width,
this coefficient reaches a maximum and then decreases with the
increasing penetration of the wave function into the barriers.
For completeness, the variation of spin-splitting coefficients

PHYSICAL REVIEW B 89, 075430 (2014)

with a in the h=4 subbands is included in Fig. 4(a),
see the inset.

The numerical results presented above can be interpreted
in terms of three independent contributions to the spin-orbit
splitting of the valence subbands. The first one is similar to that
in the conduction band and, for the heavy-hole subband Ah1,
originates from the Za Jj %y and (Vik, + Vyky)kf terms in the
spin-orbit Hamiltonian for the I'g band, Eq. (2), averaged over
the size-quantization wave function. The second contribution
results from the interference of the o<Vsz3 term in Eq. (2)
and off-diagonal elements H of the Luttinger Hamiltonian.
In evaluation of this second contribution, one encounters the
“dangerous” kf matrix element, which can be calculated only
in the limit of infinite barriers. In this limit, the sum of two
contributions is given by Eq. (8) of Ref. [11]. The third
contribution to the k-linear splitting of the heavy-hole subband
arises from the interface-induced heavy-light-hole mixing
and becomes dominant for |f;,] 2 1. It can be evaluated
within the four-band model using the Luttinger Hamiltonian
and the boundary conditions (23) taking into account that
for ¢, = 0 the heavy-hole wave functions can be presented
as [35]

Wiz = @1 ()|, £3/2) ik, £iky) S (2)| s, £1/2).

(h=£)
1

Here, the admixture of |I'g, &= 1/2) states is considered in the
first order in k, and the function Sy is found from [36]

d 1 d V@ - E S (2)

> demn dz Z hht |911(2Z
V3R d

=— {7/3—} D1 (2). (30)
moay dz )

Here, Ejj;; is the energy of hhl subband in the I'-point,
Eq. (27), and as before the curly brackets assume symmetriza-
tion of operators. Allowance for the ., # 0 in Eq. (23) gives
rise to the interface inversion asymmetry contribution to the

— parametrﬁzation @

(2) — — - parametrization (II) ~_ 100} rmmetrization ® (b)
=z -
100 E Sop B 4100
=z N = ol o =
> N 50 100 150 <
g Well width (&) <
= . E)
=) terface Eq. (30
§\ 50 interface Eq. (30) | 50 &
= Z
N
~ ~
0 _‘T\‘——I__— I — I e I *ececsee ..TI,.T":.:_:'I:"—"'
60 80 100 120 140 60 80 100 120 140
Well width (A) Well width (A)

FIG. 4. (Color online) Spin-orbit k-linear term ,Bi'” for the hh1 subband in a GaAs/Aly35Gages As QW. (a) 14-band numerical calculation
is shown for two sets of parameters (solid and dashed lines) and for two values of interface mixing parameter: #,, = 0 and 0.5. The inset
represents the results for 4+ and ~— subbands at #,;, = O for the parametrization (I). (b) Analytical calculation of ﬂfhhl). Three bottom curves
are obtained in the limit of infinitely-high barriers from Eq. (8) of Ref. [11]: the solid curve represents the parametrization (I), the dotted and
dashed curves are calculated for the parametrization (II) neglecting and taking into account the corrections da; in Eq. (17), respectively. Two
top curves demonstrate the interface-induced spin splitting according to Eq. (31) with 7, = 0.5.
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hh1 subband, which in the first order in heavy-light hole
interface mixing reads [15,37]

2l1_hh2
D = =Dy (2) S (20). (3D
modo

The results of analytical calculations of the above contri-
butions to the hhl spin splitting are presented in Fig. 4(b).
The two sets of curves are depicted: the set of three bottom
curves corresponds to the “bulk” contribution calculated in
the limit of infinite-barrier well, Ref. [11], and the set of
two top curves represents the interface-induced contribution
calculated after Eq. (31), for #;, = 0.5 and the finite barriers
corresponding to a GaAs/Alj 35Gag ¢sAs QW. For calculation
of the “bulk” contribution, bottom dashed and solid curves,
we used parameters a; with inclusion of corrections Eq. (17).
For comparison, the dotted curve in Fig. 4(b) is calculated
for a; = ai(o) according to Eq. (8) of Ref. [11] for the set of
parameters (II). From the bottom curves in Figs. 4(a) and
4(b), it is clearly seen that the infinite-barrier model strongly
overestimates the “bulk” contribution to the spin splitting
found within the 14-band model for ¢, = 0. This can be
attributed mainly to (i) significantly larger values of the 122
operator averaged over the heavy-hole envelope ®,;,; found in
the infinite-barrier well compared to the case of finite barriers
and (ii) the overestimation of Vzl’cz3 effect.

A similar analytical procedure can also be used to calculate
the interface induced k-linear spin-orbit splitting of the A4
subbands. The detailed discussion of the energy spectrum
for this pair of subbands will be presented elsewhere, here
we resort to a simple resonant approximation which neglects
all energy bands but 4, and A_. In this case, the dominant
contribution results from the interface-induced mixing of the
heavy- and light- hole states and reads [17]

(hs) _ :|:2\/§FL2 Aral{h1){ysk_ ) |hh2)|
1= ;
o \/(Eth — Em)? + 447,

(32)
U Ll{ysk.)s hh2) = / Ot (D {yske )y Daia(2)dz.

Equation (32) closely reproduces the results of numerical

calculation of 8 {hi) for parametrization (II) where the subbands
hy are particularly close in energy.

Above we have paid the main attention to the k-linear spin
splitting of valence subbands. However, it follows from the
14-band calculations presented in Figs. 1(b), 1(d), 2(b), and
2(d) that, at kj ~ 10° cm™!, cubic in k terms begin to play
essential role resulting in the anisotropy of the spin splitting.
The k3 contribution of nth hole subband in [001]-grown QWs
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TABLE IV. Valence-band spin splittings for a 100 A
GaAS/A10‘35Ga()‘65AS QW
no BmeVA) " (VA " (VA
t, =0 hhl 12.2 —82 -31
h+ 13.5 —153 54
h— 67 —140 —78
t, =0.5 hhl 36 55 29
h+ 186 —412 —677
h— 230 —475 —475

is described by two independent parameters yl(") and yz(") [38]:

HIOOU = yl(”)(cr,clkf,I +oy,k) ) + i (0,63 Ky, + Jylk§] ky,).-

(33)

The parameters of Hamiltonian (33) extracted from numerical
simulation of a 100A-GaAs/A10_35Gao_65As QW are listed in
Table IV. It is worth to stress that (i) interface mixing makes
a significant contribution both to k-linear and k> terms in the
valence-band effective Hamiltonian and (ii) the k-linear terms
given by ﬁim , indeed, exceed by far the k-linear terms in the
bulk valence-band Hamiltonian.

V. CONCLUSIONS

To conclude, we have presented here the 14-band k- p
model extended to allow for the reduced microscopic symme-
try of QW interfaces, which makes it possible to calculate the
spin-orbit splitting of hole subbands in QWs. We proposed a
simple boundary condition, Eq. (24), which takes into account
heavy-light hole mixing at the interface due to anisotropic
orientation of interface chemical bonds. Main contributions
to the hole spin splitting are identified. The developed model
has been applied to calculate the valence-band spin splittings
in symmetric (001) QWs, but it can be used as well for QWs
of any crystallographic orientation including the (110) and
(111) orientations as well as in asymmetric structures. The
results of numerical calculations are well described by the
developed analytical theory. Moreover, we have demonstrated
that the large values of the spin splitting for the topmost
heavy-hole subband predicted in Ref. [19] on the basis of
atomistic calculations can be ascribed to the relatively strong
interface-induced mixing of heavy- and light-hole states.
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