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The reduced point symmetryC2v of a zinc-blende-based~001! interface allows mixing between heavy- and
light-hole states even under normal incidence. We have generalized the envelope function approximation to
take into account such a mixing by including off-diagonal terms into boundary conditions for the envelopes.
The normal off-diagonal hole reflection from a GaAs/AlAs~001! heterointerface as well asG-point interband
matrix elements in GaAs/AlAs multilayered structures have been calculated and the results have been com-
pared with those obtained by pseudopotential and tight-binding calculations. The best fit with the numerical
calculations gives for the dimensionless heavy-light hole mixing coefficient valuest l -h50.9 and 0.32. The
theory of exchange splitting of excitonic levels in type II GaAs/AlAs superlattices has been extended to include
not only the heavy-light hole mixing but also an admixture of spin-orbit-split states in the heavy-hole wave
function. An agreement between theory and experiment for the anisotropic exchange splitting has been
achieved fort l -h50.5. A tight-binding model has been used to relate the microscopic parameters with coeffi-
cients in the boundary conditions for the hole envelope function. The tight-binding model estimation of
t l -h50.44 is in reasonable agreement with the other estimations oft l -h . @S0163-1829~96!09031-5#

I. INTRODUCTION

Quantum-mechanically, the most pronounced effects of
band offsets at semiconductor heterointerfaces are the con-
finement of free carriers in quantum-well~QW! structures
and redistribution of the electron probability density between
adjacent layers in superlattices~SL!. Since the interfaces re-
duce the translational and point symmetries of the system,
they can lead not only to mixing between electronic states
from the same band but also to intervalley and interband or
intersubband mixings. In zinc-blende-based heterostructures
grown along the@001# crystallographic axis the lack of mi-
croscopic translational symmetry can result in remarkable
coupling betweenG andXz valley states as well as between
the indirectXx andXy valley states.

1–3 Within the envelope
function approximation~EFA!, which makes use of the bulk
symmetry of thek vector in the growth direction, the mixing
between heavy-hole~hh! and light-hole~lh! states is well
described for oblique incidence on an interface, i.e., for a
nonzero in-plane wave vectork in ~see, e.g., Refs. 4 and 5!, or
at normal incidence on interfaces grown along directions
with the higher Miller indices, say along the@110# or @113#
directions.6,7 For ~001!-grown structures, however, it is gen-
erally accepted that when using the EFA this mixing is for-
bidden for normally incident holes.8–10 This is in contrast
with the fact that according to the point symmetryC2v of an
ideal GaAs/AlAs~001! interface hh and lh states transform
according to equivalent spinor representations and hence the
interface-induced hh-lh coupling is allowed.

In Refs. 11 and 12 we postulated this mixing by adding
additional terms in the boundary conditions for the hole en-
velope function at interfaces in order to explain the nature of
the giant anisotropic exchange splitting of excitonic levels
observed in type II GaAs/AlAs SLs.13,14 Recent numerical

calculations15 performed by using the empirical pseudopo-
tential formalism have shown that a heavy hole reflected un-
der normal incidence from a single GaAs/AlAs~001! hetero-
junction contains a considerable light-hole amplitude. It
should be mentioned that earlier Schulman and Chang16

solved the tight-binding model and reported the mixing of
the heavy- and light-hole states withk in50 in the ~001!-
grown GaAs/Ga12xAl xAs and InAs/GaSb multilayered het-
erostructures. Nevertheless in the later EFA calculations Zhu
and Huang8 and Chu and Chang17 assumed fourfold or even
axial symmetries which forbid the normal-incidence heavy-
light-hole mixing.

In the present work the EFA is extended to describe the
normal-incidence heavy-light-hole mixing and fill a gap be-
tween the conventional EFA approach and numerical
pseudopotential or tight-binding calculations. In Sec. II we
analyze the boundary conditions for the envelope functions
by using theC2v symmetry of the~001! interface to demon-
strate unambiguously the possibility of hh-lh coupling for
vanishing in-plane wave vector. Using this model in Sec. III
we calculate the hole reflection coefficients and compare
them with values obtained from empirical pseudopotential
calculations of Ref. 15. In Sec. IV we generalize the theory
of anisotropic exchange splitting of excitonic levels in type II
GaAs/AlAs superlattices to take into account an admixture
of spin-orbit-split states in the heavy-hole wave function. In
Sec. V we show by calculating optical interband matrix ele-
ments that, due to the hh-lh mixing, transitions between sub-
band pairs of opposite parity become allowed, as in tight-
binding calculations.16 In Sec. VI we establish a relation
between microscopic parameters of the tight-binding model
and the coefficient describing the hh-lh hole mixing in the
boundary conditions.
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II. SYMMETRY CONSIDERATIONS

The Bloch functions at the valence band maximum of a
semiconductor with the point symmetryTd can be formu-
lated asuX↑&, uY↑&, uZ↑&, uX↓&, uY↓&, uZ↓& ~set 1: u1,i &,
i51, . . . ,6) or as uG8 ,3/2&, uG8 ,1/2&, uG8 ,21/2&,
uG8 ,23/2&, uG7 ,1/2&, uG7 ,21/2& ~set 2: u2,l &, l51, . . . ,6)
where the coordinate systemxi@100#,yi@010#,zi@001# is as-
sumed. These sets transform according to the direct product
G63G5 or its decompositionG81G7, respectively. The hole
wave function in a quantum structure can be expanded in
either set

c5(
i51

6

Fi~r !u1,i &5(
l51

6

F l~r !u2,l & ~1!

with envelope functionsFi or F l depending only on the
coordinatez if we describe hh-lh mixing under normal inci-
dence.

In the absence of spin-orbit splitting of the valence band
the simplest boundary conditions for the envelopesFi(z) are

FA5FB ,
~2!

~ v̂zF!A5~ v̂zF!B ,

whereF is the column with the componentsFi , the sub-
scriptsA,B indicate the compositional material, say GaAs or
AlAs, and v̂z is the normal component of the hole velocity
operator

v̂z5
1

\

]H

]kz
. ~3!

For normal incidence (k in50! the effective hole Hamiltonian
is

H5FHG5 0

0 HG5
G ~4!

with HG5
5@L2(L2M )I z

2# k̂z
2 k̂z52 i ]/]z, band parameters

L, M , and the 333 matrix I z of the angular momentum
I51 so that

I z
25F 1 0 0

0 1 0

0 0 0
G .

The hh-lh mixing, or mixing betweenX and Y orbital
states, which is possible due to theC2v symmetry of a~001!
interface~see Fig. 1!, can be described by adding toH of Eq.
~4! a coupling Hamiltonian

HX-Y56
\2tX2Y

m0a0
F $I xI y% 0

0 $I xI y%
Gd~z2zi !. ~5!

The essential features are the symmetrized product

$I xI y%[
1

2
~ I xI y1I yI x!5

1

2 F 0 21 0

21 0 0

0 0 0
G

which is an invariant underC2v and thed-function with zi
being the coordinate of the interface. The sign6 refers to
BA orAB interfaces and the prefactor with Planck’s constant
\, free electron massm0, and lattice constanta0 ~assumed to
be the same forA andB) has been introduced to characterize
the X-Y mixing by the dimensionless real parametertX-Y .
Taking into accountHX-Y the boundary conditions have to be
changed by adding the term

f5 i
\tX-Y
a0m0

F2$I xI y% 0

0 2$I xI y%
GF ~6!

to (v̂zF)B on the right-hand side of Eq.~2!. Note that
$I xI y% has the same transformation properties asv̂z . We re-
mind the reader that the C2v point group consists of the
rotation axisC2iz and two mirror planes~110! and ~11̄0!
~Fig. 1!.

Including the spin-orbit interaction2 2
3Dso(sI) the bound-

ary conditions are obtained by applying the unitary transfor-
mation ‘‘set 1→ set 2’’ to Eq. ~2! and to the mixing term
~6!:

FA5FB ,

~ v̂zF!A5~ v̂zF!B2
2

3
i

\

a0m0
tX-YRF. ~7!

Here the velocity operatorv̂z is connected by Eq.~3! with
the 636 k•p Hamiltonian in the basis setu2,l & ~see Ref. 18!
andR is the 636 matrix

R5F $JxJy% 3Uxy

3Uxy
1 0 G ~8!

composed of angular momentum matricesJa for J53/2 and
the 432 intersubband matrixUxy introduced in Ref. 18~see
also Ref. 19!.

If the hole energyE is small compared with the spin-orbit
splitting Dso, then, forM /L!1, the mixing between theG8
andG7 subspaces can be neglected and we retain in Eq.~7!
only the first four componentsF j and in R the 434

FIG. 1. The nearest neighbors of an As interface atom. The
point symmetryC2v of a single heterojunction contains the twofold
rotation axisC2 parallel to the growth direction@001# and two
mirror planes~110! and ~11̄0).
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block $JxJy%. In this case the boundary conditions coincide
with those proposed in Refs. 11 and 12,

~F j !A5~F j !B ,

~¹ jF j !A5~¹ jF j !B1
2

A3
t l -h$JxJy% j j 8F j 8 ~9!

if we put

t l -h5
1

A3
tX-Y . ~10!

Here

¹63/25a0
m0

mhh

]

]z
, ¹61/25a0

m0

mlh

]

]z

and we use the notationsmhh
A , mhh

B , mlh
A , andmlh

B for the
effective masses of heavy and light holes in theA and B
layers.

III. NORMAL HEAVY-LIGHT HOLE REFLECTION
FROM GaAs/AlAs „001… INTERFACE

Consider now a free hole normally incident on a GaAs/
AlAs interface. Its energy is chosen to be smaller than the
GaAs spin-orbit splittingDso' 0.3 eV which is also smaller
than the valence-band offsetV0' 0.5 eV. In this case HH
and LH states on the GaAs side are propagating, while spin-
split-off states in GaAs and all hole states on the AlAs side
are evanescent. On the GaAs side the first four envelopes
F l in Eq. ~1! can be written as a sum of two columns:

F in5F eikhzw3/2
0

eiklzw1/2
0

eiklzw21/2
0

eikhzw23/2
0

G , Fout5F e2 ikhzw3/2
r

e2 ikl zw1/2
r

e2 ikl zw21/2
r

e2 ikhzw23/2
r

G ,
representing, respectively, the incident and reflected waves.
Here

kh5~2mhh
A E/\2!1/2, kl5~2mlh

AE/\2!1/25~mlh
A/mhh

A !1/2kh .
~11!

Due to the intersubband mixing at the interface~as described
in Sec. II! the off-diagonal heavy-light and light-heavy re-
flection coefficients,r l ,h and rh,l , are nonzero and the
particle-flux conservation law imposes the following rela-
tions between the diagonal and off-diagonal reflectivities:

rh,h1r l ,h5r l ,l1rh,l51.

On the other hand, the time inversion symmetry leads to the
relation r l ,h5rh,l[r. This allows us to present the 434
matrix that relatesw l

r andw l
0 in the general form

w̃ r52FA12r~eidhMh1eid lM l !1Ar
2i

A3
ei d̃ $JxJy%G w̃0.

~12!

Herer[r l ,h , w̃ r andw̃0 are four-component columns con-
nected withw r andw0 by

w̃ j
05Sm0

mj
D 1/4w j

0 ,w̃ j
r5Sm0

mj
D 1/4w j

r , ~13!

mj5mhh
A for j563/2 andmj5mlh

A for j561/2,

Mh5
1

2 S Jz22 1

4D , Ml512Mh5
1

2 S 942Jz
2D .

The further simplifications follow if we assume the inci-
dent energy is much smaller thanDso andM /L!1, in which
case the spin-split-off states can be excluded from consider-
ation at all and one can use the Luttinger 434 Hamiltonian
together with the boundary conditions in the form of Eq.~9!.
The latter may be rewritten in terms of thew l

0 andw l
r ampli-

tudes as

th*w63/2
0 52thw63/2

r 7t l -h~w71/2
0 1w71/2

r !,

t l*w61/2
0 52t lw61/2

r 7t l -h~w73/2
0 1w73/2

r !, ~14!

where

th5a0m0S kh

mhh
B 2 i

kh
mhh
A D , t l5a0m0S k l

mlh
B 2 i

kl
mlh
A D

~15!

and

kh5@2mhh
B ~V02E!/\2#1/2, k l5@2mlh

B~V02E!/\2#1/2.
~16!

One can see that in accordance with theC2v point symmetry
the mixing occurs between the hole spin states13/2 and
21/2 or23/2 and11/2. Equation~14! can be readily solved
resulting in

r54t l -h
2

m0
2

mhh
A mlh

A

khkla0
2

utht l2t l -h
2 u2

. ~17!

Taking into account that the termt l -h
2 in the denominator is

small as compared withtht l we finally arrive at

r'2t l -h
2

mhh
B mlh

B

Amhh
A mlh

A

\2

a0
2m0

2

E

V0
2 . ~18!

In the same approximation the phases in Eq.~12! are given
by

dh5argS th* t l2t l -h
2

tht l2t l -h
2 D'2argth

2 , d l'2argt l
2 ,

d̃'2arg~tht l !. ~19!

Thus, for small hole kinetic energies (E!Dso! the off-
diagonal reflectivity is a linear function ofE.

The energy dependencer(E) is shown in Fig. 2. The
straight dashed line represents the approximate result given
by Eq. ~18!. The triangles reproduce the empirical pseudo-
potential results of Edwards and Inkson.15 The solid curve is
calculated in theG81G7 band model with the boundary con-
ditions ~7! for the following values of band parameters:
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V0 /DEg50.4, mhh
A 5mhh

B [mhh50.45 m0, mlh
A5mlh

B[mlh

5 0.09m0, tX 2Y[A3t l -h51.5, whereDEg is the difference
between band gaps in AlAs and GaAs. As follows from Sec.
II the heavy-light hole mixing forkx5ky50 is directly con-
nected with interface-induced coupling betweenX andY or-
bital states and has a nonrelativistic origin. Estimates show
that the mixing due to relativistic effects such as linear-in-
kz terms in the hole effective Hamiltonian~see, e.g., Ref. 20!
is too weak in comparison with the nonrelativistic mixing
and can be neglected. In Ref. 15 the authors question the
validity of the effective mass theory or Luttinger Hamil-
tonian approach. Now the answer is that this approach is
valid if one includes terms like Eq.~5! or Eq. ~6! which
follow from the point symmetry of the interface and account
for the intersubband mixing.

Kiledjian et al.21 used a ten-band tight-binding
model to calculate the tunneling of holes in a double-barrier
GaAs/GaxAl 12xAs heterostructure. They report a significant
mixing effect between heavy- and light-hole states even for
zero in-plane wave-vector component. Obviously this effect
can be also described in the frame of the effective mass
approximation with the generalized boundary conditions.

IV. ANISOTROPIC EXCHANGE SPLITTING
OF EXCITONIC LEVELS

IN TYPE II GaAs/AlAs „001… SLs

In an ideal GaAs/AlAs SL grown along the@001# direc-
tion, the 1s heavy-hole exciton level is split into a radiative

doublet and two close-lying nonradiative sublevels. How-
ever, it was found experimentally13,14,22–25that, for localized
excitons in type II GaAs/AlAs~001! SLs, the degeneracy of
the radiative states is lifted and the two sublevels are dipole-
active in the@110# and @11̄0# directions. Moreover, it was
established13 that in the same sample there exist simulta-
neously two classes of excitons with equal absolute values
but opposite signs of the differenceD between the dipole-
active sublevels«@110# and «@11̄0# . The exchange-interaction
anisotropy was related in Refs. 11 and 12 to the heavy-light
hole mixing described by the additional term in Eq.~9!. Then
the pair of wave functions at the bottom of the lowest heavy-
hole subband hh1 can be written as

w63/2
~hh1!~z!5C~z!uG8 ,63/2&6 iS~z!uG8 ,71/2&, ~20!

where real envelope functionsC(z) and S(z) are, respec-
tively, even and odd with respect to the reflectionz→2z for
the originz50 taken in the center of a GaAs well.

Excitons contributing to the low-temperature photolumi-
nescence of undoped type II SLs are two-particle excitations
localized by the structure imperfections in the plane of inter-
faces with anX-electron and aG-hole confined inside two
neighboring AlAs and GaAs layers. This presupposes an ex-
istence of two classes of localized excitons with a left- and
right-hand-side electron. Let the localization length exceed
the exciton Bohr radiusaB , describing the in-plane relative
motion of the electron-hole pair. Then, for both classes, the
anisotropic exchange splitting,D5«@110#2«@11̄0# , is given
by12

DL,R5
16a0

3

A3paB
2

«0E C~z!S~z!@uL,R
2 ~z!1vL,R

2 ~z!#dz,

~21!

whereuL,R(z) andvL,R(z) are theX1 andX3 envelopes of an
X-electron confined, respectively, in the left- and right-hand
AlAs layers and«0 determines the initial electron-hole ex-
change interaction taken in the form

Vexch52«0a0
3d~re2rh!sesh ,

wheresea ,sha are the electron and hole spin Pauli matrices.
Taking into account thatuL(z)5uR(2z), C(z) is even, and
S(z) is odd, one immediately obtainsDL52DR , which ex-
plains the two classes of excitons observed experimentally.
The best fit to the experimental data was achieved for the
value t l -h> 1.4.

In the present work we have extended the theory12 to take
the split-off bandG7 into consideration, in which case the
functionw63/2

~hh1)(z) contains three contributions

w63/2
~hh1!~z!5C~z!uG8 ,63/2&6 iS~z!uG8 ,71/2&

1 iS̄~z!uG7 ,71/2&, ~22!

where S̄(z) is an odd function ofz. As a result, Eq.~21!
transforms into

FIG. 2. The heavy-light hole off-diagonal reflectivity versus the
energyE of a hole normally incident on a GaAs/AlAs single het-
erointerface from the GaAs side. Solid curve is calculated in the
generalized EFA by using the following set of parameters:
mhh50.45m0, mlh50.09m0, V050.53 eV, Dso50.35 eV, and
t l -h5 0.9 ~or tX-Y5 1.5!, dashed line represents the approximate
result of Eq.~18!, and triangles show the result of pseudopotential
model calculations~Ref. 15!.
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DL,R5
16a0

3

A3paB
2

«0E C~z!@S~z!1A2S̄~z!#

3@uL,R
2 ~z!1vL,R

2 ~z!#dz. ~23!

An agreement with the experimental values ofD is obtained
for a considerably smaller value of the mixing coefficient:
t l -h5 0.5. Thus, in heterostructures with narrow wells, an
admixture of the split-off band plays an important role and
cannot be excluded while calculating the anisotropic ex-
change splitting of the 1s heavy-hole exciton level in the
type II superlattices.

V. MATRIX ELEMENTS FOR INTERBAND OPTICAL
TRANSITIONS IN A QW

The HH-LH mixing modifies interband and intersubband
optical matrix elements in QW structures and SLs. Following
Chang and Schulman16 we calculate the momentum matrix
element PCB1,VBi ~at kx5ky50) between the lowest
G-conduction subband CB1 and the second and third valence
subbands, VB2 and VB3, in GaAs/AlAs QWs. It is known
that the second heavy-hole~hh2! and the lowest light-hole
~lh1! subbands cross each other at a certain value of the QW
width, corresponding to a particular numberNcr of GaAs
monomolecular layers. For the structures withN nearNcr
these two states are strongly coupled due to the heavy-light
hole mixing at the interfaces and form the hybrids VB2 and
VB3. If the mixing is neglected, the envelope functionsF in
Eq. ~1! are given in the conventional form

Fhh2~z!5H Chcoskhz if uzu<
a

2
,

ChcosfhexpF2khS uzu2
a

2D G if uzu>
a

2
,

F lh1~z!5H Clsinklz if uzu<
a

2
,

6Clsinf lexpF2k l S uzu2
a

2D G if uzu>
a

2
,

where the normalization coefficients are

Ch5Fa2 S 11
sinkha

kha
1
11coskha

2kha
D G21/2

,

Cl5Fa2 S 12
sinkla

kla
1
12coskla

2k la
D G21/2

,

fh5kha/2, f l5kla/2, andkh ,kl ,kh , andk l are expressed
via the confinement energiesEhh2

0 andElh1
0 , respectively, by

Eq. ~11! and Eq.~16!. The equations forEhh2
0 andElh1

0 are
standard:

tanfh5
mhh
A

mhh
B

kh

kh
, cotf l52

mlh
A

mlh
B

k l

kl
.

Neglecting spin-split-off states we can transform the
d-function contribution~5! into

Hl -h56
t l -h\

2

A3m0a0
$JxJy%d~z2zi !.

Then the coupling matrix element is derived as

^hh2,63/2uHl -hu lh1,71/2&56 i
t l -h\

2

m0a0
ChClcosfhsinf l .

~24!

In the two-level approximation, the VB3 and VB2 subband
energies are given by

EVBi5
1

2
~Ehh2

0 1Elh1
0 !6W, ~25!

where

W5AD̄21V̄2, D̄5
1

2
~Ehh2

0 2Elh1
0 !

and V̄ is the modulus of the coupling matrix element~24!.
The dependences ofEhh2

0 ,Elh1
0 ,EVB2, andEVB3 upon the QW

width are shown in Fig. 3~a!.
Let PCB1,lh1 label the momentum matrix element for

the transitions at the pointkx5ky50 from the unmixed lh1
states. Since the optical transitions hh2→CB1 are forbidden,
the matrix elementPCB1,VBi is proportional to the admixture
of the lh1 state in the VBi hybrid. It follows then that the
relative squared matrix elementQ(CB12VBi )5uPCB1,VBi /
PCB1,lh1u2 can be written as

Q~CB12VB2!5
W1D̄

2W
, Q~CB12VB3!5

W2D̄

2W
.

~26!

Thus, in the vicinity of the crossing point the sum of
Q~CB12VB2! andQ~CB12VB3! should be constant and
equal to unity. In Fig. 3~b! we show the calculated depen-
dence of Q(CB12VBi) on the QW width for
mhh50.45m0, mlh50.09m0, V050.53 eV,t l -h50.5. Finally
in Fig. 3~c! we compare the tight-binding calculations of
Chang and Schulman~squares! with the EFA curves calcu-
lated for V05 0.15 DEg , mhh50.45, mlh5 0.07m0,
t l -h50.32. The latter values ofV0 andmlh are chosen in
order to obtain the same critical numberNcr as in Ref. 16.

Winkler26 applied a multibandk•p Hamiltonian and re-
produced the essential details of experimental absorption
spectra. However a weak electric field in the growth direc-
tion was assumed in order to make CB12hh2~1s! excitons
dipole-allowed and describe the CB12hh2 spectral peak ob-
served by Reynoldset al.28 The above considerations re-
move the restrictions8,17 imposed on the selection rules for
the exciton angular momentum. In particular, due to the
hh22lh1 mixing not only 2p but also 1s excitons CB12hh2
or CB22lh1 become dipole active and can contribute to the
optical spectra27,28 even in the absence of electric fields.
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VI. HEAVY-LIGHT HOLE MIXING
IN THE TIGHT-BINDING MODEL

In order to derive a microscopic expression for theX-Y
mixing parametertX-Y of Eq. ~6! we employ the empirical
sp3s* tight-binding model of Voglet al.29 Note that the
universal model29 provides only a simplified tight-binding

theory of valence bands, as it cannot predict accurately the
optical band gaps and underestimates the valence band offset
for the GaAs/AlAs interface. However, as shown below, this
model enables us to derive, in the most transparent way, the
relation between the tight-binding matrix elements and coef-
ficients in the boundary conditions for the envelope func-
tions. For our purpose it is advantageous to consider instead
of uX& and uY& the basic states with the symmetry
n5D3 ,D4, namely

uD3&5
1

A2
~ uX&1uY&),uD4&5

1

A2
~ uX&2uY&)

with a real or imaginary wave vectorki@001#. The hole
wave function for a~001!-grown structure may be written as

cn~r !5(
n

Cnfnn~r2znez! ~27!

with zn5na0/4 andez indicating the~001! direction.fnn are
planar atomic orbitals at cation (n odd! or anion (n even!
layers30 and

Cn5H hk~wke
ikzn1w2ke

2 ikzn! if n is even,

jkwke
ikzn1j2kw2ke

2 ikzn if n is odd.
~28!

The tight-binding Hamiltonian in the layer representation of
fnn is obtained immediately from that of Ref. 29 by apply-
ing the unitary transformation fromuX&, uY& to uD3&, uD4&
and considering different cations on either side of the inter-
face atn50. The corresponding set of coupled equations for
Cn can be solved to expresshk and jk in terms of tight-
binding parameters:

hk5SDk1D

2Dk
D 1/2, jk52hk

Vk

Dk1D
,

D5
1

2
~Ec2Ea!, Dk5AD21uVku2, ~29!

Vk5U2e
ika0/41U1e

2 ika0/4, U65
1

2
~Vxx6Vxy!.

Ec andEa are the diagonal cation and anion energies,Vab is
the tight-binding-model matrix element between the anion
pa orbital and cationpb orbital, in the notations of Ref. 29
Vxx[V(x,x),Vxy[V(x,y). In the ‘‘universal’’ model29 the
empirical parameters are as follows: in GaAsD51.314 eV,
Vxx51.955 eV,Vxy55.078 eV, and the corresponding set of
parameters for AlAs isD851.302 eV, Vxx8 51.878 eV,
Vxy8 54.292 eV. Thus, the functioncn(r ) in Eq. ~27! is a
superposition of two normalized Bloch functions with the
wave vectors (0,0,k), (0,0,2k) and the arbitrary superposi-
tion factorswk ,w2k . The envelope wave function used in
the effective mass approximation is given by~see, e.g., Ref.
31!

w~z!5wke
ikz1w2ke

2 ikz. ~30!

Let us consider now an ideal pseudomorphic interface be-
tween GaAs and AlAs atn50. The first boundary condition
is the identity of the coefficientsCn at n50 for the GaAs
and AlAs materials. Following Ref. 1 we can write the sec-
ond boundary condition as

FIG. 3. ~a! Anticrossing between the second and third valence
subbands in GaAs/AlAs QW structures. Solid and dotted curves
are calculated, respectively, fort l -h5 0.5 ~or tX-Y5 0.86! and
neglecting the hh-lh mixing described by the additional term
in the boundary conditions~9!. The valence band offset is taken
as V050.4DEg . Other parameters are the same as in Fig. 2.
The monomolecular layer thickness is equal toa0 /25 2.83 Å.
~b! The relative squared matrix elementsQ~CB12VBi )
5uPCB1,VBi /PCB1,lh1u2 as a function of monomolecular layer number
in the GaAs layer. Solid curves are calculated in the generalized
EFA while dashed curves represent the two-level approximation
@see Eq.~26!#. The parameters are the same as in~a!. ~c! Normal-
ized squared matrix elements for optical transitions
VB2,VB3→CB1 ~at the point k in50! calculated in this work
(mhh50.45m0, mlh50.07m0, V0 /DEg5 0.15, t l -h5 0.4! and in a
nearest-neighbor tight-binding model~Ref. 16! ~squares!.
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U2C211~Ea*2E!C01U18 C150 forD3 solutions,

U1C211~Ea*2E!C01U28 C150 forD4 solutions,
~31!

whereEa*5(Ea1Ea8)/2 and the values for AlAs are labeled
by a prime. Using Eqs.~28!–~31! and the energy dispersion
of theD3, D4 valence states

E~k!5
1

2
~Ea1Ec!2Dk ~32!

one can transform Eq.~31! to an equation containing
w(0)5wk1w2k and the first derivative dw(0)/dz
5 ik(wk2w2k) at both sides of the interface:32

hwA5h8wB ,
1

h
~ v̂zw!A5

1

h8
~ v̂zw!B7 i

\tTB
m0a0

h8wB ,

~33!

where the velocity operatorv̂z52 i (\/M )]/]z with the
energy-dependent velocity effective mass

1

M ~k!
52

Vxx
2 2Vxy

2

Dk

a0
8\2k

sin
ka0
2

,

and

tTB5
a0
2m0

2\2 S VxxVxy

Dk1D
2

Vxx8 Vxy8

Dk81D8
D . ~34!

In the basisuX↑&, uY↑& or uX↓&, uY↓&, the boundary condi-
tions for the two-component envelopeF 5(FX ,FY) take the
form

hFA5h8FB ,
1

h
~ v̂zF!A5

1

h8
~ v̂zF!B1 i

\tTB
m0a0

F0 1

1 0G~h8FB!.

~35!

In the model under consideration the parameter
Vxx /(Dk1D) and the factorhk at k'0 in both materials are
close to each other and the boundary conditions~35! can be
approximated by Eqs.~2! and ~6! with

tX-Y'h0
2tTB . ~36!

As a result, for the AlAs/GaAs pair, we obtain an estimated
value of tX-Y'0.76.

VII. CONCLUSION

The symmetry considerations show that hh- and lh-states
are coupled on the~001! interfaces of zinc-blende-based het-
erostructures even for vanishing in-plane wave vector. This
kind of hh-lh mixing was previously reported as a result of
tight-binding and pseudopotential calculations.15,16,21 We
have extended the EFA approach in which the hh-lh mixing
under normal incidence is described by introducing off-
diagonal terms in boundary conditions for the envelope func-
tions. The boundary conditions have been written in the
bases corresponding both to the direct product ofG6 and
G5 representations and to its decomposition intoG8 andG7
spinor representations. The additional terms in the boundary
conditions are equivalent to including an off-diagonal
d-function contribution to the hole effective Hamiltonian.
The generalized EFA reproduces rather well microscopic
model calculations of interband optical matrix elements in
GaAs/AlAs~001! superlattices16 and hole reflection from a
GaAs/AlAs~001! single heterointerface.15 From comparison
with experiment and other theoretical models we have esti-
mated the heavy-light hole mixing coefficient ast l -h5 0.5
~the best fit with experimental data on anisotropic exchange
splitting of excitonic levels in type II GaAs/AlAs superlat-
tices!, 0.9 ~fitting the off-diagonal reflection spectra15!, 0.32
~the best agreement with Ref. 16!. Finally, a simple tight-
binding model has been used to establish a direct relation
between the mixing coefficienttX-Y and tight-binding matrix
elements. The estimation oftX-Y by using Eq.~36! gives a
value of 0.76 ort l -h5 0.44 in reasonable agreement with the
above values.
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