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Heavy-light hole mixing at zinc-blende(001) interfaces under normal incidence
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The reduced point symmet@,, of a zinc-blende-base@®01) 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/A(B8)) heterointerface as well d3-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 vajyes0.9 and 0.32. The
theory of exchange splitting of excitonic levels in type || 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;.,=0.5. 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;.n=0.44 is in reasonable agreement with the other estimations,of[S0163-182606)09031-3

I. INTRODUCTION calculation$® performed by using the empirical pseudopo-
tential formalism have shown that a heavy hole reflected un-
Quantum-mechanically, the most pronounced effects ofler normal incidence from a single GaAs/Al@81) hetero-
band offsets at semiconductor heterointerfaces are the cojunction contains a considerable light-hole amplitude. It
finement of free carriers in quantum-welQW) structures  should be mentioned that earlier Schulman and Chang
and redistribution of the electron probability density betweensolved the tight-binding model and reported the mixing of
adjacent layers in superlattic€SL). Since the interfaces re- the heavy- and light-hole states with,=0 in the (001)-
duce the translational and point symmetries of the systemyrown GaAs/Ga_,Al ,As and InAs/GaSb multilayered het-
they can lead not only to mixing between electronic stategrostructures. Nevertheless in the later EFA calculations Zhu
from the same band but also to intervalley and interband ogng Huan§ and Chu and Chad§assumed fourfold or even
intersubband mixings. In zinc-blende-based heterostructureg ) symmetries which forbid the normal-incidence heavy-
grown along thg001] crystallographic axis the lack of mi- light-hole mixing.
croscppic translational symmetry can result in remarkable™ the present work the EFA is extended to describe the
couplln_g betweerl’ and X, valley Sét?ées.asf well as between normal-incidence heavy-light-hole mixing and fill a gap be-
;Eﬁé{i‘gr']rzcggﬁoiﬁ ai:iyo \rgaEIII:eX) S\t,s:]?cr'] mvglfglsnutgs oefnt\;leelobpu?k tween the conventional EFA approach and numerical
' pseudopotential or tight-binding calculations. In Sec. Il we

E)é?/vrgggyhcgz;\? dfh\éfggﬁ)r 'Qntgeligrr]c:y\étc:g('lrﬁ)cg?gt'e??Sm\z(é“g analyze the boundary conditions for the envelope functions
y 9 ePy using theC,, symmetry of the(001) interface to demon-

described for oblique incidence on an interface, i.e., for : S :
nonzero in-plane wave vectar, (see, e.g., Refs. 4 and,Br strate unambiguously the possibility of hh-lh coupling for

at normal incidence on interfaces grown along directions/@nishing in-plane wave vector. Using this model in Sec. Ill
with the higher Miller indices, say along te10] or [113] We calc_ulate the hole_reflectlon coef_fl_ments and compare
directions®’ For (001-grown structures, however, it is gen- them W_lth values obtained from empirical ps_eudopotentlal
erally accepted that when using the EFA this mixing is for-calculations of Ref. 15. In Sec. IV we generalize the theory
bidden for normally incident holés° This is in contrast Of anisotropic exchange splitting of excitonic levels in type II
with the fact that according to the point symme®y, of an GaAs/AlAs superlattices to take into account an admixture
ideal GaAs/AIA$00)) interface hh and Ih states transform of spin-orbit-split states in the heavy-hole wave function. In
according to equivalent spinor representations and hence tifgec. V we show by calculating optical interband matrix ele-
interface-induced hh-lh coupling is allowed. ments that, due to the hh-lh mixing, transitions between sub-

In Refs. 11 and 12 we postulated this mixing by addingband pairs of opposite parity become allowed, as in tight-
additional terms in the boundary conditions for the hole enbinding calculationd® In Sec. VI we establish a relation
velope function at interfaces in order to explain the nature obetween microscopic parameters of the tight-binding model
the giant anisotropic exchange splitting of excitonic levelsand the coefficient describing the hh-lh hole mixing in the
observed in type Il GaAs/AlAs SLS:'* Recent numerical boundary conditions.
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IIl. SYMMETRY CONSIDERATIONS

The Bloch functions at the valence band maximum of a
semiconductor with the point symmetilyy can be formu-
lated as|X1), [YT), [Z1), [X1), [Y1), |ZL) (set 1:]1}),
i=1,...,6) or as |I'g,3/2), |[g,1/2), |Ig,—1/2),
|Tg,—3/2), |T'7,1/2), |T;,—1/2) (set 2:|2]), |=1,...,6)
where the coordinate systexfif 100],y||[010],z||[001] is as-
sumed. These sets transform according to the direct product ! |

{(110)

I'¢xTI's or its decompositiod'g+I';, respectively. The hole Al 1
wave function in a quantum structure can be expanded in s \O
either set .7 Ga
6 6
y=2, Fi(n[Li)=2, ®(nf2)) D ©on

) . . FIG. 1. The nearest neighbors of an As interface atom. The
with e_nvelope funchon_sFi or @, d_e_pendlng only on _the_ point symmetryC,, of a single heterojunction contains the twofold
coordinatez if we describe hh-lh mixing under normal inci- yotation axisC, parallel to the growth directiofi001] and two

dence. _ . o mirror planes(110 and(110).
In the absence of spin-orbit splitting of the valence band
the simplest boundary conditions for the envelopgg) are  which is an invariant unde€,, and thes-function with z,
F—F being the coordinate of the interface. The signrefers to
AT B BA or AB interfaces and the prefactor with Planck’s constant
2) %, free electron mass),, and lattice constarg, (assumed to
(0,F) A= (0,F) be the same foA andB) has been introduced to characterize
zrJA z")B» .. . .
the X-Y mixing by the dimensionless real parametgr, .

whereF is the column with the components, the sub-  Taking into account,_ the boundary conditions have to be
scriptsA,B indicate the compositional material, say GaAs Of changed by adding the term

AlAs, and o, is the normal component of the hole velocity

operator Bty [2{1d ) 0 } ©
. 1M - Cagmg| 0 2{lyly}
UV, =7 -
© hodk, to (0,F)g on the right-hand side of Eq(2). Note that
For normal incidencek(,,=0) the effective hole Hamiltonian {lx!y} has the same transformation properties asWe re-
is mind the reader that the £ point group consists of the
rotation axisC,|z and two mirror planeg110 and (110)
H= H (4) Including the spin-orbit interaction 2A .((sl) the bound-
0 I's ary conditions are obtained by applying the unitary transfor-

with Hr5=[L—(L—M)I§]k§ kZ: —idl9z, band parameters mation “set 1— set 2" to Eq.(2) and to the mixing term

6):
L, M, and the X3 matrix |, of the angular momentum ©
I =1 so that _
Pp=bg,

1 0 0 o 1
12=| 0 1 0], (v P)a= (v P~ §i mtX-YRCD- (7)
0 0 O .
Here the velocity operatar, is connected by Eq.3) with
The hh-Ih mixing, or mixing betweeX and Y orbital  the 6x6 k-p Hamiltonian in the basis s¢2) (see Ref. 18
states, which is possible due to tBg, symmetry of a001) andR is the 66 matrix
interface(see Fig. 1, can be described by addinglbof Eq.

(4) a coupling Hamiltonian 13y} 38Uy

= + (8)
’ ey [{dyh 0 Si—2) . 3U;, O
== z—-7).

Y Modg 0 1y} ' composed of angular momentum matridesfor J=3/2 and

The essential features are the symmetrized product g:go4>é§f|nlt;rsubband matrikl,y introduced in Ref. 1§see
0 -1 0 If the hole energ)E is small compared with the spin-orbit

1 1 splitting Ag,, then, forM/L<1, the mixing between thEg
{hdy= §(|x|y+|y|x): 5 -1 00 andI’'; subspaces can be neglected and we retain in&g.

0O 0 O only the first four componentsb; and in R the 4x4
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block {J,Jy}. In this case the boundary conditions coincideHerep=p, ,,, ¢ " andg® are four-component columns con-

with those proposed in Refs. 11 and 12,

(P)a=(Pj)B,
. , 2
(V@ a=(V0a+ tinlIdhy @y (@)
if we put
t ! t (10
I-h \/5 X-Y -
Here
mo J mO d
+3/2_ _ 97 *1/2_ -
v %o Mpp 0z’ v Omlh Jz

and we use the notatioms,, mg,, mfp, andm® for the
effective masses of heavy and light holes in theand B

nected withe" and ¢° by

1/4 1/4
— [mg ~ [mg
) ( @?,<P,-r=(—) ¢, (13

T m; m;

m; =mf, for j==3/2 andm,=mj, for j=*1/2,

1/, 1

M=1-M,= ol J2
, 1=+~ Mh=5172 7Y

The further simplifications follow if we assume the inci-
dent energy is much smaller than, andM/L <1, in which
case the spin-split-off states can be excluded from consider-
ation at all and one can use the Luttingex 4 Hamiltonian
together with the boundary conditions in the form of E®).
The latter may be rewritten in terms of te@ and ¢ ampli-
tudes as

*x 0 _ r — 0 r
Th ®+32= — Th®+32+ t-n( 3127 @5 112)

0 — 0
layers. T Pr12= — TP 127 tn( @3 et @), (14)
where
IIl. NORMAL HEAVY-LIGHT HOLE REFLECTION

FROM GaAs/AlAs (001) INTERFACE kn . kp P

. . Th=8oMo| —g —1 A |, T=a8Mp| g~ 7

Consider now a free hole normally incident on a GaAs/ My Mph h M
AlAs interface. Its energy is chosen to be smaller than the (19

GaAs spin-orbit splittingA i~ 0.3 eV which is also smaller and

than the valence-band offs¥y~ 0.5 eV. In this case HH

and LH states on the GaAs side are propagating, while spin- «n=[2mg(Vo—E)/A k) =[2mp(Vo—E) /A %12
split-off states in GaAs and all hole states on the AlAs side (16)
are evanescent. On the GaAs side the first four envelopgSne can see that in accordance with @g point symmetry
@ in Eq. (1) can be written as a sum of two columns: the mixing occurs between the hole spin state3/2 and
—1/2 or—3/2 and+ 1/2. Equation(14) can be readily solved

2] 12

iknz, 0 —ikpz, e
€ 03 € "Mz resulting in
ikiz 0 —ikjz, r
e %1y e ey 2 Kok a2
O, = eikiz,0 , out™ e tkizg! ) p=at? Mg hKi@g (17
ikpz ;1/2 ikpz ;1/2 P mAmin [Thm — tl*
e"h P _3 e n P32

Taking into account that the tertd,, in the denominator is
representing, respectively, the incident and reflected wavesmall as compared with, 7, we finally arrive at

Here

memE A2 E

kn=(2mAE/HDY2 k= (2mAE/H2)Y2= (mAmb) Yk, . p=2ti =% 227 (18)
h= (2my ) 1= (2my, ) (Min/ M) (:hLl) /mﬁhmﬁ] agmg Vg

Due to the intersubband mixing at the interf¢as described Lr;/the same approximation the phases in Eg) are given
in Sec. 1) the off-diagonal heavy-light and light-heavy re-
flection coefficients,p,, and p,,, are nonzero and the * o 12

R . o . Th 71 I-h 2 2
particle-flux conservation law imposes the following rela- 5h=ar4 ——t2> ~—argr,, o~-—argrm,
tions between the diagonal and off-diagonal reflectivities: ThTI ™ H-h

pantpin=pritpen=1. o~ —argmm). (19

él'hus, for small hole kinetic energieE&A,) the off-
diagonal reflectivity is a linear function di.

The energy dependenggE) is shown in Fig. 2. The
straight dashed line represents the approximate result given

9i by Eq. (18). The triangles reproducequ]e empirical pseudo-
~i__| A (aith 5 < i ~0 potential results of Edwards and InksorThe solid curve is
¢ 1=p(e™ My e M)+ \/;\/§e {JXJy}l e calculated in thd g+ I'; band model with the boundary con-
(12  ditions (7) for the following values of band parameters:

On the other hand, the time inversion symmetry leads to th
relation p; ,=p, | =p. This allows us to present thex4
matrix that relatesp; and <p|0 in the general form



HEAVY-LIGHT HOLE MIXING AT ZINC-BLEND E . .. 5855

0.3

p

o
N
T

Off-Diagonal Reflectivity
o

0.0

A pseudopotential
calculation [15]
—EFA T+Ty
---EFA T,

-
A
-

<

0.0

| 011 | | Of2 |
Energy (eV)

0.3

doublet and two close-lying nonradiative sublevels. How-
ever, it was found experimentatft*?2-2%hat, for localized
excitons in type Il GaAs/AIAKQOQ0]) SLs, the degeneracy of
the radiative states is lifted and the two sublevels are dipole-
active in the[110] and [110] directions. Moreover, it was
establishetf that in the same sample there exist simulta-
neously two classes of excitons with equal absolute values
but opposite signs of the difference between the dipole-
active sublevelg:;;5 and e13g;. The exchange-interaction
anisotropy was related in Refs. 11 and 12 to the heavy-light
hole mixing described by the additional term in E®). Then

the pair of wave functions at the bottom of the lowest heavy-
hole subband hhl can be written as

oMY (2)=C(2)|Tg, =32 +iS(2)|Tg,¥1/2), (20)

where real envelope functions(z) and S(z) are, respec-
tively, even and odd with respect to the reflection — z for
the originz=0 taken in the center of a GaAs well.

Excitons contributing to the low-temperature photolumi-
nescence of undoped type Il SLs are two-particle excitations
localized by the structure imperfections in the plane of inter-
faces with anX-electron and d'-hole confined inside two
neighboring AlAs and GaAs layers. This presupposes an ex-

] g o istence of two classes of localized excitons with a left- and
FIG. 2. The heavy-light hole off-diagonal reflectivity versus the (joni hand-side electron. Let the localization length exceed
energyE of a hole normally incident on a GaAs/AlAs single het o oy citon Bohr radiusg, describing the in-plane relative

erointerface from the GaAs side. Solid curve is calculated in the , ) o the electron-hole pair. Then, for both classes, the
generalized EFA by using the following set of parameters:

Myy=0.46mg, Mp=0.09my, Vo=0.53 eV, A;,=0.35 eV, and g;{?omp'c exchange splitingh = &40~ &1), IS given
ti.hn= 0.9 (or ty.y= 1.5, dashed line represents the approximate

result of Eq.(18), and triangles show the result of pseudopotential

| calculationgRef. 15. 3
model calculationgRef. 15 16ay

-9 2 42

Vo/AEg=0.4, mp=my=m,;=0.45 my, mjy=mp=my, ALr ﬁwaésof C(9S()[u r(2) +vi r(2)]dz,
= 0.09my, ty _y=1/3t;,=1.5, whereAE, is the difference (21)
between band gaps in AlAs and GaAs. As follows from Sec.
Il the heavy-light hole mixing fok,=k,=0 is directly con-  whereu g(z) andv r(z) are theX; andX; envelopes of an
nected with interface-induced coupling betweemandY or-  X-electron confined, respectively, in the left- and right-hand
bital states and has a nonrelativistic origin. Estimates show|As layers ande, determines the initial electron-hole ex-
that the mixing due to relativistic effects such as Iinear—in-change interaction taken in the form
k, terms in the hole effective Hamiltonideee, 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 isshereo,, o, are the electron and hole spin Pauli matrices.
valid if one includes terms like Eq5) or Eq. (6) which  Taking into account that (z) =ug(—z), C(z) is even, and
follow from the point symmetry of the interface and accounts(z) is odd, one immediately obtairs, = — Ag, which ex-
for the intersubband mixing. _ ~ plains the two classes of excitons observed experimentally.

Kiledjian etal™ wused a ten-band tight-binding The pest fit to the experimental data was achieved for the
model to calculate the tunneling of holes in a double-barrleg,ametl_hg 1.4.
GaAs/GaAl ; _,As heterostructure. They report a significant |, the present work we have extended the th¥aiy take

22’;(')”% E;)fll;er?é %;\Cvgigcﬁgf\%-m%n:nga?tggl\/eioi{g??h?svi?fég{he split-off bandl'; into consideration, in which case the
- - . ; (hh1) ; ht
can be also described in the frame of the effective mas&suncuon"oﬂfz(z) contains three contributions

approximation with the generalized boundary conditions.

_ 3
Vexcti= — €0200(I¢—I'h) 007,

(hhD /o : —
wain(2)=C(2)|I'g, £3/12=iS(2)|I'g, ¥ 1/2
IV. ANISOTROPIC EXCHANGE SPLITTING #=a2(2)=C2)IT's )=1S(2)|Ts >
OF EXCITONIC LEVELS

IN TYPE Il GaAs/AlAs (001) SLs

In an ideal GaAs/AlAs SL grown along tH®01] direc- whereg(z) is an odd function ofz. As a result, Eq.(21)
tion, the 1s heavy-hole exciton level is split into a radiative transforms into

+iS(2)|T7,71/2), (22)
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A ——1 g J C( )[S( ) ZS( )] = tl n 2 {J J }5( )
€ V4 Z)+ V4 H,. = 72— Z;
L,R /—3 é 0 I-h /—3 480 y

X[uf r(2)+v? r(2)]dz. (23

Then the coupling matrix element is derived as

An agreement with the experimental values\ofs obtained

for a considerably smaller value of the mixing coefficient:
tn=
admixture of the split-off band plays an important role and
cannot be excluded while calculating the anisotropic ex-
change splitting of the 4 heavy-hole exciton level in the

hCicosppsing, .
(24)

type Il superlattices.

V. MATRIX ELEMENTS FOR INTERBAND OPTICAL
TRANSITIONS IN A QW

The HH-LH mixing modifies interband and intersubband

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

(25

Evei= (Ehhz+ Epp) =W,

optical matrix elements in QW structures and SLs. Following
Chang and Schulmdhwe calculate the momentum matrix Where

element Pcgivei (at ky=k,=0) between the

that the second heavy-holeéh2 and the lowest light-hole

(Ih1) subbands cross each other at a certain value of the QW

width, corresponding to a particular numbig, of GaAs
monomolecular layers. For the structures withnear N,

lowest
I'-conduction subband CB1 and the second and third valence
subbands, VB2 and VB3, in GaAs/AlAs QWSs. It is known

W= /A2+ V2 A_=E(E EQ
’ 2 hh2™— Eih1

andV is the modulus of the coupling matrix elemeg@y).
The dependences &, ED; ,Eygy, andEyg; upon the QW

these two states are strongly coupled due to the heavy-lightidth are shown in Fig. @).
hole mixing at the interfaces and form the hybrids VB2 and Let Pcg; ;. label the momentum matrix element for

VB3. If the mixing is neglected, the envelope functighsn
Eqg. (1) are given in the conventional form

a
ChCOd(hZ if |Z| E
Dpa(2) = a . a
Chcosppexp — kn |z|—§ if |z|= =5
. a
C|S|nk|Z if |Z| E
Dpi(2)= . a a
+Csingexg — k| |z|—§ if |z|>§,
where the normalization coefficients are
c |2 sinkna 1+cokpa\ ] Y
h— 2 kha 2Kha !
o2 sinka 1—coka)] *?
- E B k|a 2K|a '
dn=knal2, ¢, =k,a/2, andk; ,k,,k,, and k, are expressed

via the confinement energlﬁhz andE{,, respectively, by
Eq. (11) and Eq.(16). The equations foEQ,, and Ep,; are
standard:

Mih &

mhh Kn

tangp=—5 T cotg = —
Mpp

——.
my, Ki

the transitions at the poik,=k,=0 from the unmixed Il
states. Since the optical transitions kh@B1 are forbidden,
the matrix elemenPcg; vg is proportional to the admixture
of the |hl state in the VBhybrid. It follows then that the
relative squared matrix eleme@(CB1—VBi)=|Pcg1vgi/
Pce1nd® can be written as

CB1-VB2)= W+A

W—A
Q(CB1- VB3)— TR

(26)

Thus, in the vicinity of the crossing point the sum of
Q(CB1-VB2) and Q(CB1-VB3) should be constant and
equal to unity. In Fig. &) we show the calculated depen-
dence of Q(CB1-VBi) on the QW width for
Mpp= 0. 45’]’]0, m|h—0 09’“0, VO 0.53 eV t| h= =0.5. Flna”y
in Fig. 3(c) we compare the tight-binding calculations of
Chang and Schulmafsquares with the EFA curves calcu-
Iated fOI’ VOZ 015 AEg, mhh:0.45, m|h: 0.0Wno,
t.n=0.32. The latter values o¥, and my, are chosen in
order to obtain the same critical numb¥yg, as in Ref. 16.
Winkler?® applied a multiband-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 CBih21s) excitons
dipole-allowed and describe the CBhh2 spectral peak ob-
served by Reynoldet al?® The above considerations re-
move the restrictiorfs’ imposed on the selection rules for
the exciton angular momentum. In particular, due to the
hh2—1h1 mixing not only 2 but also & excitons CB+-hh2

Neglecting spin-split-off states we can transform theor CB2—Ihl become dipole active and can contribute to the

S-function contribution(5) into

optical spectr®d'?even in the absence of electric fields.
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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 |X) and |Y) the basic states with the symmetry
v=A3,A,, namely

201,

Hole Energy (meV)
>

1 1
|Ag)= E(|X>+|Y>)7|A4>= E(|x>_|Y>)

1.0 - - - ~ with a real or imaginary wave vectd|[[001]. The hole
b wave function for 8001)-grown structure may be written as

wym:g Crdnulr—2,€,) (27)

——EFA
--= two-level B

approximation with z,=nay/4 ande, indicating the(001) direction. ¢,,, are
planar atomic orbitals at catiom(odd) or anion f even
layers® and

05F

Squared Matrix Element

0.0 . . . 7@€ @+ _ e ) if nis even, ”
20 40 60 80 "~ bt £ o ek if nis odd. (28)

The tight-binding Hamiltonian in the layer representation of
C ¢, is obtained immediately from that of Ref. 29 by apply-
ing the unitary transformation frorfX), |Y) to |A3), |A4)
and considering different cations on either side of the inter-
O tightbinding face ath=0. The corresponding set of qoupled equa'_[ions for

calculation [16] T C, can be solved to expresg, and &, in terms of tight-
EFA binding parameters:

Dy+A
2D,

1.0 T T T

-CB1-VB2

0.5F

CB1-VB3 v2 Vi

M= : §k=—77ka—+A,

Squared Matrix Element

! i L

50 60 70 80 90 1
Number of GaAs Layers A=5(EcmBa), Di=vAT+ IVil?, (29

0.0

FIG. 3. (a) Anticrossing between the second and third valence
subbands in GaAs/AlAs QW structures. Solid and dotted curves
are calculated, respectively, fdr.,= 0.5 (or ty.y= 0.86 and ] ) ) ] )
neglecting the hh-lh mixing described by the additional termEc @ndE, are the diagonal cation and anion energiés; is
in the boundary condition§9). The valence band offset is taken the tight-binding-model matrix element between the anion
as Vo=0.4AE,. Other parameters are the same as in Fig. 2Pq orbital and catiomp, orbital, in the notations of Ref. 29
The monomolecular layer thickness is equalag/i2= 2.83 A, V,,=V(x,X),V,,=V(X,y). In the “universal” modef® the
(b) The relative squared matrix elementQ(CB1-VBi) empirical parameters are as follows: in GaAs-1.314 eV,
=|Pca1.vei /Pceand? as a function of monomolecular layer number V,,=1.955 eV,V,,=5.078 eV, and the corresponding set of
in the GaAs layer. Solid curves are calculated in the generalizegparameters for AlAs isA’=1.302 eV, V,,=1.878 eV,
EFA while dashed curves represent the two-level apprOX|mat|orv)r(y:4_292 eV. Thus, the functiow,(r) in Eq. (27) is a
i[zsgg Eqs'(qzu?r.e ghe rﬂiﬁg‘ete;; :geni:e s;rre iﬁg;) Nt?;nr::ilt_ions superposition of two normalized Bloch functions with the
VB2,VB3—CB1 (at the pointk;,=0) calculated in this work wave vectors (0,&), (0,0,~k) and the arbltrary_superpos!-

tion factorsey,¢_. The envelope wave function used in

mMyy=0.45m,, my,=0.07m,, Vo/AE,= 0.15,t,.,= 0.4 and in a . . . s
(n e;?est-neigohbortight-bi nodin go F & &ef. 10 ('Sguare}s th? effective mass approximation is given (sge, e.g., Ref.
31

. . 1
Vi=U_ekad1y, ekt y. =5 (Vi Viy).-

VI. HEAVY-LIGHT HOLE MIXING 0(2)= e *+ @_, e ', (30)

IN THE TIGHT-BINDING MODEL . . L
Let us consider now an ideal pseudomorphic interface be-

In order to derive a microscopic expression for &’  tween GaAs and AlAs at=0. The first boundary condition
mixing parametety.y of Eq. (6) we employ the empirical is the identity of the coefficient€,, at n=0 for the GaAs
sp’s* tight-binding model of Voglet al?® Note that the and AlAs materials. Following Ref. 1 we can write the sec-
universal modéf provides only a simplified tight-binding ond boundary condition as
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U_C_;+(Ef—E)Cy+U/Cy=0 forAj solutions,

U,C_+(Ef—E)Cy+U’_C,=0 forA, solutions,
(31

whereE} = (E,+E})/2 and the values for AlAs are labeled
by a prime. Using Eq928)—(31) and the energy dispersion
of the A5, A, valence states

1
E(k): E(Ea"' Ec) —Dy (32
one can transform Eq(31) to an equation containing
¢o(0)=¢t+¢_ and the first derivative de(0)/dz
=ik(ex— @_i) at both sides of the interfacd:

= 1 08 = (G (5N T
UL 77@5,77 zP)A 7 z¥)B Moo

7' ¢g,
(33

where the velocity operatop,=—i(%#/M)dldz with the
energy-dependent velocity effective mass

1 Ve Vi a Girkao
M (k) D, 8hk 2’
and
a(z)mO Vxxny_ V>,<><V>’<y

8= 257 |Dera DirA ) 34
In the basigX1), |YT) or |X[), |Y]), the boundary condi-
tions for the two-component envelope= (Fy,Fy) take the
form
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txv= 75tTs (36)

As a result, for the AlAs/GaAs pair, we obtain an estimated
value ofty.y~0.76.

VIl. CONCLUSION

The symmetry considerations show that hh- and Ih-states
are coupled on thé01) 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 calculatidnd®?! 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’gfand
I's representations and to its decomposition ifitpandI’;
spinor representations. The additional terms in the boundary
conditions are equivalent to including an off-diagonal
o-function contribution to the hole effective Hamiltonian.
The generalized EFA reproduces rather well microscopic
model calculations of interband optical matrix elements in
GaAs/AIAS001) superlattice® and hole reflection from a
GaAs/AIAS001) single heterointerfact. From comparison
with experiment and other theoretical models we have esti-
mated the heavy-light hole mixing coefficient g,= 0.5
(the best fit with experimental data on anisotropic exchange
splitting of excitonic levels in type 1l GaAs/AlAs superlat-
tices, 0.9 (fitting the off-diagonal reflection spectry, 0.32
(the best agreement with Ref. J1@-inally, a simple tight-
binding model has been used to establish a direct relation
between the mixing coefficienj_y and tight-binding matrix
elements. The estimation of_v by using Eq.(36) gives a
value of 0.76 ot,.,,= 0.44 in reasonable agreement with the

1. - fitrg |0 1 above values
Fa=7'Fg,— (0, F)a=— (0, F)g+i—— "Fg). '
nFaA=7 B!n(vz )A 77/(Uz )B moag| 1 0(77 B)
(35)
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