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Ordering of lowest conduction-hand states in (GaAs)„/(A1As) [111]superlattices
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The local empirical pseudopotential theory, implemented via the S-matrix layer method, was used to
study the lowest conduction-band-states ordering in (GaAs)„/(AlAs) (m =n, n+1, n+2) superlattices
grown in the [111]direction. The (GaAs„)/(A1As)„superlattice is found to have a direct band gap for all

n, with far less prominent oscillations of conduction-band-states energies with n than is the case for [100)
or [110] growth. Superlattices with m ) n, however, are found to have indirect band gaps for small

periods.

I. INTRODUCTION II. METHOD

Recently, there have been a number of both theoretical
and experimental investigations on the conduction-band-
states ordering in GaAs/AlAs superlattices (SL's), mostly
for the [001] growth direction, and considerably less for
the [110] and [111] ones. On the theoretical side,
methods of various degrees of sophistication have been
used: the effective-mass Kronig-Penney model, tight-
binding, empirical pseudopotential, self-consistent pseu-
dopotential models, and others. ' For the [001]growth,
theoretical results show reasonably good agreement with
experiments. The case of [110] growth seems to have
been explored only theoretically. A common feature
of both the [001]-and [110]-grown (GaAs)„/A1As)„SL's
is that they are prominently indirect-band-gap materials
for low-n values, and become direct (i.e., the absolute
minimum of the conduction band comes to the folded I
point) only for large enough n, typically n ) 8 in the
[001],and n ) 12 in the [110]case.

With advanced technology, it is now possible to grow
high-quality superlattices in the [111] direction. Such
SL s are of increasing interest, since they offer higher ra-
diative efficiency than the traditional [001]-oriented
structures can provide. Ab initio theoretical studies have
been reported for only very small-period [111]SL's such
as GaAs/A1As, ' GaAs/Gap, " and GaAs/InAs. ' As
the SL period grows large, however, it becomes computa-
tionally very demanding to use the ab initio method.
Indeed, the calculations in Refs. 10 and 11 were per-
formed for layer-thickness indexes n =1 and 2, and then
the results were extrapolated to the n~+ ~ limit. On
this basis, the (GaAs)„/(A1As)„[111] SL has been stat-
ed' to be a direct-band-gap material (in both reciprocal
and direct spaces) for all n

In this work we have used the empirical
pseudopotential-layer method' to study the ordering of
lowest conduction-band states in (GaAs)„/(A1As) SL's,
grown in the [111]direction, with m =n, n+1, n+2, and

up to m +n =20. The nature of the lowest conduction
band and its energy variation with the SL period thick-
ness index n +m has been determined. The results are
compared and contrasted with our previous results, using
the same method, for [001]and [110]SL's.

The system is considered as a periodic repetition of a
SL unit cell along the growth direction. One SL unit cell
contains n monolayers of GaAs and m monolayers of
A1As. (A monolayer contains one straight and one slant-
ed bond, and its thickness is a /&3, where a is the cubic
lattice constant of the bulk material. ) For each constitu-
ent material, we calculate propagating as well as evanes-
cent electron states following a complex band-structure
method. ' The SL wave function in each material is ex-
pressed as a linear combination of the corresponding bulk
states. These wave functions are matched at the interface
between the two materials and, after propagation along
the full SL period, the Bloch theorem is applied.

The complex band-structure scheme we employ uses a
real-space description perpendicular to layer planes (i.e.,
along the SL axis), and a reciprocal-space description in
layer planes. ' ' In the case of [111]-grown SL, the com-
plex band structure is calculated in the [111]direction.
For a chosen in-plane projection k~~ of electron wave vec-
tor k=(ki, k~), the Schrodinger equation is integrated
and the perpendicular component k~(E)—viz. , the com-

plex band structure —evaluated. Using M values of in-

plane projections of three-dimensional (3D) reciprocal-
lattice vectors (g1), 2M states (i.e., values of complex k~)
are calculated. Various bulk Brillouin-zone (BZ) points k
are accessed by choosing appropriate k~~ values (projec-
tions of k on the surface BZ). In the case of [111]
growth, all six equivalent X points of the bulk BZ are
projected onto six distinct but symmetrically arranged
points on the surface BZ. On the other hand, out of eight
equivalent L points of bulk BZ, two [those at
(m/a)(1, 1, 1) and (tr/a)( —1, —1, —1), that we may call
Lt-] are projected onto I and the other six (that we may
call Lx. ) onto the same surface BZ points as X [see Fig.
1(a)]. Therefore, the appropriate k~~ will "scan" either the
I and L or X and L valleys. As compared to the all-
reciprocal-space complex band-structure calculation (e.g. ,

Ref. 16), the layer method turns out to be computational-
ly more eScient by at least a factor of 4. However, unless
a large number of 2D plane waves (g~t) are used, the re-

sults of the complex band-structure calculation using the
layer method tend to artificially remove the energy de-
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generacy of equivalent points in the bulk BZ which are
mapped into inequivalent points on the surface BZ. The
present calculations have been done with 31 2D plane
~aves, which correspond to a set of 89 3D vectors, up to
and including the (331) star. This choice maintains the
energy degeneracy between the above two types of I. val-
leys to within a few meV.

%ith the complex band structure of bulk constituents
of the SL calculated, the wave function is propagated
across the layers and matched at the interfaces, as men-
tioned above. Using M plane waves ( gi ) for in-plane
wave-function expansion (corresponding normally to all
3D reciprocal-lattice vectors up to a full star), the num-
ber of electron states to be used for matching the wave
function and its derivative at interfaces is 2M (half of
them being incoming and the other half outgoing
states' ), and the dimensions of relevant matrices appear-
ing in the calculation are 2M X2M. Since the number of
layers within the SL period and their widths may, in prin-
ciple, be large, the presence of fast-decaying or -growing
evanescent states generally makes the wave-function
propagation extremely unstable if the T-matrix formula-
tion is used. However, this problem can be circumvented
if the S-matrix method is employed, instead (see Ref. 13
for details). Considering an N-layer structure, the ampli-

(a) (111)surface Brillouin zone

x(X, L„)

/

/

r(l, L„

(b) trigonal, (m+n)/3cinteger

In this specific calculation, it is enough to propagate the
wave function, i.e., find the S matrix, in one full SL
period (which means, say, from the left-hand side of one
layer to the left-hand side of the next identical layer, be-
longing to the next period). The SL state, either propaga-
ting or evanescent, is found by demanding the wave func-
tion to be self-reproduced (within an exponential factor)
upon its propagation across a full SL period d, i.e.,

aN aOexp(ksLd )

bN boexp(ksLd )
(2)

where ks~ is the SL-state wave vector, being purely imag-
inary for propagating SL states, and otherwise for evanes-
cent states. One way to find the possible values of ksL is
to substitute Eq. (2) into Eq. (1), and solve for exp(ksLd ),
and another is to recast the SL-period S matrix in T ma-
trix and diagonalize it, with its eigenvalues obviously be-
ing exp(ksLd). The first route leads to a nonlinear eigen-
value problem, similar to the one encountered in the all-
reciprocal-space complex band-structure evaluation, '

and is thus readily solvable, but involves more matrix in-
versions than the second procedure. Thus, we used the
other route —remaking the T matrix from the final S ma-
trix, to get

aN

bN

(S&& S]2S22 S2]) S)2S22

—S22'S2) S22

tudes aN and bp of outgoing states can be related to the
amplitudes ao and bN of incoming states via the S matrix
(conveniently written in terms of four M XM blocks)' as

'aN S)l S 2 ao
(1)

bo S2& S22 b

O Z ao ao ap
X b

=T
b =exp(ksLd) b0 0 0

(3)
Ttl

I

I

r

{c)hexagonal, (m+n)/3=integer

FIG. 1. (a) The (111)surface Brillouin zone with mapping of
some bulk-BZ points and the superlattice zone of the [111]-
grown (GaAs)„/(A1As) SL, being (b) simple trigonal in case
the SL period n +m is not a multiple of 3, and (c) simple hexag-
onal if n +m is a multiple of 3 (Ref. 11). The SL growth direc-
tion is along z. Folding of various bulk-BZ points into points of
the SL BZ is given in Table I.

It turns out, however, that it is numerically extremely
difficult, if not impossible, to invert blocks of the S matrix
when a substantial number of states is included and layers
are reasonably wide, because they are (numerically) al-
most singular. To be able to find SL states, we had to ap-
ply a truncation of the S-matrix blocks in such a way that
highly evanescent states are discarded. %e first sorted
the arrays {a;J and [b; } so that they corresponded to in-
creasingly evanescent states down the lists. The upper
left-hand subblocks (say, m, Xm, each, with m

&
& M) of

the S-matrix blocks, corresponding to propagating or less
evanescent states only, were extracted, and then rejoined
to make the truncated S matrix. Equation (3) is then ap-
plied to this truncated S matrix. Stable results were ob-
tained for m, in the range 4—7, with essentially no
difference in SL-state energies. For larger m&, especially
when large-period SL's are considered, the scheme be-
comes unstable due to the presence of grossly evanescent
states. Analysis of the results obtained with m, =4—7
shows, however, that these evanescent states make
insignificant overall contribution to SL states. We should
point out here that this procedure is not at all equivalent
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TABLE I. Folding of some important bulk-BZ points into
superlat tice BZ points (Fig. 1) for various possible values of the
superlattice period n +m.

(n +m)/2=integer
(n +m)/3=integer
( n +m ) /2%integer
(n +m)/3=integer
(n +m)/2=integer
(n +m)/3&integer
( n +m ) /2&integer
(n +m)/3%integer

X X

Lq

III. RESULTS AND DISCUSSION

to using the same number (m, ) of states in a T-matrix
formulation of the SL problem, because a small number
of k~ states would imply that an equally small number of
g~~

components of the wave function and its derivative are
really matched at the interfaces, which may not even (and
typically cannot) include all the components of the in-
plane projection of a full star of reciprocal-lattice vectors.
In the S-matrix formulation, however, the matching of
even very high

g~~
components of the wave function is

properly done, and only when it comes to the final S ma-
trix (relating ki states, not gi components) it is truncated,
and highly evanescent states are neglected, i.e., they had
to be included only temporarily, to obtain matching of
higher gI~ components.

For a chosen k~~, SL states are determined from the cal-
culated ks„values. They are interpreted in terms of con-
stituent bulk semiconductor states, folded along the SL
axis. In that sense, this calculation is not of the supercell
type, ' ' but the calculated states can be uniquely relat-
ed to the corresponding states in the SL BZ [Figs. 1(b)
and 1(c)j. In our discussion, the points of the SL BZ, ob-
tained by folding bulk-BZ points, are denoted by a bar
above the corresponding bulk-BZ state. As for the im-
portant points I, X, and L of the bulk BZ, we find that in
the case where the SL period includes an even number of
monolayers, i.e., n +m =even (cases actually explored in
Refs. 10—12, since n =m therein), points I and Lr fold
to the same point of SL BZ, which we shall denote
I (=Lr ). Similarly, points X and Lz of the bulk BZ
both fold into the same point X( =LX) of SL BZ (also
denoted F in Ref. 12). However, if n +m =odd, L r folds
into L z, not coinciding with I and, similarly, the folded

LX (Lz) does not now coincide with X. The shape of the
SL BZ depends on whether or not n +m is a multiple of
3, and not of 2, as shown in Figs. 1(b) and 1(c). In Table I
we map some important bulk-BZ points in the SL BZ for
various values of the SL period n +m.

minimum at the I point are E&=0.486 eV, EI =0.304
eV, and a band gap of 1.514 eV at I for GaAs, and
E~= —0.578 eV, EI = —0.327 eV, and a band gap of
2.812 eV at I for AlAs. Because of neglect of charge
transfer in this model, band discontinuities for different
valleys at the GaAs/A1As interface do not quite agree
with experiment. The amount of this disagreement is
different for I, X, and L points, which refiects differences
in the theoretical and experimental bulk-band structures.
This may be partly corrected by introducing an appropri-
ate shift of the bulk-band structure of one of the semicon-
ductors. In this work, we employed a downward shift of
the A1As band structure by V,z =0.05 eV, which gives
reasonable agreement of discontinuities at the interface
with those obtained by applying the frequently used
AE, /AE„=65/35 rule to the experimental valley ener-
gies' (Table II). In view of a significant spread in experi-
mental values for both the bulk band gaps and the
AE, /AE, ratio, the overall comparison between the two
sets of values in Table II should be acceptable. Also list-
ed in Table II are the various band discontinuities used in
the theoretical work of Wei and Zunger. ' These workers
used experimental data for conduction-band energies and
their theoretical data for hE, to obtain these discontinui-
ty values. Clearly, the value of bE, (L) used in their
work is higher than our value or the experimentally ex-
tracted value by more than 0.6 eV.

The calculations for SL valence-band states were per-
formed by taking spin-orbit coupling into account.
Values of spin-orbit coupling constants in GaAs and
A1As are chosen so that the splitoff valence band is below
the heavy- and light-hole valence bands in these two ma-
terials by 0.34 and 0.30 eV, respectively.

In all the (GaAs)„ l(AIAs), m = n, n+1, n+2 SL's in-

vestigated in this work, the lowest SL state accessed by

kI~
=0 always occurs at the SL I point, never at L z if it is

distinct from I . If the X and Lz points are distinct, the
lowest state is almost always at X, with just a single ex-
ception, as discussed below.

The results for the (GaAs)„/(A1As)„SL, with equal
layer widths, are given in Fig. 2. Energies of the lowest
conduction-band states (taken as the bottoms of mini-
bands) are given on the +E axis, measured from the
GaAs conduction-band edge at the I point, and those of
valence-band states on the —E axis, measured from the
GaAs valence-band top (i.e., no band gap is displayed).
Full lines correspond to conduction-band states at the I

TABLE II. Band discontinuities (in eV) at the GaAs/A1As
interface obtained by downshifting AlAs bands by V,&=0.05
eV, compared with the corresponding values calculated from
the 65/35 rule applied to valley energies in Ref. 18. Also listed
are the values used in the theoretical work of Wei and Zunger
(Ref. 19).

In the numerical calculations, we used the Caruthers-
Lin Chung set of the pseudopotential form factors' for
GaAs and A1As, since they give a reasonably good
description of various band gaps in both the materials.
Calculated with 31 2D plane waves, the energies at a few

symmetry points measured from the conduction-band

AE, (I )

AE, (X)
AE, (L)
EE„(I )

This work

0.778
—0.286

0.157
0.520

"65/35" rule

1.036
—0.290

0.084
0.558

Ref. 19

1.16
—0.20

0.77
0.45



ORDERING OF LOWEST CONDUCTION-BAND STATES IN. . . 15 153

0.4

0.3

0.2

0
0.1

O

42/55
- X:30/37

1

i. 15/14 2/1

X;4/p ..-~---

&:26/) 6
L:22/36

5/58 31/68
Q/p 24/74

1/0 1/0 1/0

20 51

20 13

9/81
0/0
0/0

4/86
0/0

1 1/89 8/92

0/0
0/0 Q/p
0/p0-

(Ga4s) (4)4s)
/3 79/18

1/2

-0. &
~ ~

--~ .~ .--e -.H
~ Q 0

~ 0

-O. 2
~ of

(Lr ) point of the SL BZ, and broken lines to those at the
X (Lx) points. Clearly, the (GaAs)„/(A1As)„SL is a
direct band-gap material for all n. We find that both the
I and X states are lower in energy for the n =1 than for
the n =2 SL. As n increases beyond 2, the energy of the
X state gradually decreases. However, the energy of the
I state shows an oscillatory change up to n =4, and
thereafter gradually decreases with increasing n. Com-
pared with the [100] and [110] SL's, the amplitudes of
such oscillations are much smaller for the [111]SL's. In
Fig. 2 we also give the "composition" of SL-state wave
functions %s„, normalized to unity in the SL period. The
notation we use is the following —e.g., I':c, Icz, L:c3/c4
means that c, percent of the total ~q/s„~ is the I state ac-
cumulated in the GaAs layer and cz in the A1As layer,
while c3 percent of total ~%s„~ is the L state in GaAs and

c4 in A1As (all percentages are rounded off to the nearest
whole number, and all add up to 100%). Thus, summa-
tion of the percentages in Fig. 2 by columns gives the de-
gree of wave-function localization, and summation by
rows the relative contribution of relevant bulk states to
the SL state. By inspecting the data in Fig. 2 we see that
neither the I nor the X SL state in the (GaAs), /(A1As),
SL is significantly localized in any of the two layers, and
that heavy mixing of the corresponding bulk states takes
place. As for the I state in larger-period SL's, the ab-
sence of strong localization and remarkable mixing of I
and L bulk states is significant for X & 5, beyond which
the SL acquires an effective-mass-like behavior —a single
state (in this instance I ) dominates in both layers, and is

8 9
n

FIG. 2. Energies of the lowest conduction-band states at I
(solid lines) and X or Lz (broken lines) points in the SL BZ, and
of the highest valence-band states at I (dotted lines), in the
[111]-grown (GaAs)„ /(AlAs)„SL's. Energies of the
conduction-band states are measured from the GaAs
conduction-band edge at I (+E axis) and those of valence-band
states from the GaAs valence-band top at I" ( —E axis), both be-

ing represented by the thick horizontal line at E =0 (i.e., the
GaAs band gap is not displayed). The composition of SL
conduction-band states in GaAs and A1As layers, in terms of
relative contributions of I, X&, X3, and L bulk states (in per-
cent), is given along the lines from which the degree of wave-

function localization can be deduced (see text for more detailed
explanation of the notation used). Thickness of one monolayer
is a /&3 =0.326 nm (a is the cubic-lattice constant).

distributed in accordance with the well and/or barrier
picture. Somewhat surprisingly, the SL states at X are
found to behave like this much earlier, as early as n =2.
These states are almost purely X& in character, the ad-
mixture of L and X3, if any, being only marginal.

Our results for (GaAs)„/(A1As)„should be taken as
complementary to the ab initio work of Wei and Zunger'
on ultrathin (111) SL's. For n =1 and 2 (the only n

values considered by Wei and Zunger) our results are in
qualitative agreement with their work. Quantitatively,
however, there are disagreements. For n =1 we have cal-
culated the lowest conduction band to be at E, +0.14 eV,
whereas after band-gap correction Wei and Zunger have
calculated this state at E, +0.45 eV. For n =2 our result
for the lowest conduction band is E, +0.27 eV, whereas
the result of Wei and Zunger is E, +0.56 eV. Disagree-
ments of magnitudes similar to those between our results
and those of Wei and Zunger' have also been noted for
[100]-grown SL's. Such disagreements are a consequence
of many factors. The present work uses empirically fitted
pseudopotential form factors at the experimental lattice
constant, implements an ad hoc V,z to obtain reasonable
values of discontinuities at I, X, and L, and does not ac-
count for any charge redistribution in the manner
achieved in a self-consistent procedure. On the other
hand, the results of Wei and Zunger are based on a fully
self-consistent procedure, using a theoretically deter-
mined lattice constant, a tetragonal distortion along the
growth direction, and a rather ad hoc procedure for
correcting the band-gap underestimation that arises
within the local-density approximation. It was noted ear-
lier in this section (and Table II) that the Wei-Zunger es-
timate' of b,E&(L) is far too big compared to our choice
or the value extracted from the 65/35 rule applied to ex-
perimental values of valley energies. It is useful at this
point to assess the role of self-consistency in such calcula-
tions. For this, we compare two of our previous calcula-
tions on the (100) SL with n =1. The energy of the
lowest conduction band is at E, +0.14 eV from the
empirical pseudopotential-layer method, and at
E, +0.16 eV from the self-consistent local pseudopoten-
tial method within the X scheme. Thus, the role of
self-consistency alone is not sufficient to explain the
disagreement between our results and those of Wei and
Zunger. Also, the earlier work of Wei and Zunger' on
the (100) SL's shows that the energy location of the
lowest conduction band for n =1 does not change appre-
ciably when the structure is relaxed fully. From the
above two observations it would appear that the correc-
tion of band gaps, specially of the J valley, in the work of
Wei and Zunger makes a significant contribution to the
disagreement between our results and theirs for ultrathin
SL's (viz. , n = 1 and 2) with a large L contribution.

The lowest conduction-band states for
(GaAs)„ /(A1As) SL's with the GaAs layer width
exceeding that of A1As are given in Fig. 3 (m =n —1),
and Fig. 4 (m =n —2). These SL's are even more prom-
inently direct-band-gap materials, which could have been
expected from the effective-mass model, with the bulk-I
states more dominant and more confined to GaAs than in
n =m SL's. Now there are no oscillators in state energies
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FIG. 3. Same as in Fig. 2, but for (GaAs) +&/(A1As)„SL's.
Note that the lowest indirect state is at the L point of the SL BZ
[Fig. 1(c)], unlike all the other cases in Figs. 2—6, where it is at
X or M, depending on the value of n +m.

as n increases. It is interesting that the lowest indirect
state in the (GaAs)z/(A1As), SL is predominantly L-like
in character, and is positioned at the Lz, not the X point
(these two difFer when m +n is odd), the lowest X state
being some 30 meV above (not depicted in Fig. 3). For
(n =3, m =2) and beyond, however, X states are lower
than Lz state and have an X-like character. This feature
is even more pronounced in (GaAs)„+z/(A1As)„SL's,
where purely X-like states occur at n =4 and beyond.
For the (3,1) and (4,2) SL's the lowest indirect states are
dominantly L-like, and for the (5,3) SL more X-like, but
with a high admixture of L states. However, since m + n

is now even, X and L~ points coincide, and all these in-

direct SL states take the same position in the SL BZ. It is
also worth noting that X and Lz SL-state energies for
n ~ 4 in both cases are above both the L point in GaAs
and the X point in A1As, so there are different propaga-
ting states in both the SL layers, but this alone is not
enough for the X-L mixing to be significant —mixing is
favored by coincidence of X and L~ SL BZ points, which
takes place in (GaAs)„+2/(A1As)„SL's only.

If the A1As layer width exceeds that of GaAs by at
least one monolayer, the [111]-grown SL becomes an in-
direct band-gap material for low-enough n (n &3), as
given in Fig. 5. Such a behavior is also qualitatively in

FIG. 5. Same as in Fig. 2, but for (GaAs) „/(A1As) „+,SL's.

accordance with the effective-mass picture, where the
barriers for I electrons and wells for X electrons grow
larger, inducing the SL I levels to be pushed up and the
X levels to sink and go below the I levels. Certainly this
affects only thin-layer SL's (including the ones that be-
came indirect, Fig. 5), and not those with very thick lay-
ers, where the lowest miniband energies will eventually
coincide with the corresponding conduction-band edges
(I of GaAs for I states, X of A1As for X states).
For even wider A1As layers (m =n +2), the
(GaAs)„ l(A1As)„+2 SL remains indirect up to n & 5 (Fig.
6). As given in Figs. 5 and 6, in neither of these two cases
do bulk-L states play a significant role in indirect SL
states, and the wave-function localization to A1As is
clearly visible even for very small periods. As for the SL
valence-band states, in all the above cases, they show
similar behavior, i.e., their energies tend towards the
bulk-GaAs valence-band top as the SL period increases.
These states are all heavy-hole states positioned at the I
point of the SL BZ, with no significant admixture of
light-hole or splitoff band states. For not very low
periods ( n ~ 5 ), due to the large heavy-hole mass and bar-
rier height (cf. Table II), these energies depend on GaAs
layer width only, and the states (hole minibands) are ex-
tremely narrow, but in cases where the GaAs layers are
only one or two monolayers thick, the influence of the
barrier (A1As) width is considerable. For example, as
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FIG. 4. Same as in Fig. 2, but for (GaAs)„ /(A1As)„SL's. FIG. 6. Same as in Fig. 2, but for (GaAs)„ /(A1As)„, SL's.



46 ORDERING OF LOWEST CONDUCTION-BAND STATES IN. . . 15 155

seen in Figs. 2—6, when n changes from 1 to 2 there is
very little rise in the heavy-hole state for the SL's
(GaAs) /(A1As)„with m =n, n+1, and n+2, but
there is a uniform rise in this energy with increasing n for
(GaAs)„/(A1As) with m =n +1 and n +2.

IV. CONCLUSION

Using the empirical pseudopotential method in the S-
matrix implementation, we have investigated the order-
ing of the lowest conduction-band states in the [111]-
growth (GaAs)„/(A1As) (m =n, n + I, n k2) SL's. The
(GaAs)„/(A1As)„SL is found to be a direct-band-gap
material for all n, in accordance with the conclusions of
Ref. 10, as are all (GaAs)„/(A1As) (m &n) SL's. For
m )n, however, these SL's are indirect for lower n values
(n &3 in the m =n +1 case, and n &5 in the m =n +2
case), implying that these SL s are quite sensitive to one-
or two-monolayer variations in their structure. For
large-enough GaAs layer widths (typically n ~6) the 1
SL states become predominantly ( ~90%) composed of

bulk-I states (although the admixture of bulk-L states
remains up to much larger n), and their energies are
essentially determined by the GaAs layer width and, in
this sense, I states acquire effective-mass type of behav-
ior. As for the X SL state, mixing of the corresponding
bulk states is found to be almost negligible, except for
very low periods. These states are mostly composed of
X& bulk states, with neither L nor X3 making a noticeable
contribution. In this sense the X SL states of the [111]-
grown GaAs/AIAs SL seem to be almost ideal candidates
for the effective-mass type of calculation (provided that
the nonparabolicity along the principal ellipsoid axis of X
valleys, known to be significant, is taken into account).
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