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%e have used our pseudopotential method to show the strong mixing and zone-folding effects
which occur in superlattices comprised of ultrathin layers when zone-center- and zone-edge-related
states cross. %e present a detailed comparison with the experimental results of Ishibashi et al. and
indicate how the energetics of this crossing can be linked to the relative alignment between the GaAs
and AlAs band structures. Specifically, we suggest that X6 of AlAs lies about 0.3 e& belo~ X6 of
GaAs. In addition, we show that the superlattice periodicity governs the spectral character of the
superlattice states and impresses optical anisotropy on the superlattice, even for those superlattices
whose period is comprised of only two monolayers. %e also illustrate a morphogenesis of charge
density which is controlled by the way in which the superlattice period is divided up into the constit-
uent layers. The polarized charge densities which may exist in superlattices comprised of very thin
and ultrathin layers and which correspond to states which lie outside the commonly accepted picture
of confinement may also be found in thick-layered systems. These polarized charge densities, to-
gether with optical anisotropy, provide a clear distinction between alloy mixtures and superlattices
whose periods are comprised of only a few monolayers.

I. INTRODUCTION

Ishibashi et al. ' have recently shown that, using
metalorganic chemical vapor deposition, it is possible to
grow GaAs-A1As (001) superlattices of high quality
comprised of very thin ( & 100 A) and ultrathin ( &20 A)
layers. The results which they present provide evidence
for and information about the crossing of the ground
zone-center- and zone-edge-related superlattice states.
Significantly, the energetics of this crossing can be linked
to the relative alignment of the GaAs and A1As band
structures. The experimental data of Ishibashi et al. are
also very useful in that they are derived from superlattices
ranging from those in which the width of the layers is a
monolayer, defined here as one layer of anions plus one
layer of cations, to those in which the superperiodicity is
much longer than the underlying natural periodicity of
the lattice. Some insight into the electronic properties of
superlattices comprised of ultrathin layers has been pro-
vided by the pioneering theoretical work of Caruthers and
I.in-Chung, Picket et al. , Schulman and McGill, An-
dreoni and Car, and Mon. However, a systematic corn-
parison between experiment and theory has not been at-
tempted since, until very recently, few experimental data
have been available.

In this paper, we present a selection of our results on
GaAs-A1GaAs superlattices comprised of mostly very
thin and ultrathin layers which highlight certain impor-
tant aspects of the work reported by Ishibashi et a/. In
particular, we show the effect of zone folding in GaAs-

A1As (001) superlattices comprised of ultrathin layers.
We demonstrate the role of superlattice periodicity and in-
dicate how its effects compete with the efflux:ts of the rela-
tive widths of the different layers which make up the su-
perlattice. We also illustrate a morphogenesis of charge
density which is controlled by the way in which the super-
lattice period is divided up into the constituent layers. %e
show that the polarized charge densities which may exist
in superlattices comprised of very thin and ultrathin
layers and which he outside the commonly accepted pic-
ture of confinement may also be found in thick-layered
systems.

II. METHOD OF CALCULATION

In our method, a perturbation V is added to the
Hamiltonian Ho of a perfect infinite crystal such as
GaAs. The perturbation V describes the changes in spin-
orbit coupling and in local atomic potentials when pseu-
doatoms in the host crystal are substituted by different
species in order to form the superlattice. The eigenfunc-
tions P„~ and eigenvalues E„k, of Ho, such that
Hog„i ——E„i„g„i,are generated by diagonalizing the ma-
trix

+ V (
~
G —G'

~
)&...+ V",.' (K,e')

~ (
=0,

where n is the band index, G is a bulk reciprocal-lattice
vector, wave vector K=k+G, s and s' are spin states,
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It should be noted that we are solving an integral equation
and so avoid the necessity to impose boundary conditions
for the matching of wave functions.

We have fitted form factors for GaAs and A1As so that
the relative positions of principal symmetry points in the
band structures are in as gmxI agreement with experiment
as possible (see Table I). For GaAs, we have used the re-
cent experimental data of Wolford and Bradley" and for
A1As we have based the direct and indirect gaps on data
available in Refs. 12—14. For simplicity, although this
need not be a constraint, we have used the same lattice
constant 8=10.683 a.u. for both GaAs and A1As. We
use a value of b,o——0.334 eV for the spin-orbit splitting at
point I of GaAs and a value of bo ——0.296 eV for AlAs.
Where necessary, the virtual-crystal approximation has

TABLE I. Symmetric and antisymmetric form factors used
to generate the band structures of GaAs and AlAs. The form
factors are in a.u. The energies in eV at the bottom of the table
correspond to the principal symmetry points in the lowest con-
duction band. To achieve 60:40 offsets, the band structure of
AlAs is shifted so that the energy of its X6 point is 1.69 eV, i.e.,
0.321 eV below the X6 point of GaAs.

q

3

11
12

Symmetric
—0.11537

0.012 71
0.035 00
0.00000

—0.11980
0.006 30
0.03000
0.00000

3
4

11
12

Antisymmetric
0.036 25
0.031 25

—0.003 75
0.00000

0.035 00
0.025 00
0.005 00
0.00000

Points

3.020
2.290
2.661

1.523
2.012
1.846

and VL and V, , are the local and spin-orbit coupling
terms. The effects of spin-orbit coupling have been incor-
porated using an extension of the method introduced by
Weisz 9, 10

The superlattice wavefunction P is constructed as a
linear combination of host Bloch functions;

P=g„z,A„i P„i . The Bloch functions which make up

f are determined unambiguously since V is a periodic
function. For a wave vector ksBz in the superlattice Bril-
louin zone (SBZ), the only P„i which are included in the
expansion of f are those which correspond to k points in
the bulk Brillouin zone (BBZ) which are coupled to ksaz
by some linear combination of superlattice reciprocal-
lattice vectors. Manipulation of the Schrodinger equation
leads to the following eigenvalue equation which is solved
by direct diagonalization

~'i'«. i' —E}+g ~ni &0'~s I VIP.~&=0

been used to give the band structure of the alloy
Al„t"a, „As.

In order to control the relative alignment of the GaAs
and A1As band structures, the symmetric part S(q) of the
local potential Vt, (q) is adjusted at q =0. In the present
calculations, we have adjusted S(0} so that 60% of the
difference between the band gaps (in Table I) of GaAs and
A1As at point I is taken up as the conduction-band
offset, since it would appear from recent literature'5
that the so-called 60:40 offset, or an offset which is close
to it, is one which is generally favored for the GaAs-A1As
system. However, it should be noted that due to the vari-
ation in quoted values for the direct gap of A1As, it is also
necessary to state the value which has been assumed in or-
der to define an unambiguous offset for the GaAs-A1As
system.

III. NUMERICAL RESULTS AND DISCUSSION

The period of the first superlattices which we consider
here is equivalent to six lattice constants along the [001]
direction and corresponds to about 34 A. We have per-
formed calculations in which the number M of GaAs
layers range from 0 (AlAs) to 12 (GaAs). The number N
of A1As layers is given by N =12—M. Three perspec-
tives of the unit cell of the (GaAs)i(AIAs)» superlattice
are given in Fig. 1. The experimental results of Ishibashi
et al. ' correspond to (GaAs}it(A1As)~ superlattices for
which M =N and so, for this period, the only experimen-
tal data with which we make a direct comparison are
those for the case M=X=6.

In Fig. 2, we show the energies of (a) the conduction
and (b) the valence states closest to the band edges in the
[(GaAs)M(A1As}~, M+X=12] superlattices. The ener-
gies associated with the principal symmetry points of
GaAs and A1As are indicated at the edges (E =0 and 12)
of the figure. It should be noted that the superlattice
wave function is based on a multiband, full-zone expan-
sion and so at N =0 and N =12 in Fig. 2, energies corre-
sponding to various bands at several k points in the BBZ
are shown. Since the period of the superlattice is
equivalent to six lattice constants along the [001] direc-
tion, the k points in the BBZ which are coupled to the
center of the SBZ are those which lie on the b, line and
which have the form k=(2n/A}, (0,0,0.166m) where m is
a positive or negative integer. In Fig. 3, we show the
charge densities associated with (a) the superlattice con-
duction states and (b) the superlattice valence states with
M =N =6. The conduction states Ci are labeled with i
increasing from the edge of the conduction band and the
ordering of the charge densities corresponds to the order-
ing of the energy levels in Fig. 2 at M =N =6. An analo-
gous system of labeling has been used for the valence
states Vi. The charge densities are plotted along a line in
the [001] direction which passes through mid-bond posi-
tions (see Fig. 1). In Table II, we show the leading coeffi-
cients, or, more precisely, the sum over electron spin of
the moduli squared of the A„i eoeffieients, in the expan-
sion of the wave function of some of the states shown in
Fig. 3. Since the sum over spin of the moduli squared of
the A„i coefficients is symmetric with respect to inver-
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FICx. 1. Three perspectives of the atoms in the unit cell of the (GaAs) &(A)As)» superlattice. (a) A view in the [—0.6,0.3,0.2] direc-
tion showing the line Z~Z2 passing through mid-bond positions along which the charge densities in Fig. 4 have been plotted. (b) A
view in the [0,—1,0] direction. The charge densities in Fig. 5 have been plotted along the spiral of bonds between the points Z~ and
Z2. The arrows indicate the bonds along which the charge in state V2 of Fig. 5 is channeled. (c) A view in the [001]direction. The
planes of anions and planes of cations are indicated and the line Z&Z2 passing through mid-bond positions is shown. The arrows in-
dicate the bonds along which the charge in state V2 of Fig. 5 is channeled.



ZONE FOLDING, MORPHOGENESIS OF CHARGE DENSITIES, . . .

AlAs

y (0,0, 0.666)

/'

!~, !I~ ling LI~/(p A

8 A

C1

(b)
Ga As

y I 0,0, 0.833)
V1

1,6-
l' —related state

x X- related states

V3

~ Va

I

10 12 N

fkJM i,'

V6

(b)
v0 2

"*"m

-0.2-

6 8 10 12 N

l

J (

,m j, ~, 'Q

V7

V8

Al As GaAs
FIG. 3. Charge densities of (a) the conduction states and (b)

the valence states at the center of the superlattice Brillouin zone
for the (GaAs)6(AlAs)6 superlattice. The charge densities are
plotted along the line Z~Z2 in the [001] direction [see Fig. 1(a)].
The mid-bond positions through which the line Z&Z~ passes are
indicated in the figure (b). The peak of

~ P ~

is set to 1 to facili-
tate presentation. The energies of the states are shown in Fig. 2
at %=6.
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FIG. 2. Energies of (a) the conduction states and (b) the
valence states closest to the band edges in the
[(GaAs)~(A1As)N, M +X= 12] (001) superlattices. The energies
associated with principal symmetry points of GaAs (X=0) and
AlAs (%=12) are shown at the edges of the figure. The dotted
lines are merely a guide for the eye.

sian of k, only those coefficients carresponding to k
points lying in the irreducible segment of the BBZ have
been shown. For each superlattice state, the coefficients,
normalized so that the largest coefficient is 1, are shown
separately for the top three pairs of spin-degenerate bulk
valence bands (VB2, VB3 and VB4) and for the bottom
two pairs of spin-degenerate bulk conduction bands (CBl
and CB2). The labeling is such that VB2 corresponds to
the bulk split-off bands, VB3 corresponds to the bulk
light-hole bands, VB4 corresponds to the bulk heavy-hole
bands and CB1 corresponds to the lowest conduction
bands.

It can be seen from Figs. 2 and 3 and Table II that rnix-
ing between components fmm the center and edges of the
BBZ in the M =X=6 superlattice is very strong. This is
not surprising for a superlattice in which the layers are
only about 17 A wide and the separation between the
closest zone-center (of GaAs) and zone-edge (of AlAs)
minima is only about 180 meV. It is also clear from Fig.
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TABLE II. Sum over spin of the moduli squared of the leading coefficients in the expansion of some
of the states, shown in Fig. 3, in the {GaAs)~{A1As)~ superlattice. The wave vectors k are in units of
2m/(lattice constant). For each superlattice state, the coefficients, normalized so that the largest coeffi-
cient is 1, are shown separately for the top three pairs of spin-degenerate bulk valence bands (VB2, VB3,
and V84) and for the bottom two pairs of spin-degenerate bulk conduction bands (CB1 and CB2}. The
labeling is such that VB2 corresponds to the bulk split-off bands, VB3 corresponds to the bulk light-hole
bands„VB4 corresponds to the bulk heavy-hole bands, and and CB1 corresponds to the lowest conduc-
tion bands. It should be noted that (i) the coefficients for the conduction states show strong mixing
across the bulk Brillouin zone„(ii) state V1 has no contributions from the bulk conduction bands, and
(iii) strong mixing occurs between most of the superlattice valence states. Note that the first-excited
light-hole-like state V5 lies above the I 8 (AlAs) barrier (see Fig. 2).

VB2 VB3 VB4 CB1 CB2

(0,0,0.000)
(0,0,0.166)
(0,0,0.333)
(0,0,0.500}
(0,0,0.666)
(0,0,0.833)
(0,0,1.000)

(0„0,0.000)
{0,0,0.166)
(0,0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0,1.000)

(0,0,0.000)
(0,0,0.166}
(0,0,0.333)
(0,0,0.500)

(0,0,0.666)
(0,0,0.833)
(0,0,1.000}

(0,0,0.000)
(0,0,0.166)
(0,0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0,1.000)

(0,0,0.000)
(0,0,0.166)
{0,0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0,1.000)

(0,0,0.000)
(0,0,0.166)
(0„0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0,1.000}

0.0000
0.0020
0.0001
0.0002
0.0000
0.0000
0.0000

0.0002
0.0009
0.0003
0.0001
0.0002
0.0001
0.0000

0.0000
0.0005
0.0001
0.0001
0.0000
0.0001
0.0000

0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0136
0.0131
0.0000
0.0000
0.0000
O.OOOO

0.0000

0.4987
0.0218
0.0000
0.0000
0.0000
0.0000
0.0000

(C3) ground zone-center-related state
0.0000 0.0000
0.0001 0,0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

(C2) first-excited zone-edge-related state
0.0002 0.0002
0.0001 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

(C1) ground zone-edge-related state
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

(V1) ground heavy-hole-like state
0.7777 1,0000
0.0013 0,3629
0.0002 0.0063
0.0000 0.0008
0.0000 0.0001
0.0000 0.0000
0.0000 0.0000

{V2) ground light-hole-like state
0.0918 1.0000
0.0924 0.0012
0.0011 0.0001
0.0002 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
[V3 imixed with V4)]

first-excited heavy-hole-like state
0.0080 0.0535
0.0568 1.0000
0.0008 0.1267
0.0002 0.0018
0.0000 0.0009
0.0000 0.0000
0.0000 0.0001

1.0000
0.0667
0.0003
0.0058
0.0318
0.1056
0.0038

0.4581
0.0256
0.0017
0.0041
0.1917
0.9998
0.0301

0.0237
0.0075
0.0019
0.0075

0.0099
0.9040
1.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0004
0.0000
0.0001
0.0000
0.0001
0.0000

0.0000
0.0001
0.0000
0.0001
0.0000
0.0000
0.0000

0.0000
0.0005
0.0010
0.0003
0.0004
0.0014
0.0005

0.0000
0.0011
0.0041
0.0008
0.0039
0.0040
0.0078

0.0004
0.0010
0.0012
0.0026

0.0018
0.0021
0.0013

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0001
0.0000
0.0001
0.0000
0.0000
0.0000

0.0003
0.0001
0.0000
0.0001
0.0000
0.0000
0.0000
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TABLE II. {Continued).

VB2 VB3 VB4 CB1

(0,0,0.000)
(0,0,0.166)
(0,0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0,1.000)

(0,0,0.000)
(0,0,0.166)
(0,0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0,1.000)

(0,0,0.000)
(0,0,0.166)
(0,0,0.333)
(0,0,0.500)
(0,0,0.666)
(0,0,0.833)
(0,0„1.000)

1.0000
0.0354
0.0000
0.0001
0.0000
O.OM@

O.OMS

0.0000
0.0004
0.0001
0.0000
0.0000
0.0000
0.0000

O.tX66
0.0003
0.0000
O.SX)0
0.0000
0.0000
0.0000

[V4 (mixed with V3)]
ground split-off state
0.0086 0.0613
0.1394 0.2014
0.0061 0.0243
0.0000 0.0003
0.0001 0.0002
0.0000 0.0000
0.0000 0.0000

[V5 (mixed with V6)]
first-excited light-hole-like state

0.0232 0.0277
1.0000 0.0827
0.1150 0.0148
0.0015 0.0011
0.0008 0.0001
0.0000 0.0001
0.0001 0.0000
[V6 (mixed with V5)]

ground heavy-hole-like resonant state
0.4378 0.4859
0.1474 0.9992
0.0272 0.1290
0.0009 0.0105
0.0001 0.0001
0.0000 0.0004
0.0000 0.0000

0.0000
0.0002
0.0000
0.0001
0.0000
0.0001
0.0000

0.0014
0.0005
0.0000
0.0000
0.0000
0.0000
0.0000

0,0002
O.M$1
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0002
0.0000
0.0001
0.0000
O.OODD

0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

3 that the conduction states do not show envelope struc-
tures which are as distinct as those corresponding to the
valence states. The best confined and least mixed states
are Vl and V2 (the ground heavy-hole-like and ground
light-hole-like states). It can be seen from Table II, that
these states have little admixture from bulk bands other
than the heavy- and light-hole bands. In contrast with

this, states V5 and V6 show giant heavy-light —hole mix-

ing at the anticrossings near %=3 and %=7. %e also
find that the heavy-hole-like state V4 and the light-hole-
like state V6 near %=10 (see Fig. 2) contain large bulk
split-off components. Table II also shows that the con-
duction states couple more strongly to the split off than
the heavy- and light-hole bands. This feature has also
been demonstrated in the case of the GaSb-InAs (001) su-

perlattice. ' It was shown that the effect of such coupling,
easily interpreted within the framework of a perturbation
expansion for the effective mass m ' of the ground zone-
center-related conduction state, is to reduce m ' and so al-

low increased penetration into the barrier region. In the
case of the GaAs-AIAs system, any reduction in the effec-
tive mass of the ground zone-center-related conduction
state due to coupling to the split-off bands is insignificant
compared with the increases in effective mass due to
zone-center —zone-edge mixing.

In Fig. 4, we show the charge densities of the valence
states closest to the band edge for the case M= 1, X= 1 l.
For this superlattice, the width of the GaAs layer is about
2.5 A and the width of the A1As layer is about 31.5 A.
The coefficients in the expansion of the wave functions

Z)

/ v)

V2

V3

jt n Iv5I i J. '

Y6

V7

Vs

FIG. 4. Charge densities of the states at the top of the
valence band at the center of the superlattice Brillouin zone for
the (GaAs) I(AlAs) l I superlattice. The charge densities are plot-
ted along the line Z&Z2 in the [001] direction [see Fig. 1(a)].
The mid-bond positions through which the line passes are indi-

cated at the top of the figure. The energies of the states are
shown in Fig. 2 at %=11.
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corresponding to the charge densities shown in Fig. 4 are

very similar to those shown in Table II. It can be seen

from Fig. 4, that the envelopes of states Vl and V2 still
behave like the corresponding states in the simple
Kronig-Penny model. Although the competing effects of
the widths of the constituent layers dominate the structure
and energies of the superlattice states, the spectral charac-
ters {i.e., the distribution of A„& weightings in bulk
wave-vector space) are determined essentially by the prop-
erty of periodicity which is embodied in the superlattice
system. In the case of states Vl, V2, and V4, the periodi-
city also controls the integrity of the charge density. It
can be seen from Fig. 2, that states V3 and V5 at N= 1 1

lie below the I s(AIAs) level. These states are identified as
the ground and first-excited heavy-hole-like resonant
states since their charge is located mostly in the A1As
layers. Similarly, states V6 and V7 are identified as the
ground and first-excited light-hole-like resonant states.

In order to give further insight into the form of the su-

perlattice states in Fig. 4, we have plotted the (pseudo)
charge densities along the spiral of bonds between the
(pseudo) atoms in the unit cell. The charge densities are
shown in Fig. 5. Bearing in mind that the states at the
top of the valence band are bonding states and so most of
their charge sits in between the atoms, it can be seen from
Figs. 1 and 5 that the charge density of state V2 is pre-
ferentially localized in those bonds lying in the {101)
planes. The positions of the bonds are given by the peaks
in the charge density of state Vl. Polarized charge densi-
ties similar to those of state V2 have been observed by

Pickett et al. for the case of a GaAs-A1As (110) superlat-
tice comprised of ultrathin layers. The morphogenesis of
charge density of the ground light-hole-like state (com-
pare Fig. 3 with Fig. 4) occurs at M=2. The components
of the charge density of state V2 in Fig. 4 have been
analyzed in terms of their kn, origin. It was found that
the feature of charge channelling is not a result of mixing
between superlattice states but appears to depend only on
the widths of the constituent layers.

In addition to the case with M=X=6, we have also
calculated the electronic structure of other M =N super-
lattices and in Fig. 6 we show how our calculated super-
lattice energy gap (SEG) varies with N We.also show the
SEG's at 4.2 K of Ishibashi et al. together with other
relevant experimental data. ' ' lt should be noted that
the energy difference which we have calculated to give a
value for the SEG is the difference in energy between
one-electron states. Since exciton effects have not been in-

cluded in the present calculations, our SEG would there-
fore be larger than the corresponding experimental SEG
by an amount, probably less than about 20 meV, i corre-
sponding to the unknown exciton binding energy. It can
be seen from Fig. 6 that there is a plateau near %=8. We
identify this as the crossing region of the zone-center- and
zone-edge-related superlattice states. For N & 8, the
lowest conduction state is a state which is derived pri-
marily from the zone edge of AIAs. Excitonic effects in
the superlattices with N &8 are likely to be interesting

2. 2

Ill d~~~.~Mt ) I
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this work (no exciton )

~ Ishibashi et al.
~ Gossard et al.

van der Zlel et al. ( Indirect gap )
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I
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FIG. 5. Charge densities of the states at the top of the
valence band at the center of the superlattice Brillouin zone for
the (GaAs)&(A1As)II superlattice. The charge densities have
been plotted along the spiral of bonds sho~n in Fig. 1. The
states at the top of the valence band are p-like bonding states
and their charge is located mostly on the bonds. The positions
of the bonds are given by the peaks in the charge density of state
Vl. It can be seen that the charge in state V2 is localized mostly
in those bonds lying in the (101] planes.

FIG. 6. Variation in the superlattice energy gap (SEG) with
the number X of monolayers in the (GaAs)~(AlAs)~ (001) su-

perlattices. The results obtained by Ishibashi et al. in addition
to other relevant experimental data are shown together with the
results of our calculations (Refs. 1,21, and 22). The plateau near
%=8 corresponds to the crossing region of the ground zone-
center-related and ground and first-excited zone-edge-related
conduction states. The SEG for X &8 corresponds to the
difference in energy between the top heavy-hole-like state and
the lowest conduction state, which is derived primarily from the
lowest zone-edge-minima in the bulk conduction bands. The
pseudodirect transition at X = 1 has an oscillator strength which
is comparable with the oscillator strength for the corresponding
transition to the lowest zone-center-related state. This reflects
the strong zone-folding effects occurring in these short-period
superlattices (see Tables III and IV).
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since the zone-center-related states at the top of the
vajence band and the zone-edge-related states at the bot-
tom of the conduction band are confined predominantly
in different layers. Due to very strong coupling between
the zone-center and zone-edge bulk states, the oscillator
strength for the transition from the top heavy-hole-hke
state to the ground zone-edge-related conduction state is
comparable with or only about 1—3 orders of magnitude
less than that for the same transition to the lowest zone-
center-related conduction state. To illustrate this, we
show in Table III the oscillator strengths for some of the
transitions between relevant states (see also Fig. 7 and
Table IV) in the M=X=1 superlattice. The effect of
mixing I" components into zone-edge-related states resu1t-
ing in otherwise forbidden transitions becoming allowed is
usually referred to as zone folding. In this case, it can be
seen to arise because, in the sense of the Kronig-Penny
model, the X well is sitting deep inside the I well. We
suggest, therefore, that the transitions which Ishibashi
et al. ' have used to give the magnitude of the SEG for
N &8 is the pseudodirect transition (VI~C1). It is un-

clear why the photoluminescence from the
(GaAs)i(AlAs)i superlattice shows dramatic quenching
compared with the other superlattices. ' Perhaps quench-
ing by defects such as trapping states may have been im-
portant in this structure. However, it should be noted
that we have not allowed for possible reconstruction
within our unit cell, a feature which may be important
when the period of the superlattice is only one lattice con-
stant.

In Fig. 8, we show the dispersion in the k, direction of
the lowest conduction states in the (GaAs)i(A1As)i and
the (GaAs)i(AIAs)2 superlattices. The lowest three levels
have been labeled symbolically according to the bulk zone
minimum (at point I or X) from which they are primarily
derived, although it is clear from Table IV that these
states should not be considered as pure zone-edge or

2.304
0.534

0.007
2.372

[110] polarization
0.284
0.113

[001] polarization
0.032
0.217

2.019
0.349

0.076
2.576

TABLE III. Oscillator strengths for various transitions from
states st the top of the valence band to states at the bottom of
the conduction band in the (GaAs}](A1As)] superlattice. State
V1 is the ground heavy-hole-like state and state V2 is the
ground light-hole-like state. States C1 and C2 are zone-edge-
related states and state C3 is the ground zone-center-related
state. These oscillator strengths illustrate the strong zone fold-
ing (transition V1/V2 to C1/C2 is allowed) and strong mixing
between ground valence states (observable transitions from V1
with [001] polarization) which take place in this superlattice.
See also Fig. 7 and Table IV.

Final state
Initial
state

f'6 (AlAs)

Energy (eV }

2.4—

X (GoAs)=-—

X6 (AlAs}= 1.7-
X6

f'6 (GGAs) = 1,5—
I'8 (GGAs) ~ 0

-0.2-
I'& (GGAs) ~

-0.4—

V1
V2

V1
Y2

I s (AlAs)~ -0.6— V3 V3

I'7 (AlAs) ~

FIG. 7. Energy levels calculated for (a) the virtual crystal al-
loy A)0 qGa05As, (1) the (GaAs)~(A1As), superlattice, and (c) the
(GaAs)q(AlAs)2 superlsttice. The lowest three conduction levels
in (b) snd (c) have been labeled symbolically according to the
principal bulk minima (I or X) from which they are primarily
derived. The principal symmetry points of GaAs and A1As are
shown on the left of the figure. The label V1 denotes the
ground heavy-hole-like state, the label V2 denotes the ground
light-hole-like state and the label V3 denotes the ground split-off
state.

zone-center states. It can be seen from Fig. 8(b), that the
lowest conduction state has its minimum away from the
zone center; this is a refiection of the fact that the sec-
ondary minima do not lie exactly at the edge of the BBZ.
Even with 85:15 offsets, we find, in agreement with An-
dreoni and Car, that the lowest conduction state in the
(GaAs)2 (AlAs)2 superlattice is derived primarily from the
edges of the BBZ. We note that in going from M,%=2 to
M,N= I, the lowest conduction state drops down out of
the X well and its dispersion along the k, direction resorts
to a near parabolic form near the zone center (see Fig. 8).
%'e suggest that the superlattice at M, X =1 is behaving
as though it were a new materia1 whose energy levels can-
not easily be interpreted within a framework which rests
on the concept of band offsets. Indeed, it can be seen
from Table IV, that the leading coefficients in the expan-
sions of the lowest conduction states are not derived solely
from one band. However, even for M, X =1 we find, in
agreement with the experimental measurements of Gos-
sard et al. , that the optical matrix elements for transi-
tions between the top valence states and the bottom con-
duction states at the center of the SBZ show anisotropy
for polarizations normal to and parallel with the [001]
direction (see Table III). Again, this is a property which
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TABLE IV. Sum over spin of the muduli squared of the leading coefficients in the expansions of the

states closest to the band edges in the (GaAs)~(AlAs)1 superlattice. The labeling of the states is the same

as that in Table II except for state V3 which is the ground split-off state. Note that the heavy-hole-like

state Vl has no contributions from the bulk conduction bands. See the caption to Table II for further
details.

(0,0,0.000)
{0,0,1.000)

VB2

0.0009
0.0002

VB3

0.0001
0.0000

C3

VB4

0.002S

0.0000

CBl

1.0000
O.S83S

CB2

O.OOS7

0.1393

(0,0„0.000)
(0,0,1.000)

0.0001
0.0004

0.0000
0.0000

0.0003
0.0000

0.0439
O.OS07

0.0119
1.0000

(0,0,0.000)
(0,0„1.000)

0.0017
0.0000

0.0001
0.0000

O.OOS2

0,0000
0.6280
1.0000

0.0022
0.0032

(O,O,O.MI)
(0,0,1.000}

0.0000
0.0000

1.0000
0.0001

0.0147
0.0010

0.0000
0.0000

0.0000
0.0000

(0,0,0.000)
(0,0,1.000)

(0,0,0.000)
(0',0,'1.~)

0.0004
0.0011

1.000
0.000S

0.4199
0.0004

0.0000
0.0006

V3

1.0000
0.0000

0.0002
0.0000

0.0001
0.00S9

0.0000
0.001S

0.0000
0.0010

0.0002
0.0003

is impressed on the structure by the superlattice periodici-
ty. We also note that the charge density of the ground
light-hole-like state in the (GaAs) i(A1As) i and the
(GaAs)2(A1As)i superlattices shows channeling similar to
that in the (GaAs) i(A1As) ii superlattice (see Fig. 9).

It should be pointed out that the polarized charge den-
sities which have been shown here for some of the ground
light-hole-like states are not peculiar to superlattices
comprised of very thin or ultrathin layers. To illustrate
this, we show in Fig. 10 the charge densities of the top

four valence states at the center of the SBZ in the
(GaAs)2&(Alo&&Ga065As)5s superlattice. It is clear from
the previous discussion, that the charge density plot of
state V2 in Fig. 10 is indicative of charge channeling, a
feature which is sensitive to the relative widths of the
layers and the band offsets. This channeling is a reflec-
tion of the dominant role of short-wavelength scattering
processes in determining the electronic properties of these
structures.

It is important to note that our calculations over the en-

Energy (eV&i

I'6 (A(As)

"saz 0. 2 ', 0.3 0.4

kz

l

X~sz "saz Xsez

kz

FIG. 8. Dispersion along the k, direction of the lowest conduction states in (a) the (GaAs)&(A1As)1 and (b) the (GaAs)2(A1As)& su-
perlattices. The lowest three states are labeled according to the principal bulk minima, shown on the left of the figure, from which
they are primarily derived. In (a) the subbands have been folded back (dotted lines) from k, =D.25 to show the relationship between
the subbands in the two superlattices.
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-0.053 eV

V3

-0.115 eV

V4

Ala3s Gaa ss As (160)( ) GaAs (68K)

a priori way and so may not be physically correct. How-
ever, although we are describing covalent bonds with a
method based on pseudoatom form factors, we do not find
serious contradiction with experiment. The form factors
have been adjusted to reproduce, in as good agreement
with experiment as possible, the energy levels of the states
lying nearest to the Fermi energies in the GaAs and A1As
crystals. It is these bulk states which dominate the wave
functions of the states lying closest to the band edges of
the superlattice which in turn are the states giving rise to
the observed optical transitions. In any case, a rigorous
implementation of, say, the density functional formalism
for the energy range in question lies outside the applicabil-
ity of present-day theory.

We have carried out a series of tests' which show
that any uncertainty in our potential at wave vectors lying
far from the bulk reciprocal-lattice vectors is irrelevant
provided that extreme care is taken to ensure that all in-

put parameters accurately represent the symmetry of the
system. It is, in addition to the component of the super-
lattice potential at the bulk reciprocal-lattice vector with

q =0, the Fourier components at and clustered around the
nonzero bulk reciprocal-lattice vectors which play the
leading role in determining the charge densities. It is for
these reasons that self-consistency does not appear to be a
stringent requirement for the calculation of the electronic
and optical properties of superlattice structures whose
layers are a few of more lattice constants in width.
Charge redistribution between the layers is restricted to a
narrow region at the interfaces and the resultant sheet of
redistributed charge controls an effectively sharp step in
potential. Our pseudopotential method can therefore be
used to fit transition energies from experimental data to
within a few meV despite the uncertainties in the long-

FIG. 10. Charge densities of the ground heavy-hole-like (V1),
the ground light-hole-like {V2) and the first (V3} and second
(V4) excited heavy-hole-like states at the center of the SBZ in

the (GaS)g4(Ala 35Gaa 65As)gs (001) superlattice. The charge den-

sities have been plotted along a line in the [001] direction which

passes through mid-bond positions. The energy of each state
measured from I"8(GaAs) is shown at the top left-hand corner of
each charge-density plot. The charge-density plot of state V2 is
indicative of channeling along those bonds lying in the [101]
planes [compare with Figs. 1(b), 1(c), 4, and 5].

wavelength Fourier components of the superlattice poten-
tial."

Bearing in mind the sparsity and scatter of the experi-
mental data which are available, it would not be appropri-
ate at this stage to quantify the band offsets for the
GaAs-AlAs system. However, it is clear from our
theoretical work and from the experimental data of Ishi-
bashi et al. , that X6 of A1As lies about 0.3 eV below X6
of GaAs for those superlattices in which each of the
layers is comprised of several (M, X&4) monolayers.
This clearly rules out certain offsets which have been pro-
posed in the literature. For the superlattices with
M, N &4, the concept of viewing each layer as a bulk-like
material is tenuous and in the limit M, N =1 such a con-
cept must be inappropriate since nearest monolayers are
dissimilar. Finally, it is worth noting that both the polari-
zation of the charge density of the ground light-hole-like
states and the band offsets measured by Wang et al. ap-
pear to be independent of the crystallographic orientation
of the interfaces. The interface dipoles arising from the
differences in electrostatic potential between the two ma-
terials which make up the superlattice must play the dom-
inant role in controlling the band offsets. However, since
these interface dipoles are probably intimately linked with
bulk properties and since the polarized charge densities of
the ground light-hole-like (and other) states are certainly
linked with bulk properties, we suggest that there may be
a common link,

IV. SUMMARY

In summary, we have used our pseudopotential method
to show the strong mixing and zone-folding effects which
occur in superlattices comprised of ultrathin layers when
zone-center- and zone-edge-related states cross. %e have
presented a detailed comparison with the experimental
data of Ishibashi et al. ' and have indicated how the ener-

getics of this crossing can be linked to the relative align-
ment between the GaAs and A1As band structures.
Specifically, we suggest that X& of A1As lies about 0.3 eV
below X6 of GaAs. We suggest that the transitions which
Ishibashi et al. have used to give the magnitude of the su-
perlattice energy gap for the systems comprised of ul-

trathin layers is the pseudodirect transition. The fact that
the oscillator strengths for transitions from the top
heavy-hole-like state to the bottom zone-edge-related con-
duction state can be so large arises from strong zone fold-
ing. %'e have also shown that the superlattice periodicity
governs the spectral character of the superlattice states
and impresses optical anisotropy on the superlattice, even
for those superlattices whose period is only two mono-
layers. The tetragonal symmetry of the superlattice deter-
mines a unique and highly restricted set of states in
wave-vector space which can participate in the formation
of the superlattice states and so confinement can occur in
layers with only a few atoms even though the superlattice
potential is not deep.

We illustrated a morphogenesis of charge density which
is controlled by the way in which the superlattice period is
divided up into the constituent layers. We showed that
the polarized charge densities which may exist in superlat-
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tices comprised of very thin and ultrathin layers may also
be found in thick-layered systems. These states may have
interesting transport properties.

It would seem that the concept of a band offset appears
to hold even for superlattices whose period is only 3 or 4
lattice constants. The states at the edge of the valence
band in systems with such narrow layers can be described
in terms of momentum states close to the zone center and
derived from a relatively narrow range of energies. Tables
of relevant momentum components were presented which
show a negligible mixing between valence and conduction
bulk states. In contrast with earlier calculations, we find
that the alternating monolayer superlattice is not concep-

tually equivalent to an alloy of the corresponding compo-
sition. Finally, a range of dispersion relations were
presented as a function of the ratio of the GaAs layer
width to the AlAs layer width which promise interesting
opportunities for band-structure engineering.
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