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We present a first-principles theory of the band structure of lattice-matched superlattices. We
formulate the one-electron problem of superlattices in the Bloch representation of one of the constit-
uent materials. In this formulation, the symmetry breaking along the superlattice axis leads to par-
titioning and folding of the original homogeneous crystal Brillouin zone onto a thin region dround
the center of the zone. A single homogeneous crystal Bloch function becomes a multicomponent
wave function. Each component represents a superlattice subband. We use Lowdin’s theorem to
derive series expressions for the subband energies and wave functions, and discuss the relation be-
tween these solutions and the eigenvalues and eigenfunctions corresponding to quantum-well
models. We apply the general results to a superlattice composed of two different types of simple

two-band model materials.

I. INTRODUCTION

Since it became possible to grow superlattice crystals in
the early 1970s,! there have been several theoretical ap-
proaches to their band structure.’~ ! These approaches
are generally based on some form of either the envelope
function approximation®~!! or the tight-binding approxi-
mation.!?~ " The early empirical results concerning ab-
sorption, luminescence, carrier transport, etc. in superlat-
tices could be explained, at least qualitatively, by means of
simple quantum wells and Kronig-Penney models.?~’
Later experiments revealed the appearance of certain for-
bidden transitions.'®!” To explain these, as well as sub-
band energy dispersions, one needs to go to more sophisti-
cated theories in which band mixing occurs.'®!1:18

In Bastard’s envelope function approach,®~!! one gen-
eralizes Kane’s theory'® for the III-V semiconductor com-
pounds to superlattices, and writes a Kane Hamiltonian
for each type of material composing the superlattice. The
solutions of these effective Hamiltonians are then joined
across layer interfaces by means of boundary conditions
which require continuity of wave functions and conserva-
tion of electron current densities. These calculations ulti-
mately depend on the effective-mass concept. The effec-
tive mass of the electron is assumed to be position depen-
dent along the superlattice axis (that is to say, along the
direction which is vertical to the planes of the superlattice
layers). The space dependence of the effective mass is not
calculated, but is postulated to have a certain form; then
the results are compared with empirical observations to
the extent that this is possible.

Tight-binding calculations of superlattices can, in prin-
ciple, be more accurate than calculations based on the en-
velope function approximation, but involve extensive and
complex numerical computations. In a tight-binding cal-
culation, one uses superpositions of large numbers of elec-
tronic orbitals to solve for the eigenvalues and eigenfunc-
tions of a tight-binding Hamiltonian.?® Band mixing can
be directly incorporated into these computations and opti-
cal spectra of superlattices can be reproduced reasonably

4

accurately.'®

In this paper we develop a new one-electron theory of
superlattices. We assume that the homogeneous crystal
band structures of the composite materials are completely
known, and derive a superlattice Hamiltonian which
expresses all of the effects of symmetry breaking in terms
of the quantities and parameters related to the homogene-
ous crystals of the composite materials and the superlat-
tice geometry. We obtain series expressions for the super-
lattice subband energies and wave functions, which can be
evaluated systematically with increasing accuracy. More
importantly, the new formulation provides conceptual
clarity and pliability for analytic manipulation.

Our formulation relies heavily on the properties of the
momentum Bloch functions. It is well known that the
Bloch functions of a homogeneous crystal can be written
as

1 i .
W%(ﬁn(k—G)e’(k Grx (1)
where n is the band index, k is the electronic momentum
confined to the Brillouin zone, G’s are the reciprocal-
lattice vectors, and ¢, is the momentum Bloch function.
7", is the macroscopic volume of the sample, which we
assume to be parallelepiped and set 7", ,=.%,.7,.7,.
Just as the set of the ordinary Bloch functions is com-
plete, the set of the momentum Bloch functions is also
complete. ¢,’s obey the closure and orthogonality rela-
tions?!22

S ¢1(k—G)d,(k—G')=bgg , (2a)

Yni(x)=

S ¢ (k—G)d,(k—G)=8,, . (2b)
G

One consequence of these relations is the fact that the
crystal potential can be written as?? (see also the Appen-
dix)

V(x)=3 E,(0)$,(0)¢y(x), (3a)
n
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where E, (k) is the band energy. Alternatively, if we de-
fine the Fourier expansion

Vix)=3 7 ge'®*, (3b)
G
then

7 6= E,(0)4,(0)4,(—G) . (3c)
n

We use these relations in Sec. II to express the matrix
elements of the one-electron Hamiltonian of a superlattice
in the Hilbert space representation defined by the Bloch
functions of a homogeneous crystal. We start with a fi-
nite number of layers of one type of material embedded in
a different type of material. In the limit of a superlattice,
a fixed number of foldings of the homogeneous crystal
Brillouin zone occurs, and a single homogeneous crystal
band wave function becomes a many-component wave
function. The different components correspond to super-
lattice subbands. In our formulation, the subband forma-
tion is intimately connected with the symmetry breaking
along the superlattice axis and the corresponding foldings
of the homogeneous crystal Brillouin zone. In Sec. II we
obtain a superlattice Hamiltonian for the subbands and
discuss its simplified form under certain assumptions.

In Sec. III we discuss the solutions of the superlattice
Hamiltonian. We use Lowdin’s theorem?>?* to obtain
series solutions for the energies and wave functions of the
subbands. These expressions allow exploration of theoret-
ical issues, as well as providing suitable expressions for
numerical analysis. The results include band mixing in a
natural way. There are no ad hoc assumptions concerning
effective masses of the subbands. These can be obtained
from the analytic expressions given for the subband ener-
gies. Actually, our formulation proves for the first time
that the concept of effective mass can be defined for a su-
perlattice, by providing explicit expressions for the sub-
band energy dispersions. We discuss the relation between
the superlattice subbands and the states of a quantum
well. For an example, we apply our results to a superlat-
tice composed of two-band-model materials.

In this paper we ignore spin-orbit coupling in order to
keep the discussion simple. This is a serious shortcoming
in view of the fact that present-day superlattices are com-
posed of materials in which spin-orbit coupling is signifi-
cant. We hope to return to this problem elsewhere.

II. FORMULATION IN MOMENTUM SPACE

Let us begin the discussion with two types of materials,
A and B, whose homogeneous lattice structures match:

R, =Rz =R (lattice translation vectors) , (4a)
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G =G =G (reciprocal-lattice vectors) . (4b)

We assume that the Bloch functions of the homogeneous
crystals of these materials are completely known:

2
HA,B=—2P——+ Ves(x), (5a)
m

H,p|nk),p =E;"*(k) [nk) 45 ,

(x|nk)p=1ml(x) .

Consider now the geometry shown in Fig. 1. The layers
of material 4 of width L, are sandwiched in between the
layers of material B of width Lz. We initially assume
that a finite number .#~ of A4 layers are embedded in B.
At a later stage of the calculation we let .4~ become infin-
ite, making the composite structure a superlattice. Keep-
ing .4 initially finite avoids some minor mathematical
problems. We let the Z axis be vertical to the layers (the
superlattice axis). We pick the origin of the coordinate
system as symmetrically as possible for the convenience of
evaluating certain sums later. If .#”is an odd integer, the
origin is in the middle of an A layer as shown in Fig. 1(a).
If .+ is even, the origin is in the middle of a B layer as
shown in Fig. 1(b). In the superlattice limit, whether one
starts with odd or even .#” does not matter; the results are
independent of the initial configuration. We will choose
our initial configuration to be the one shown in Fig. 1(a)
with odd .#". The layers of 4 and B are assumed to have
perfectly sharp plane interfaces.

The one-electron Hamiltonian of the composite crystal
of Fig. 1(a) can be written as

L

=
£ of o b
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FIG. 1. Origin of the coordinates for odd (a) and even (b) .#".
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2 ("—1)/2
H:{;+ Va(x)+[Vax)—Vp(x)] 3

s=—(¥—1)/2

2
=P Vp(x)+H 4w (x),
2m

where ©’s are the step functions, and L is the superlattice
period along the superlattice axis:

L=L,+Ly. @)

We now determine the matrix elements of this Hamiltoni-
an in the representation defined by the Bloch functions of
the B-type crystal. This is legitimate, since the set of the
Bloch functions of a given homogeneous crystal is com-
plete. First, consider the matrix elements of a step func-

J

(nk|8(z—z0) 'K ) g=—L [""a e %
5(nk |0 —z0) [n'k)p="" ] dO a5
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[6(z—sL ++L,)—O(z—sL —5L,)]

[

tion. The step function ©(z —z;) can be written in the in-
tegral form

iQ(z—z,)
27 %

(Q—ia)”’

—1 +

o(z -—Zo)z (8)

27 J-w

where a is a positive infinitesimal quantity. Its matrix
elements in the representation of the B-type Bloch func-
tions become

[ ax vl el yi(x) ©

where Q=%Q. Using (1), one can perform the spatial integrations in (9):

g{nk|O(z —zy) | n'k') g =

i

—i(2m)? +o e

d -
77 Q(Q—ia)G;G

$2"(k—G)gZ(k'—G)6(k—G—k'+G' —Q)

——L—3 5,(k—G, k' —G')¢2" (k—G)gE (k' —G')

Z;: G
+ o0 —i0z
x [T dQ8k,—~G,—k;+G,—Q)———, (10)
— z z r4 z (Q—ia)
where
6,(k—G, k' G')—ﬁf——ﬁ(k G, —ky+G)8(k,—G,—k,+G,) (1n
LIWERT I, & — _fxfy x —Gx —Kx + 0y y_y_y+y'
Note that because k and k' are restricted to the Brillouin zone, the transverse 8 function can be factorized as
8,(k—G,k'—G')=6,(k,k")5,gg - (12)
Performing the integral over the 6 function in (10), one finds
i exp[ —i(k,—G,—k,+G,)zy]
(nk|©(z —z0) | n'k') p=—— 8,(k—G, k'—G')¢2 " (k—G)pZ(k'—G’) : (13)
sink| o nkIs == GEG ' o o k:—G;—k;+G; —ia
Using (13), the matrix elements of the sums of the step functions in the Hamiltonian become?®
(=172
g{nk| > [6(z—sL ++5L,4)—6(z—sL —+L,)]|n'k')p
s=—(#¥=1/2
sin[(k, —k; —G,+G;)5L 4] sin[A#L (k,—k.)/2
_ 2 2 Sl(k—G,k'-——G')(ﬁf‘(k-—G)(ﬁfr(k'—G') z 'z z 'z z A] SUT[ ( z z) ] (14)
Z: o (k,—k,—G,+G,—ia) sin[L (k, —k,)/2]
Let us define the function
sin[ L 4(k, —k;—G,+G,)] sin[#L (k,—k.)/2
AK—G,K'—G')= 2 5,(k—G, k' —G') [sL4(k, GGt )] snf[ . ,z) ] 15)
L, (k,—G,—k,+G,—ia) sin[L (k, —k;)/2]
Equation (14) is then given by
(=172
p{nk| >

s=—(A4"=1)/2

[O(z —sL ++L )—O(z —sL —+L)]|n'k')p= 3 68" (k—G)$E(k'—G")Ak—G,k'—G') .
G,G’

(16)
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The folding of the Brillouin zone of the homogeneous
crystal arises from the last factor in (15), which is just the
Gegenbauer function:?

sin(/LK /2)
sin(LK /2)

This is an even, periodic function. Its period is 27 /L, and
its maxima are at

€y_1[cos(LK /2)]= , K=k, —k,. (17

LK =7l (18)
2

where ¢ is equal to any integer. Let

Kf=—Lz—(1r/+a), S<<l. (19)
Then

sin(LK ,/2)~(—1)’8, (20a)

sin(A'LK ;/2)=(— 1" 45 . (20b)
Therefore,

in(/'LK ;/2) .
SUALRD) _ =i 200

50 sin(LK,/2)

(Since .#"is odd and .#"— 1 is even.)
We can now pass into the superlattice limit by letting
N — 0, L ,— oo, but keeping the ratio

S BN (k—GIpE(k'— GNP & — 7 )
G.G,G" 7,

P="5 =const , (21
z

which is the density of the A4 layers per unit length of the
sample. In this limit, the Gegenbauer function becomes a
series of & functions located at k, —k,=2w¢/L. Thus,
for a superlattice, A becomes

A(k—G,k'—G")=pL 48,(k—G,k'—G')
X S 8(k,,k;+2m¢ /L)
£

sin[3L,(27¢ /L —G,+G),)]
[+L,27¢/L —G,+G.)]
(22)

Let us now consider the matrix elements of V,— V.
It follows from (1) and (3b) that

B(nk | (VA _VB) | nlk‘)g
= [, dx el (x) T e OH P §— 7 Erlix) .
’ G
(23)

Expressing the ordinary Bloch functions in terms of the
momentum Bloch functions, one can do the space in-
tegral:

1 f dxe—ik=G—G"—K'+G')x
/ v

=8(kk) 3 (¥ & _o—7E 6192 (k—G)B(k'—G"). (24)

Let us define the energy parameter
W(G)=24—78
=3 [E 060061 (—G)
n

—E0)¢20)¢2"(—-G)] . (25)

The last line follows from (3c) and shows that W is relat-
ed to the band offsets between the two materials. Equa-
tion (23) becomes

B(nk|(VA —VB){n'k')B
=8(k,k) 3 W(G' -G (k—G)p2(k—G') .
G,G’

(26)

Finally, inserting a complete set of states between
(V4—Vp) and the step functions in H 4y, we obtain

{nk|H |n'k')p=58,,8k,k')EZ(k)

+B(nk|HAW|n'k')B, (27a)

G,G’

[

p{nk|Hp |n'k')p= 2
G,G',G"

XA(k—G", k'—G’)

W(GII_GI)

¢  (k—G)pB (k' —G') .

(27b)

Let us assume that the reciprocal lattice is a simple-

cubic lattice with one of the principal directions along the

2 axis. This is a minor simplifying assumption; the re-

sults are easily generalized for arbitrary lattice orienta-

tions. The reciprocal-lattice vectors G, can then be writ-
ten

G,=2a—”M, M=0,+1,+2,. ... (28)

a is the fundamental lattice constant of the homogeneous
crystals of 4 and B. We define
L

lo=2
0 a ’ (29)

which is equal to a positive integer. Using (22), the ex-
pression for the matrix element of H ,, can be more ex-
plicitly written as
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2ré . | sin[(wL 4 /LY € — € M)]
k|H 'k’ )p=pL 6 |k,k’ 2
sénk|Haw|nk)s=pLs 2 UL L, /LN — D]
XW(G'—GE " (k—G)gh [k—G'— 2055 4 2TM 5 (30)
1
Next, consider a superlattice eigenstate |). Since the must be confined to this Brillouin zone. The time-

set of B-type Bloch states is complete, one can write

|¥)= 3 a,(k)|nk)p . (31)
nk

Note that the sum over k is confined to the Brillouin zone
of the homogeneous crystals. This important fact should
be kept in mind; in the sums below, the argument of a,

[e—EZ(k)

independent Schrédinger equation for |) is

H|¢)= 3 an(kK')Hp+Hup) |n'k' Y p=¢c|¢) . (32)
n',k'

Taking the scalar product with | nk)z and using (30), we
find

+o sin[(7wL 4 /L) &'+ ¢ oM)]

k- 3 S oL,

{¢'|k+Q2n¢'/L)ZEBZ) M=~

(7L 4 /L)L + £oM)]

X 3 W(G'-G1 k—G)f |k—G'+ Mgy 27005 ]a,,, [k+ 214 510, (33)
G,G' L L
r
The condition on integers ¢’ makes this equation awk- k=K, ,
ward to work with in its present form. It can be put into
a more convenient form by separating k into two parts. y =Ky
(34b)
Define o o T
— T <K <7,
208y (34a) g -
L a 6=0,+1,42,.. ., +(£o—1) .
such that Equation (33) becomes
fo—1 .
/ ~ 0 t® sin[(7L 4 /LN —¢'— M)
e—EP |kt 27L 27 P 217(’2 oL, S b3 b [(7L 4 ’ oM)]
/'=—(0+1M=——ao G,G',n {(TTLA/L)(/—/ —-()()M)]
X W(G'—G)¢? |x— G+2—"ﬁ k=G4 TM s 21 e k2 s 0. 3s)
a L L
Note that both ¢ and ¢’ vary over the integers in the interval
—lo+1<l,6'<l—1. (36)
One can therefore introduce 2¢,— 1 dimensional spinors (that is to say, column vectors) for each a,. Define
2md
a,/Kk)=a, |k+ —z—‘z , (37a)
E (k)=E} |k+ zzf’z‘ , (37b)
to  sin[(wL /LN —¢'— €M)
Vat.ne(K)=pL
neme (K)=pLy M;_m (7L, /LN — ¢ —£oM)]
x 3 W(G—G)gE |k— G+—2—1-T—é oL k—G+ 2™y 2ml7, (37¢)
G,G'
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Equation (35) becomes

[e—EZ (k)] (x)— 21 Votimse (K@ s A)=0 . (38)
Let
a,,/o_l(x)
a,,(o_z(x)
a,(k)= : , (39a)
a,,_/;ﬂ(x)
Enzy-1(k) 0
Erry ()
&5(x)= _ ,
0 Ej_¢ye1(0)
(39b)
and

[7 K)o =Vpiwe(K) . (39¢)

Equation (38) can be written in terms of the 2¢£j— 1 com-
ponent spinors a, and (2£,—1)X(2¢,— 1) matrices 7",
as

S &S+ 7 (1) ]ty () =, () (40)

This is just a more compact notation.

Equation (38), either in expanded or compact form, is
the fundamental equation of this paper. It shows that a
given band of the homogeneous crystal splits into 2¢— 1
components in the superlattice. These components are the
superlattice subbands, and as we shall see below, there is a
correspondence between them and the bound states of
quantum wells. The splitting arises entirely from the
symmetry breaking along the 2 axis. The original Bril-
louin zone of the homogeneous crystal is partitioned into
2¢y—1 sections. The central piece for —w/L <k, <7/L
becomes the new Brillouin zone for the superlattice. The
subbands of a band n arise from the folding of the origi-
nal E, onto the superlattice Brillouin zone. Furthermore,
the Hamiltonian which determines the subband energies
and subband states (in the representation of { |nk)pz}) be-
comes a supermatrix given by

I a5 e ) =ELs (KB + Viggome AK) . 41

We should note that «,=tmw/L represent identical
points in the superlattice Brillouin zone, since they are re-
lated by the momentum 27Z/L. One needs to include
only one end in the superlattice Brillouin zone, for exam-
ple k,=+m/L.

Before we discuss the solutions of (38), a few remarks
about W(G) are in order. It is clear from the defining
equation (25) that W (G) is related to the band offsets of
the A and B materials. Its maximum value is expected to
be at G=0 because of the weighting factors of the
momentum Bloch functions, which are expected to be an
order of magnitude smaller at the values of momenta out-
side the homogeneous crystal Brillouin zone than at finite

k’s inside the zone.?” W (0) is simply given by the spatial

average of the potential difference over a macroscopic
volume:

1

W(0)=—?,/‘—.p;

[, LAx[V(x) V()] . (42)
It is therefore related to the difference between the elec-
tron affinities of the two materials.

The fact that W(0) is the largest value permits one to
approximate W (G) by 8goW (0), and to derive an approx-
imate form of V,,.,,- which is free of explicit reference
to the momentum Bloch functions. To obtain this form,
consider the matrix element of the position operator in a
homogeneous crystal:

fcrystal dx ¢:kx¢n’k' = _"iarm’ is( k, k')

K
+8(k, k)X (k) 43)

where
Xik)= 3 5 (k—G) i—a% 6r(k—G) . (44)

The diagonal elements of X can be set equal to zero, since
they are gauge dependent.?? The off-diagonal elements of
X are given by

—ihpnn’(k)

X (k)= ,
m = ©0—E. (0]

(45)

where p,, are the matrix elements of the momentum
operator, m, is the bare electronic mass. Note that X is
periodic in the reciprocal-lattice space:

X(k+G)=X(k) . (46)

Using the closure property (2a), one can convert (44) into
a set of differential equations for the momentum Bloch
functions:

%¢,(k—G)=—i2¢n'(k—G)X,,',,(k) . 47

Consider a fixed ko and a small neighborhood around
ko. Assume that X can be taken constant in this neigh-
borhood. For this neighborhood Eq. (47) becomes

gak—m(uko—c}): —i' S $ulk+kg—G)X,pn(ko) . (48)

Since X is Hermitian, there exists a unitary matrix U (k)
which diagonalizes X:

U (kp)X(ko)U (ko) =XP(k,) . (49)
One can write (48) in matrix notation as

aikwTU*):—i(chU*)xD, (50)
where ¢7=(¢,,6,, .. .). Equation (50) is readily solved in
the neighborhood of k:

T k) U =¢T(k=0)UTe kX" | (51)
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Multiplying both sides of (51) by U from the right, we
find

¢n(k+ko—G)= 3, dn(ko—G)le

THXkoy L (52)

We can use (52) to express the momentum Bloch func-

continuous operator X2 with a piecewise constant opera-
tor. Define the matrix operators
l ]nn‘

6] -1
|
DMJ ‘(K):( IL[ exp

j=0

i 27j o
+l——L—XzB K‘_"—L"LZ

tions in ¥,z [Eq. (37¢)] in terms of the matrix ele- L (53a)
ments of the operator X. Suppose that ¢ is sufficiently ~ for finite integer £, and
large such that, in each section of the partitioned homo- 0 _
Noui B Dy =8y (53b)
geneous crystal Brillouin zone, we can take X to be con-
stant in the 2 direction. In other words, we replace the It follows from (52) then that
|
211'/ /T B*
¢ k—G+—— L Z[D ()] pntbn (6—G) (54a)
45 K~G'+HL—/—2+ Z’ZMA 3 6t~ G){[D ()1}, D (k) - (54b)
n (54b), D s multiplied by itself M times. Thus V, ., »- can be approximated by
©  sin[(wL /LN —¢"'—¢M)] st B* B
e (K)=pL W(G' —G)D,," v (k—G)p,(k—G’
Vaene(€)=p AM_;_w Sn[(7L, /LN —7 —ZoM)] GGZ ( i (K ) (kK —G)dpm(K )
X[(D A MD (1) ]y - (55)
Replacing the band offset factor W (G'—G) by W (0)dgg' and using (2c), we find
te  sin[(mL/LNE—6'—66M)] s ¢ ,
g K= D D" (x)MD? ., 56
l
Because of the sine factor, the most important contribu- Dnpe(X)= E an)( KW’,, eriame %) - (59)

tion comes from the M =0 term. Taking just this term,
Vas.ne is further simplified to

Vaemwe ®)=pL 4 W (0)[D (6)D? (k)]
sin[(wL 4 /L) (£ —£")]
[(mL4 /L) —¢)]

(57

Expressions (56) and (57) have no direct reference to the
momentum Bloch functions. Instead they express
Vae:ne essentially in terms of momentum matrix ele-
ments and energy-band separations which are directly
determinable from measurements of radiative transitions
in homogeneous crystals.

III. SUBBANDS AND SUBBAND ENERGIES

When the folding of the homogeneous crystal Brillouin
zone is taken into account, a superlattice wave function
becomes

Yx)=3 auelkp e, omp (X > (58)
nt,x

which is obtained from (31). It is obvious from the super-

lattice Hamiltonian (41) that its eigenvalues can be desig-

nated by €,.(k); the corresponding eigenfunction is given
by

Other indices may be used if the eigenvalue is degenerate.

To discuss the diagonalization of the superlattice Ham-
iltonian, we can make use of Loéwdin’s theorem,?>2* which
is concerned with the determination of a small number of
eigenvalues and eigenvectors of a Hermitian matrix
without diagonalizing the entire matrix. Given a Hermi-
tian matrix U, its basis states can be separated into two
sets S'and R. Define

Ut Ui
Umm:+ z mr

Us (E)= U
m r€ER E _—U"

’
mr‘ U’I’Z Urzm

+
,EER (E—U,, XE—T,

rnr

)+... ,

(60)

where U, =(1— 8,,,,,, )Upm. If the matrix M is such
that M. =U3. for s5,s'ES, then the theorem states that
the eigenvalues of U corresponding to the set S are the
roots of the equation det(M —E)=0. Furthermore, if E;
is a solution of this equation and if £ is the correspond-
ing eigenvector, then it is given by
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Nyt if MES,
(61a)
(s)= Uns'(E;)
m s)
n ——uy if mER,
ssés ESS—U""" *
where
. —1/2
U (E,)US.(Ey)
(s), *(s)_rs s rs s
ns= |1+ s s
: s‘,s‘z’ESrgR s (Es"Urr)2
(61b)

’ ’
Vn/;nll’anl/l;n’/'

gnf;n'/’(E)=%ili,n’f’+ 2'

n, ¢,

where the primes over the summation signs mean that the
sums exclude the n¢ terms. Consider an eigenvalue of
(38) which is not degenerate. In Lowdin’s method, it is
given by the solution of the equation

En/(K)=g,,/;,,/(8,,/(K)) . (65)
The solution of this equation must be such that

lim €,/ (k)=E} (x) . (66)
W—’)O

Npe fn=n', £=¢",

+
(E—FRs)  nplompe, E—F2NE—-F7 ;)

8623

The theorem yields the method of approximation, which

is used, for example, in Kane’s theory of III-V semicon-

ductor compounds.!® The standard Schrédinger perturba-

tion theory® is a special case of this more general method.
To proceed, we define

%ffzyﬁ%;n( ’ (62)

V"!f;'l'f’=(l_snn‘sff’)an;n’l . (63)

We further define the matrix function & ,,.,/(E) in
terms of the infinite series

' , ’
Vn{’;n]/l anfl;nzlenzfz;n'f'

" (64)

f

In the Schrodinger perturbation theory, the same nonde-
generate eigenvalue is given by

En/(K):En/;n/(%gf)syn/;n/ . (67)

In the following discussion we will set an overbar on &
whenever E is replaced by #°°. Let us now consider the
eigenstate corresponding to €,,. Define

(né) (68a)

Apryr = gn‘/"n/(sn/) .
——————— if n#n', or £#¢’, or both,
Nne (8,,/—%3/') +
D it €n)E wrinslens) |77

NMe= |14+’ - : (68b)

" nz/ (Ens—H ps )

The nondegenerate eigenstate corresponding to €, is then given by
Z vt ine En Want (2wt 70)(X)
Unel K =Nne (Vs ame X+ 3, | —n T 2nd /L) (69)
n'e (Ene—H n¢)

It is more common that there are degeneracies, because
of the band structure of constituent homogeneous crystals.
An important instance of this is the degeneracy between
the — || and | ¢ | components for finite #. Consider a
homogeneous crystal band » that is parabolic:

2
2
EXk+Qrt /LR)=EX0)+ —1— |t 2745
ZmB,, L
L s
=EF0)
" + 2mBn + mBan
L2 (70)

mB,,L

where mp, is the effective mass of the band n of the B-
type material. One can see from this expression that the
leading term in the subband energy becomes degenerate
for +¢ and k,=0 as W—0. The degeneracy also shows
itself by the divergence of the series for Z obtained from
(64). Thus, the two subbands n+ | £ | are strongly cou-
pled and must be separated from the other subbands. We
again define a & matrix as in (64), except that this time
the sums exclude both n+ | ¢ |. This prevents the diver-
gence of Z. We further define a 2 X2 matrix M, |, |:

M ‘znlfl;nlf’l 3n|/’|;n_|f;
= .
miel 3ﬂ—lft;nifi gn-—[/};n—([{ 71
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The eigenvalues are the solutions of the equation

det(M,,V\—E):O. (72)

This is an extremely complex algebraic equation which
cannot be handled without further simplification. To a
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en =5 Z 01 t\m1 6+ Zn_1t1m—)r))
+ 30 Z 0 ic1m101—Fn_it1me 1))
+4?n1f‘ n—\(l?n_|/) ,,[/!]1/2 . (73)
The normalized eigenvectors of M, n|¢| corresponding to
E,,‘/y,

= Cle)_ (|l E)
My um 1P =eg ,un 12

: 74
good approximation, one can replace Z’s by Zs in (71). <|n[ltf £ 74
Designate the resulting matrix by M, e With My, LA 2. (nVI/H) ,
replaced by M, n|¢| in (72), one has a much simpler quad- U_is
ratic equation to solve. The two eigenvalues are are also readily obtamed.
Wl =F o =Z e P T e 1D (75a)
u(_‘!;u’) e —Znirimie e =Znicimic) 1AV Znitiim—ie |72, (75b)
e I‘/‘ T A TRV P § DA S Pl I?_n—-‘/i'n!/] R I (75¢)
u_}ﬂ_) Zoitimicl e 1 Znictim—1c) 1PN T i1 197 (75d)
The coefficients of the expanswn in (59) become
a1 e
a ()" =nnk/;¢u‘f]fl“i’ , (76b)
OQ" . (8 )u(nll ]
a,"”“)-ﬂn;/u > L for n's£n and/or £'£+ | €], (76¢)
T IR (& 10— Re)
where 7, | | + is the normalization constant:
~172
(/n'I/\i)*uyz“[/it!
, + +
Mojrix= |1+ 3 7 Z nine €16 VL n s ime € o)) (76d)

T 2D
ne, ¢ 0v=x10t & = n )

The prime in the first sum means that n,¢, cannot be equal to n+¢. From (76a)—(76c), one obtains the new subband

states

4
¢nlf‘x+(x)_7’n![{+ “(|n| ‘+)¢'nx+ Q2| f|/L)z x)—+—u

Z 'f'"\/‘(sﬂlfl)u v

(n\/._

(n|¢|+),B

Yok e /03(X)

(n|€]+)

+Z wirim_ (& e U7

If there are further degeneracies, they show up by mak-
ing the present expression for 2 blow up. The above dis-
cussion makes it clear how to handle this problem. These
degenerate states are also excluded from the sums in (64),
and new matrices M are defined. If there are other states
degenerate with n+ | ¢ |, then the dimension of M in (71)
is increased to include these states. If the new degenerate
states form a separate group among themselves, a new
matrix M is defined and diagonalized just for these states.

The above discussion is based upon the matrix func-
tions & and Z, and therefore on whether the infinite
series in their definitions are well defined and convergent.
It is clear that for the series for Z to be convergent, the
matrix elements of ¥’ must be such that

(E,, [ €] —%n’/”)

B
Vit 2 s X)

77

'/n/

— 3 |<!l. (78)
x?P, %,,:g:

If the series for Z is slowly convergent, or not convergent
at all for some states, one needs to use Z (E) for arbitrary
energy E, and solve complex algebraic equations of the
same type as (72).

The preceding discussion has been rather abstract. Let
us consider a superlattice crystal composed of two-band
materials, and apply the preceding formulas to this ex-
tremely simple case. What we mean by the two-band
model is that we assume that the position operator in (47)
has nonvanishing matrix elements just for two bands, one
conduction and one valence band. We further assume
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that it is a constant independent of momentum. Its Z
component can be written in terms of the Pauli matrix o,
as
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exp

27, pnxB
L(/ X,

pi cos[§(£—¢")] —sin[&(£—¢")]
PO R—— (79) = Isin[E(£—¢"]  cos[E(f—¢1)] (81b)
m(E;—E;)
Thus, from (57) we find
Let us also define
Vc/;c/'Z Vu/;v/'=pLA W(O)COS[g(/—{”)]
21TPZ 3 g
§= :cu — . (80) sm[(7rLA /LY —¢ )] (82a)
m.L(E; —E,) [(wL /L) —¢")]
From (53a), Veewer=—Vot,cer=—pL4W(0)sin[§(£— )]
sin[(wL 4 /LY —¢")]
_ 2 5 , (82b)
DD =exp — (=N, (81a) [(mL /L) —£7)]
Consider now the nondegenerate &.q(x) and g,q(k).
and From (64), (67), and (82), we find
|
—840)p* LI W0) cos¥(¢E)sinX(wL 4 /L)
ecolk)=EZ5 () +pL W (0)+
<0 cOMITpEA 2 [E5 () —EE )7L £ /L)
(1—8,0)p*L} W2(0 sinX(£&)sin*(wL 4¢ /L) ®3)
< [EZ () —EE () )(wL .¢ /L)
Interchanging ¢ with v yields g,4(x). _
For finite £, we use (73). Let us take just the leading terms in 2. For parabolic n =¢:
e amaet | 2m| L]k,
F : ~EE0)+pL W (0 +
et |t |e|=E;(0)+pL W(0)+ 2ch+ E L (84a)
sin(2m¢L 4 /L)
?cij/[;ci](’|2—‘pl‘x{ COS(2[§ _zm (84b)
Thus
12
2R 2 K, X sin’2w¢L 4 /L)
er|(K)=EZ0)+pL W (0)+ + + +p’ L3 W(0)cos’(2£ &) ——————— (85)
cle P4 2mp.  mpL* mp.L pa & (2m¢L 4 /L)
For the convenience of writing the vectors u ‘¢ 1¢!%) define
vo=2rLl1E (862)
chL
W=pL,W(0), (86b)
sin(27¢L /L) 56
‘T 2mféL,/L) (86¢)
C,=cos(2¢¢) . (86d)
The vectors 4 1“!%) are then given by
|1 _ —WC.S, (87a)
L IWICIS it | ok, + (B0 W+ WCES ) 2]
L€+ _ — i, + (FPv 22+ WAC LS L)12 (87b)
I T IWCIS Yo | gt o WIS VA2
(Iclll’l—)=_u(:1’?1|+ , (87¢)
“‘fiﬁi') u}c{(tfu) ) (87d)
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. . . + ( -+
Similar expressions are found for €5 |, and u'* 1%,

Consider af‘ ¢| given by (85). The first two terms de-
fine the position of the energy band, taking into account
the band offsets between the two materials. The third
term gives mainly the dispersion in the transverse direc-
tions. The fourth term comes from the folding of the
Brillouin zone and describes the partial localization of the
electron. For L ,=Lg=L /2, this term becomes

2R R

mgL?  2mp

x|’

L,

(88)

This is identical to the standard expression for a rectangu-

J
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lar well of width L 4 (for an infinitely deep well).

The same relation can be discerned in the subband wave
function (77). In the limit that x,—0, Egs. (87a)—(87d)
yield

A R (89a)
I R (89b)
|| \/5 .

Thus for small «,, the first two terms in (77) are propor-
tional to

(c|€1+)4B (c|£]+),B
Uy cx+127r|/l/L)'i(X)+ui‘!/: Vex—omi o) /' X)
ik, —G)x | —1 2w |z 2w | |2 2| L |z 27| |2
~§el o V5 X ,__[L‘_L éc ki“—ii_]'_“‘G +375 %P —l*—lL—L ¢¢ k1+_]L—]_—Gl

(90)

If we neglect the ¢-dependent terms in the arguments of the momentum Bloch functions, then Eq. (90) is approximately

—iV2sinQ2m | € | z/L)Y% (x) .

Similarly

(c]

£ — |- -
Ui )‘/’fx+¢zw|/|/1,>i(")+“(i‘f/‘| )‘/’fx-(zﬂm/1.)2(")“'“‘/5005(277|/|Z/L)¢CBRL(")'

Equations (91a) and (91b) are instructive in showing the
connection between ¥..| |+ and odd and even parity rec-
tangular potential-well states.

We should point out one major difference between our
theory and the quantum-well model. In a potential-well
problem, even and odd eigenstates correspond to different
quantum numbers | ¢ |. In the above expressions, howev-
er, they correspond to the same integer |¢|. Evenness
and oddness for the superlattice subbands appear to be as-
sociated with another quantum number which can take on
only two values, plus or minus (or 1,2). Clearly, in the
present theory the assignment of quantum numbers to the
superlattice spectrum differs from the assignments based
on quantum-well states.

J

(91a)

(91b)

The above comparisons with the quantum-well model
depend heavily on the fact that the homogeneous crystal
bands are parabolic. If they are not parabolic, it is much
harder to make comparisons. For some narrow-gap semi-
conductors, conduction and valence bands can be approxi-
mated with linear dispersion relations.>° For example, let

er o |(K)=EX0)+5(|ax+2nfa, /L | + |ak—2nfa,/L |)

t[3(|aw+2nta, /L | — |axk—2mla, /L | P+ WC7S3]'2 .

EXx)=EZ0)+ |ak]| . (92a)
The folded conduction-band energy then becomes
EE (x)=EZ0)+ |ak+2nfa,/L | . (92b)
Using (73), (84), and (86b)—(86d), we find
(92¢)

The dependence on | ¢ | here is quite different than in (88).

Let us return to Eq. (85) again. The last term, which is a square root, makes the subbands nonparabolic in the 2 direc-
tion. In the x,y directions they are still parabolic. Because of nonparabolicity, one must be careful in assigning an effec-
tive mass for a subband. The effective mass can be quite different for x, =0 and «, finite for nonparabolic bands. For
¢+0, we find from (85) that the effective masses as x, —0 are given by

+
azs;‘ /|

2
ok;

1 1

1
k=0 MBc

4L ?
" mp.L*pL | W(0)cos2& |

(2m¢L /L)
sin(2w¢L 4 /L)

. (93)
mcil €| ﬁz
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For ¢ =0, we use (83):

2m}. L3 W*0) ‘0!
L _ 1 | 54 S —lgcosz(fé”)sin2
meo Mpe mh -1 ¢
Note that
- +
m, m mJ
0o, —yy, =4, (95)
mpe mp. mp.

For large ¢, the difference of mci‘ ¢| /mp. from unity be-
comes more pronounced.

A final comment concerns band mixing. Even with the
lowest-order approximation for Z, as in (84), band mix-
ing occurs throughout the formulas. In the subband ener-
gies, band mixing is associated with the parameter §. If §
is zero or some multiple of 7, then band mixing does not
occur [the matrix (81b) becomes * identity]. In the sub-
band wave functions given by (77), the last set of terms
under the summation sign represents the band-mixing
terms. These terms are responsible for the modification
of the selection rules for radiative transitions.

Note added. We recently became aware that M. Jaros
and his collaborators®! have also used momentum Bloch
functions in their numerical pseudopotential calculations
of superlattice state energies.
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APPENDIX

The Schrodinger equation for the momentum Bloch
function of the band » can be written as

#7k?

2m

¢, (k)=E,(k)p,(k)— > 7 6¢,(k—G'). (AD
&

Multiplying (A1) with ¢,(k—G), summing over the
bands, and using (2a), one finds
#k

o (A2)

7 o= 3 E, (k) (k—G)dn(k)— 2850 .

The k dependence of E,’s and ¢,’s must be such that the
right-hand side is independent of k, since the left-hand

side is. ) Setting k=0, one obtains (3c). Setting
Uy (x)=e®*,,(x), one has, from (1) and (A2),
212
V(ix)=— ik (A3)

2m + gE,,(k)tﬁ,,(k)u,fk(x) .

Again, the k dependence must cancel out in the overall
expression on the right-hand side. Setting k=0, one finds
(3a).
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