PHYSICAL REVIEW B

VOLUME 18, NUMBER 12

15 DECEMBER 1978

Defect Green’s function and T matrix for an hcp lattice with a substitutional impurity

Debendranath Sahoo and Hrushi Kesh Sahu
Reactor Research Center, Kalpakkam 603102, India
(Received 19 July 1977)

Starting with a two-neighbor defect space model for a substitutional impurity in an hcp lattice, we apply
matrix-partitioning and Green’s-function techniques for the study of atomic vibrations in the defect space.
Using the fact that the defect site has the point-group symmetry of the Group D;,, we set up and decompose
the total representation I'(D5,) of the group as I'(D;,) = 44,0 24/ ® 34,9 44"] o 8E' ® SE"”. The
symmetry-adapted basis vectors of the 39-dimensional defect space are calculated using the projection
operator technique and the projected forms of the Green’s function and the perturbation matrices are derived.
The formal results obtained here are applicable to a variety of problems in hcp Crystals.

I. INTRODUCTION

In the lattice statics of crystals with impurities
one is concerned with the local distortion of the
lattice around a defect, while in the lattice dynam-
ics of crystals with impurities one is interested
mainly in the impurity-induced change in the vi-
brational modes of the host crystal, i.e., in local
and resonance modes. These are of importance
in infrared-absorption, Raman-scattering, and
Mo0ssbauer -effect experiments. The most con-
venient theoretical approach to defect problems
in crystals is linear-response theory, which leads
naturally to the use of crystal Green’s functions.
We mention in this connection the recent review
article by Taylor' and the work of Maradudin? for
the dynamic properties of defect crystals, and the
article by Tewary® for static properties. Ludwig
and Dettmann* have applied group theory to certain
impurity problems in crystals with structures of
the simple cubic, NaCl, CsCl, diamond, zinc-.
blende, and CaF, types. For these symm~tries,
Ludwig and Dettmann have supplied tables for the
symmetry-adapted basis functions, which greatly
simplify the solution of defect problems in lattice
statics and dynamics. (Agrawal® has corrected an
error in their result for the fcec case.) However,
no such table is available for solving impurity
problems in the hep structure. The present paper
fills this need, and it is hoped that it will facilitate
systematic defect calculations in hep crystals.

We derive, for a hep crystal, explicit theoretical
expressions for the symmetry-reduced crystal
Green’s function and perturbation matrices which
are needed for the analysis of those dynamic or
static substitutional-impurity problems which pre-
serve the D;, point symmetry (of the impurity site).
We assume that the defects perturb the force con-
stants of the host lattice up to second-nearest
neighbors, 12 atoms thus being affected. In Sec. II,
we outline the method of our calculation and in Sec.
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III, we apply the symmetry properties of the hcp
lattice to obtain the most general forms of the
Green’s-function and the force-constant matrices.
The defect model is described in Sec. IV, and in
Sec. V, we apply group theory to obtain the symme-
try-adapted basis vectors of the defect space, and
block-diagonalize the perfect-lattice Green’s-func-
tion and perturbation matrices. Finally, in Sec.6, we
discuss our results and indicate some possible ap-
plications. The applications of the theory to the
lattice statics of a single vacancy in magnesium is
presented in a companion paper.

II. THEORY

Since the theory of the dynamics of a crystal with
an impurity atom is well known,? we shall merely
quote the important results relevant to our purpose.

In matrix form, the time-independent equations
of motion of the perturbed crystal reduce to

[w*M - ¢ +8L(w)]U=0, (2.1)
where the perturbation matrix 8L(w) = - w*AM
+A¢, w is the normal-mode vibration frequency of
the defect crystal, M and ¢ are the mass and
force-constant matrices of the perfect lattice, and
AM and A¢ are the corresponding perturbation ma-
trices owi'ﬁg to the presence of the defect in the
lattice. For the hep lattice, each of the above ma-
trices is 6N X 6N, where N is the number of unit
cells in the crystal. The matrix 6L can be written
as a 2X 2 block matrix in which the_only nonvan-
ishing block 8l (= — w?0M + 0¢) is a 3px 3p (p<<N)
matrix, p being the number of atoms (including
the impurity itself) disturbed by the presence of
the impurity. It is this 3p-dimensional space, the
so-called defect space, which will be the object of
our study. Basic to the investigation of defect
problems are the perfect and the defect crystal
Green’s function matrices and the phonon-scatter-
ing matrix. The relevantblocks of these matrices for
the defect-space calculation are the 3p X 3p ma-
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trices g(w), g*(w), and t(w), respectively. These
matrices are related to each other by the following
equations:

g*=(1-gdl)"g=g(I - 81g)™ (2.2)
and
£=01(1 -2b1 )™= (I - b1g)™dL. (2.3)

The introduction of the symmetry coordinates?®
for the various irreducible representations (IR’s)
of the point group § of the impurity site. (taken as
the origin of coordinates) block-diagonalizes the
matrices g(w) and 8/ (w) simultaneously. A faith-
ful 3p- dimensional representation of $, called the
total representation I'(S), consists of a set of 3p
X 3p matrices

8 oallk, I'K"; 8) = S, S K(1'k"), K(1K)), (2.4)

where S is a 3 X 3 orthogonal matrix effecting the
group operation on the individual atomic sites.
Here [ is the lattice index, « is the sublattice in-
dex, and @, B denote Cartesian components; and
S is wrltten in the Cartesian coordinate system &
whose origin is at the impurity site. If § is of or-
der &, there are % such matrices S (and hence ma-
trlces 8). The technique of decompos1t10n of
I'(9) into its IR’s I'S(8) makes use of the characters
X(S) of the elements S in I'(S) and the corresponding
characters xs(S) of all the IR’s I'S(8):

I(8) =) ®c,I%9), (2.5)
where ‘
c=r 3 DS TXO). (2.6)
Seg

The symmetry-reduced form of the matrix 4
(which stands for g, g _* 67, or t) in the sth IR is
given by the expression

A%a,a’) = P10 *A 0, URNBEUK), (2.7)

where $ s js the symmetry-adapted basis vector
(SAV) for the Ath row in the ath occurrence of the
sth IR, and the result is independent of X. In Eq.
(2.7) and in the rest of the paper, repeated Cartes-
ian and lattice indices (a, 1, k, etc.) are summed
over their respective ranges. There is no summa-
tion over A and s. The range of A is from 1 to fs
(the dimensionality of the s IR), and that of a is
from 1 to ¢,. The calculation of the complete or-
thonormal set {J} is done by means of the standard
projection operator technique,? for which it is nec-
essary to know the explicit matrix representation
T's(9) of the sth IR (for fs= 2) in the coordinate sys-

tem X.

The actual calculation of the c, X ¢, matrix A,
involving the multiplication of a 3p X 31) matrix w1th
3p-dimensional vectors, is simplified considerably
by the following trick. We first calculate

nEMIK) =A o(IK, k") P5™MU k") (2.8)

for a particular site (Ix). Then for all other sites
(LK) which belong to the same shell of neighbors
(with respect to the defect), the quantity 13 LK) can
be computed by means of the relation

s
TMLK) = 3~ 75 (1) T5.,(S)

A=l

X 5(§'1:’:(LK),§(ZK)). (2.9)

In this equation I"H(S) is the (A’\) matrix element
of the inverse of the matrix representation I“(S)
of the element S. The proof of Eq. (2. 9) is given
in Appendix A. Having obtained all the 7’s in this
manner, the matrix A® is calculated by means of
the fomula T

A¥a,a’) = PSRN (1k). (2.10)

The fact that the matrix A satisfies the relatioh

Agg(lr, 1'k") = Ao (1%, Ik) (permutation symmetry)

implies that A® is a symmetric matrix. Thus we
need to compute A%(a,a’) only for a’=a (or for
a’' <a).

The application of an operation:S on any lattice
site yields another site on the same shell of neigh-
bors. This means that the defect space D consists
of invariant subspaces D™, where m is the shell in-
dex. In a two-neighbor defect-space model such
as the one we are considering here, m takes on
only three values: 0, 1, and 2, corresponding,
respectively, to the defect, the first, and the sec-
ond shells. Thus all defect-space calculations can
be done separately in each D™, The following di-
rect-sum decompositions exists

D=) @D", (2.11)
g =3 &rms), (2.12)
$30=Z @{/jsalm’ (2.13)

and
(2.14)

ﬁsah - Z: @ Iﬁsalm.
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Corresponding to those decompositions, one ob-
viously has the following:

cs =; c?, (2.15)
X(S)=Y, x™(S), (2.16)
s =i 2 [XS©X™(S), (2.17)
kg6
and
AS(a,a’)= 2, P 5™ (e pSe ™ (k) . (2.18)

The projected forms of the defect Green’s-function
matrix and the ¢ matrix are given by equations
obtainable from Egs. (2.2) and (2.3) by making the
replacement g~g%, g*—g*5 §1-615, t—t5, and
I ~IS (the f,-dimensional unit matrix).

IIL. hep LATTICE
A. Coordinate systems

Figure 1 illustrates the choice® of the axes of
% (unit vectors 7, ], k) and the crystallographm
axes (primitive lattice vectors 3, b, ¢), along with
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FIG. 1. Orientation of the Cartesian and the crystallo-
graphic axes in the diatomic hep crystal in the basal XY)
plane. The Z axis which coincides with the ¢ axis is
perpendicular to the plane of the paper, directed out-
wards. The black dots represent atoms in the basal
plane with a spacing a from the central atom, and the
open circles with crosses represent the projections of
the six atoms in the Z =+ ¢ planes.

all the atom positions up to the second neighbor
of the impurity which is supposed to be located at
the common origin of the coordinate systems. Of
the two atoms in the primitive cell of the perfect
lattice, one is located at the origin, i.e., at %(01)
=0, and the other at

%(02)=

Wi

a+3b+3C==(3)12qj +1ck.

TABLE 1. Atom-index labels and the Cartesian and crystallographic coordinates of all the

atoms in the defect space.

Atom Sublattice Crystallographic Cartesian

Subspace number index coordinates coordinates
" n K A L, IR x Y z
yo 0 1 0 0 0 0 0 0
D 1 2 0 0 1 0 —a/V3 —3C
2 2 i 0 T 3a a/2V3 —3c
3 .2 1 1 T —3a a/2\8 —3c
4 2 0 0 0 0 —a/V3 3¢
5 2 1 T 0 —3a a/2V3 L
6 2 1 0 0 3a a/2V3 3¢
D? 7 1 0 1 0 a 0 0
8 1 T T 0 —3a 1\Ba 0
9 1 1 0 0 —3a —=V3a 0
10 1 0 1 0 —a 0 0
11 1 T 0 0 . 3a 33a 0
12 1 1 1 0 1a —3V3a 0
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Here a is the lattice constant in the basal plane,
and ¢ is the separation between two adjacent atom-
ic planes parallel to the basal plane.

B. Defect space

The 39-dimensional defect space D consists of
three invariant subspaces: D°, D!, and D?. Only
the atom at the origin labeled by » =0 belongs to
D° those labeled by n=1,2,..., 6 belong to D;
and those labeled by =1, 8, ..., 12 belong to D?.
Thus D° is of dimension 3 and D* and D? are of
dimension 18. Table I gives the relation between
the atom indices #, the site indices (Ix), and the
Cartesian coordinates x,(i%) of all the atoms in D.
We note that if the ratio ¢/a <v¥, as in the case
of Mg, Co, etc., atoms 1-6 are the first neigh-
bors and atoms 7-12 are the second neighbors;
while if ¢/a>vE, as in the case of Zn, Cd, etc.,
the role of the two groups of atoms are reversed.

C. Symmetry properties

The group § for the atom =0 is D,,, the group
of the trigonal prism. In Table II we list all the
elements of this group and relate our simplified
notation to the notations used in the literature to
facilitate comparison. In addition to the usual
requirements of space-group symmetry (i.e.,
translational and point-group symmetry), the fol-
lowing restrictions due to the particular Dg, space-
group structure are worth noting®:

¢(11,02)= ¢ (11, 02) = $(02, 11) 3.1)
and
¢ (11,01)= ¢ (12,02) = ¢ (02, 12), (3.2)

with similar relations for £

D. Matrices gand ¢

In obtaining the most general forms of the
Green’s-function and the force-constant matrices
for each shell, it is convenient to write the sym-
metric and antisymmetric parts of a general 3x3
matrix M as

S S, Ss 0 - Ay A
M=1S58 S +1 -A, 0 A
Sg S5 Ss -4, -A; 0

(3.3)
The effect of transforming M by means of the ro-
tation matrices 7#? (u,v=0,1,...,5) is denoted

TABLE II. Elements of the group Dg,. Here a=%w/3—,
b=%, G=—a, and b=—b.

Our Czachor’s Common Matrix operation (in-
notation notation® notation  ternational notation)

So 0 I x, Yy, =z
S 7% C3(2)  Bx+ay, ax+by, =z
S, T4 Cl(2)  Bxray, ax+by, =z
S; T Cy(1) bx+ay, ax+By, Z
S, 10 C,(2) %, Yy, Z
S5 T? Cy(3) bx+ay, ax+bdy, Z
Se T o %, y, Z
Sy 0% S5(2) bx+ay, ax+by, Z
Sg Al S§1 2) bx+ay, ax+by, Z
Sy i ay(1) bx+ay, ax+by, =z
S 13 a,(2) x, y, z
Sy 715 0,4(3) bx+ay, ax+by, =z

2Reference 6.

by
MW=TVM TH (3.4)

(where tilde denotes the transposed matrix).
Czachor® has given the expressions for all the
matrices M " (i.e., the “multiplication table”).
Using this multiplication table, the bond invariance
under the point-group operations, and Egs. (3.1)
and (3.2), we obtain the most general forms of the
matrices g and ¢. For our purpose the force
constants up to two neighbors and the Green’s
functions up to eight neighbors are needed. Let

us use the abbreviations

g(C, n)=gn),
£(01, 1k)=g (1x),

and let ﬁ(’) denote the Green’s function corres-
ponding to the pth shell (note that g© (01) is the
self-term). A similar notation will be used for .
Whenever a superscript appears outside the ma-
trix, it is to be understood that each of the ele-
ments of the matrix will depend on the super-
script. We shall list now the general forms of the
Green’s-function matrices up to eight shells of
neighbors:

©)
s 0 0\

0s o],
0 0 s,

£9(000,1)=
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g9 (100, 2) , The general forms of the matrices ¢ ® up to two
- . ® neighbors, in the notation of Iyengar et al.,” are
sl %‘/—3- (Sl - Sz) ‘/_3—55

a+x 0 0

= 1 - ’
= | 3V/3(S5-8;) 5 Ss $©%(000,1)=6| 0 a+x 0 |,
S bl
V3, S S 0 0 y+v
" S, 3V3(S,-S,) 0 | (A-p —V3u V30
g ®(100,1)=| 3V3(s,-S5,) S, 0 $9(100,2)=—| V31 A+p -0 |, (3.6
L 0 0 S, L-V38 -0 v
(0 4,0 ® and
W4, 00 ’ . [a-B V38 0 0 60
o 0 0 ' $#%100,1)=~| V38 a+B 0 || -5 0 0
L 0 0o v 0 00
Sl 0 0 (3)
Gy 5T It may be noted here that the shell numbering
g (210,2)=] 0 S, S; ’ (1,2) used here corresponds to the case when the
0 S, S, ¢/a ratio is less then the ideal value. If ¢/a is
greater than the ideal value, the shell labels 1 and
(s, 0 0@ 2 should be interchanged.
g“%001,1)= 0 S, © , IV. DEFECT MODEL
L0 0 S J We assume that the impurity has a mass defici-
— ~e) (3.5) ency AM with respect tothe host atom, and that the
. 518 Ss : only force constants which are laffected by the pres-
2°200,2)=| S, S, S, , v ence of the impurity are ¢(0,#) (z=1 to 12) and
= g_(n,n) (n=0 to 12). The elements of the matrix Ja
LS S5 S5 J are given below. We have
S, 0 0@ 100
g°(10,1) = 0 S, 0 , 51(0,0)= —w?AM| 0 1 0
' 0 0 S, 001
S, W3S, -8) S, 1™ Aa+ X 0 0
g_('l)&o]_’ 1)—%\[5(52 "Sl) S, ﬁss -6 0 Ao+ AN 0 s (4.1)
S, ﬁsﬁ S, 0 0 Ay + Av
3 : 61(0,7)=3¢(0,n)
V34,V - -
0 A, 34, =50(n,0) (n=1,2,...,12), (4.2)
- 0 A
* Ay 5 ’ 61 (n,n)=d¢(n,n)
V3A, -A B -
34, -4, 0 =-06¢(0,n) (n=1,2,...,12). (4.3)
S, V3(s,-5,) 0)® It is sufficient to give the general forms of 6(0, 6)
. 5 . and 0[(0,11) alone, since any other 8/(0,7) (n#0)
g (200,1) =] 2V3(S; -5, S, 0 can be obtained from one of these by an appropriate
.0 0 S, rotation. We have
0 A, 0 (8) AN~ AU —\/—3_A[J, LN
+| -4, 0 0 . 61(0,6)=| -V3Ap AN+Ap -Ac (4.4)

0 0 0 -V3ac0 - AC Ay
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and

[ sa-28 V3a8 0
50,11)=| V3aB Asa+aB 0 |. (4.5)
0 0 Ay

Although the matrix ¢(0,11) has an antisymmetric
part (i.e., the parameter ), the perturbation ma-
trix 0¢(0,11) cannot have an antisymmetric part
(i.e., A8=0). This follows from the sum rules

12 12

Z 0p(n,11)=0 and E 0¢(11,7)=0. (4.6)

n=0

The only nonvanishing terms in the above sums
correspond to =0 and 11. Hence we obtain

- 6¢(11,11)=0¢(0,11)=8¢(11,0)= 54(0,11).  (4.7)

V. APPLICATION OF GROUP THEORY

The procedure for obtaining the SAV’s and the
projected A* matrices (i.e., g°® and 87) has been
describeds.lready in Sec. IL” The characters
x™(S) (m=0,1,2) are listed in Table III. The char-
acters x5(S) may be found in Wilson et al.,® whose
notation for the IR’s we follow. We obtain the fol-
lowing decompositions:

I%D,,)=A} ®E’,
I'Y(D,,)=2A!DA!'©ALD2AL ®IE'®3E", (5.1)
I'*(D,,)=2A{©A!'®2A;DA} D4E'®2E",
and
(D) =4A! ©2A!' ®3A,®4A} O BE' ®5E"".

Making use of the character table of D,,, and the
representation matrices for the IR’s E’ and E’/
with respect to X which are given in Table IV, we
apply the projection operator technique and obtain
the complete orthonormal set of vector $ sadm which
are listed in Tables V-VII. It should be noted that
in Tables V-VII, the repetition index a is not la-
beled from 1 to c¢7, but in the following order, re-
spectively: 1 to ¢ for D% c2+1 to cd+c! for DY
and c2+ct+1 to c+ch+c2 for D2

TABLE II. Character table for the total representa-
tion T™and T.

S Sy 51,8y 85,54,85 Sg  S1,83  Sg9,510, 511
WO\ I 26,  3C, o, 25 30,

Xo(S) 3 0 -1 1 =2 1
x1(S) 18 0 0 0 0 2
X2(S) 18 0 0 6 0 0
xS 39 0 -1 7 =2 3

TABLE IV. Matrix elements E;,, (m,n=1,2) of the
group elements {S;} in the IR E’. Here a=3V3, b=3,
and the bars above a, b, and 1 denote negative signs.

So S1 Sy S3 S4 S5 Sg S; Sz Sy Sy Sy

Ey 1 5% » T » 1 % % b 1 b
Ely 0 a @ a 0 @ 0 a a@a a O a
Ey 0 @2 a a 0 @ 0 @ a a 0 a
Ejy 1 55 5 1 5 1 5 5 1 5

Omitting tedious details,® we list below the pro-
jected Green’s-function and perturbation matrices.

Since these matrices are symmetric, we do not

write down the elements of the lower triangles.

C, C, C; C,
D, D; D,
8(AY= 0, 0, |
P4
C AN=2A) =2A0 0 0
81(A7) = Av 0 0 ’
- Aa+2A8 0
Aa - 2A8
gan-[ B E] ou(AY) - [A“?‘A“ ° ]
L Q,J) Ay
F, F, F,
gA))= -3 R,-3V3S, —3R,-3V3S, |,
3V3R, -3S,
AN+ 2AU 0 0
0l(AL)= Aa-AB 348 |,
. Aa+AB

TABLE V. Symmetry-adapted vectors 3 normalized
to unity.

Atom s=Ay s=E’ s=E’
number A=1 A=1 A=2
n a=1 a=1 a=1
0 1 0
0 0 1
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= 2'3/2,
E”

E”

E'

V2.

E’

2-1/2

Ay

oi/2g, o
1

’
2

1

”
1

3 )(2-3/2’ f
1
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TABLE VI. Symmetry-adapted vectors '1175"“ normalized to 6. Here a=%‘/3_ , b=é, c

2"3/21/3", e

d=

oW o

© ©l%,

VI ©

= o

o ol

WO O

o ol

= oo

oIV ©

S O %

NN O

= o

o 8o

O O

IS o

E"”

E”

E’

”

2

1

A

TABLE VII. Symmetry-adapted vectors $**2 normalized to 6. The symbols @ to & have the
1

same meaning as in Table VII.

o o N

o oliw

o Ol

<o

s o

R o

(=]

I8

LS

o o

DN o

= v o

o w o

wo o

WLV

oI ©

s o

R 8o

E RS

oI o

o ol

o © %

o ©lIw

o ot

| oo

10

“ %o

180w ©

11

o © %

o ol

1o ©

VI ©

ol ©
oo

\WIOO

I8 o

o 8o

12
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AL A, Ay A,
gan=| % Sl
= H, H,
T,
6(Ay + Av) — w?AM 0 0 0
AN =2Ap =240 O
oUA")= av o |
Ay
(B, B, B, B, B,B, B, B, |
I, I, I, I, I, 1, I,
Jy Jy, dydy Jy dy
g(E")= K,K, K, K, K, ,
U, U, U, U,
Ve Vo Vs
W, W,
- X
(6(aa+aN) —wPAM O 0 0 0 0 0 0
AX+2au 0 0 0 0 0 0
AN-2Au 2a0 O 0 0 0
' av 0 0 0 0
OUE")= Aa-a8 -VIAB 0 0
Aa+AB 0 0
Aa-AB V3AB
- Aa+AB
~ -
L, L, L, L, L,
M, M, M, M,
g(E") =272 N N, Ny ,
-3Y,-3V3z, -3Y,-3V3Z,
_%ﬁys»rézs_‘
L
AN -2Ap —2a0 O 0 0
Ay 0 0.0
81 (E'") = AN+2Aap O 0O
Ay 0

Ay



The expressions for the symbols 4,,...,Z; in
terms of the Green’s-function parameters are given
in Appendix B.

Having obtained the projected forms of the ma-
trices g and 3/ it is trivial to calculate the ma-
trices g** and #* , and so we do not write down the
explicit expressions for these here.

VI. DISCUSSION

For an isotropic substitutional defect in a di-
atomic hep crystal (8¢ =0 in this case), the only
modes of vibrations in the defect space which are
affected (by the defect) are the A}’ and E’ modes.

The parameter v in the ¢ matrix is the bond-
bending force constant® and is usually much small-
er than the parameters @ and 8 which are mainly
dependent on the bond-stretching force constants.
If it is assumed that Ay <A« or AB and can be
neglected, then it can be seen that the IR’s A/’ and
E" do not contain any of the perturbation param-
eters corresponding to shell number 2. These
parameters refer to the first shell in those crystals
for which the c¢/a ratio is larger than the ideal val-
ue; hence, for these crystals, there is no contri-
bution to the matrix 6/ coming from the A!’ and
E’" modes. (This is true only in the nearest-neigh-
bor approximation.)

The results derived in this paper have a variety
of applications in the study of substitutional point
defects in hep crystals. Some.of these applica-
tions were mentioned in the Introduction. Per-
haps the simplest of all such applications is the
study of the static relaxation of atoms around a
vacancy. We have investigated this problem for
the case of magnesium, and our results are re-
ported in the companion paper.
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APPENDIX A
Proof of Eq.(2.9): Using Eq. (8.7.62) of Ref. 2,

the action of the matrix §(S) on the vector 7 is
given by
8,4 LK, Ik; SYTE™M1K)

= s“a(LK’ Ik, _SL)AaB(lK’ l’K')‘pga)s(l’Kl)

=8, (LK, Ik; S)A (1K, 1" k'")8,, (1" 'k"" , L'K"; S)

X sva(L IKI’ lIKI; §)¢§ax(l/,‘{)

s
= 3 ALK, LK™ (L'K")T3,(S)

A =1

fs
= 37 MM (LK)TE(S).

A=l
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In the second equality, use is made of the fact that
the 8’s are orthogonal matrices. On employing Eq.
(2.4) in the left-hand side, multiplying both sides
by the inverse matrix T¥,,,, and summing over A,
leads to Eq. (2.9) as required.

APPENDIX B

The expressions for the symbols A,...,Z; used
in writing the reduced Green’s-function matrices
are collected here for ready reference:

A, =5,0),
A,=2X61/25(1),
A,=625(1),
A =625(2),
B, =5,(0),
B,=3V3[-$,(1) +35,1)],
B,=3V3[35,(1) - 5,(1)],
B,=-2V35(1),
B,=3V35,(2),
B,=3[5,(2) - 5,(2)] - V34,(2),
B, =13[S,(2) +5,(2)]+2V3A(2),
By=3V3[-35,(2) +55,(2)] = 34,(2),
C,=5,(0)+5,(4) +3[S,(2) + 5,(7)]

-2[5x(2) + S,(1) ] - V3[4,(2) + 4,T)],
C,= - 2V35,(7) + 24,(T),
Cy=32V3[-5,(1) - S,(1) - 5,(3) + S,(3)

+5,(5) + S,(5) ]+ 2S(5),

C,=3[S,(3) +S,(5)]

+2[5,(1) + 5,(3) - 5,(5) ] - £S,(1),
D,=54(0) - S,(4) + 2[S,(2) - S4(7)],
Dy=V3[25,(1) + S5(3) + S5(5) ]+ S4(5),
D= - 25,(1) + S,(3) + S5(5) — V35,4(5),
E,=5,(0) - 5,(4) + 3[S,(2) - S,(7)]

O —E[8(2) - S,(M]=V3[A2) —A,M)],
E,= - V3[25,(1) - 5,(3) + S4(5) ] + S(5),
Fy=5,(0) +5,(4) + 3[S,(2) + S,(7)]

-3[8,(2) +8,(1]-V3[A,(2) +A,N)],
Fy=3[5,(1)+5,(3)+5,(5)]
- 2[S,(1) + 5,(3) = 5,(5)] - V35,(5),
Fy=3V3[-35,(1) + S,(1) +5,(3)
+5,(3) +5,(5) - 5,(5)] - S,(5),

o |
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G,=5,(0) - 5,(4) + 3[S,(2) - S,(N)]
-3[S,(2) - S,(N]-V3[A,(2) -A(M)],
G,=2V35,(7) —24,(7),
G,= —25,(1) + S4(3) + S4(5) + V3S4(5),
H,=5,(0) +5,(4) + 2[S5(2) + 54(7)],
H,=2[S,(1) +S4(3) + S4(5) ],
I,=1{5[5,(2) + 5,(7)] - 3[S,(2) + S,(N 1}
+[5,(0)+5,(4)]+2V3[A,(2) +A,(D],
T,=3[S,(2) + S,(2) + 5,(7) + S,(7) ]
-3V3[A,(2)+A,7)],
I,= - V354(7) - 344(7),
Io= —5[S,(1) +5,(3) ]+ 2[S,(1) + 5,(3)]
+3[S,(5) + 35,(5)] - V35,(5),
Ig=3V3[S,(1) = S,(1) - S,(3) = 5,(3)]
+2V3[S,(5) = S,(5)] - S4(5),
1,=Y3[S,(1) +35,(3)],
I,=3[S,(1) = S,(1) +S,(3)],
Jy=[S,(0)+S,(4)]
+3{5(8,(2) + S,(1) ] - 3[S,(2) + S,(D ]}
+3V3[A2)+A(D],
J,= = V3S,(1) +A4(T)
Jy=3[-5,(1) +5,(3) + 35,(1) + S,(3)],
J,=5V3{[S,(1) - S,(3)]+ 3[- S,(1) + S,(3)]},
J,=3V3[S,(1) + S,(3) + 25,(5) - S,(1)]+5,5),
Jy= =35,(3) +S,(1) + S,(5) + V3S,(5),
K, = —5,(0) — S,(7) + 54(2) + 54(4),
K,=3543),
K, =2V3S,(1) -3V35,(3),
K, = - V35,(1) +2S,(5),
K, = - Sy(1) - 5,(3) + 25,(5),
L, = —V25,(4) + 27%/2{5[S,(2) - S,(7)]
-3[5,(2) =5,(7]
+2V3[4,(2) ~A,M]},
L,=V2[A,7) =V3S,(1], '
L,=2"3/2x 3[5,(2) + 5,(2) = $,(7) = 5,(7)]
~- 2712 x V3[A(2) —A (D],
L= V2{[S(1) + 5,(5)] - £55(3) + V3S4(5)}.
L = = V2[S,(1) +S4(3) - 25,5)],

M,=V2[S,(0) — S4(2) + S,(4) - S,(T)],
M= —V2[344(7) +V3S,(7)],
M,=L,,
M=V8[S,(1) - 5,3)],
Ny=27%/2{_ 3[5,(2) - S,(7)]+5[S,(2) - $,(7)]
+2V3[5,(0) - 5,(4) +A,(2) —A(M)]}.
N, =3x272[25,(1) + S(3)],
Ny = = 27/2V35,(3) + 61/2[5,(1) - 5,(5)] + V25(5),
0,=5,(0) +2[S,(6) + S,(8)]
—3[S,(2) + 5,(6) + S,(8) ]+ 35,(2),
0,=A,(2)+A8),
P,=5,(0) +3[S,(6) - 5,(8)]
+3(5,(2) - 5,(6) + 5,(8)] - £5,(2),
Q,=54(0) — 5,(8) — 2[S4(2) - S,(6)],
R,= - 35,(0) — 4{s,(6) - 5,(8)
+3[5,(2) - S,(8) + 5,(8)] - 5S,(2)}
+3V3[A,(2)+A,(8)],
R,=13V35,(0) +£V3[S,(6) - 5,(8) +3[S,(2)
- 5,(6) +5,(8) - 55,(2)]
+3[A,(2)+A(8)],
S,= -V35,(0)
—5V3{5,(6) + 5,(8) - 3[S,(2) + S,(6) + 5,(8)]
+55,(2)}+3[A,(2) +A4,8)], |
Sy= —35,(0) — {5,(6) + S,(8)
—3[5,(2) +5,(6) +5,(8)]
+55,(2)} - 3V3[A,(2) +A,(8)],
T,=54(0) +S5(8) + 2[S4(2) + 55(6) ],
Uy =V2[85,(0) - 5,(2) + 95,(2)
+45,(6) +55,(8) —35,(8)]
+2X 612[A,(8) +A,(2)],
U,=612 % [~ S,(2) = S,(2) + 25,(6)
— 25,(6) +5,(8) —S,(8)],
+2V2[54,(2) —A4(5)],

U,=6'2[= 5,(2) + 35,(2) + 35,(6)
+35,(6) +45,(8)] - 6V24,(2).
U, =V3[35,(2) - S,(2) +5,(6)
+5,(6) —25,(8) +25,(8)]
+2X 612[A,(2) - 24,8)],
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Ve= fi[ssl(O) -9S,(2)- S,(2) +485,(6) Wy= 61/2[281(2) +25,(2) — 2S,(6) + 25,(6)
+35,(8) —55,(8)]-2x 61/2[A (2) +A(8)], +5,(8) +5,(8)]
V,=3V3[=5,(2) + 35,(2) — 5,(6) — S,(6) +2V2[A,(8) +44,(2)], ‘
+25,(8) - 25,(8)] Xy=V2[85,(0) - 85,(2) +45,(6) - 35,(8) +55,(8)]
+2x 6'2[4,(2) —24,(8)], +2X 61/2[24,(2) -A,(8)],
V=6 2]~ 35,(2) + S,(2) + 35,(6) Y, = 2"12[— 5,(0) + S4(2) + S(6) — S,(8)].
+35,(6) —4S,(8) ]+ 6V24,(2), Y,=V3Y,. '
W, =V2[85,(0) + 85,(2) + 45,(6) — 55,(8) + 35,(8)] Z,=2"2V3[- 5,(0) - 5,(2) +5,(6) + 54(8)],
+2X6'[A,(8) - 24,(2)], Z,=-_312z7,
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