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Abstract. The basic formulation of the EMA transport theory in disordered metals in the
muffin-tin potential model is further investigated. We decompose the vector waves, which
represent the vertex corrections, into longitudinal and transverse components. This leads us
to the reduction of the Bethe-Salpeter equations into the one-dimensional form analogous
to the case of the electronic structure calculations discussed previously by Huisman et al.
Although the transverse component makes no direct contribution to the conduction, there
exists a scattering mechanism that couples both components. Therefore the longitudinal
component must be determined self-consistently with the transverse one, and the latter is
thus shown to have a finite effect on the electron transport.

1. Introduction

In the previous paper of this series (Itoh et al 1989, hereafter referred to as I) we have
reformulated the EMA transport theory due to Roth and Singh (1982) in a tractable form
in the case of the muffin-tin potential model. By ‘tractable’ it is meant that the difficult
off-shell corrections are suitably integrated into the formalism in such a way that the
equations to be solved take practically the same form as that of the on-shell calculations
(see equations (3.26) and (3.27) in I). The mathematical structure of these equations is
very similar to that foundin the case of the density-of-states (Dos) calculations (equations
(3.13)-(3.16) in I), except that the former deals with vector quantities.

However, in applying the muffin-tin EMA to practical cases, whether to the Dos or to
transport, one encounters some technical problems. The first is that one must solve the
integral equations for matrices labelled by L = (I, m). The number of matrix elements
to be determined self-consistently becomes rather formidable when the higher-order
phase shifts are taken into account. Secondly, the integration in the equations is three-
dimensional. In the case of the DOS calculations the above problems have already been
solved by considering the symmetry properties of the scalar quantities due to the isotropy
of the system (Asano and Yonezawa 1980, Huisman et al 1981, hereafter referred to as
AY and HNSB, respectively). The integral equations have been reduced by these authors
to one-dimensional form. All the scalars in the new equations are labelled by three
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azimuthal quantum numbers /, I’ and [”, thus reducing the number of independent
elements.

In the present paper we re-examine the above idea and attempt to extend it to deal
with transport. The basic equations derived in the previous paper (equations (3.26) and
(3.27) in I) represent the propagation of vector waves, each component of which is a
matrix with respect to the indices L = (I, m). In this sense each component of a vector
has the same form as for a scalar; its symmetry property is, however, quite different
from that of the scalars and the simple expression for the latter by HNSM cannot be
applied directly. Nevertheless, as we shall see later, similar arguments are made possible
for each component of the vector if we decompose it into longitudinal and transverse
parts. The result is that the angular dependence of each component is separated from
the radial part and the integrationis reduced to one-dimensional form. Also the magnetic
quantum numbers m are eliminated from the labelling of the radial part. Thus the
transport theory developed in I is reduced to the level of the DOS calculations both
formally and technically.

At first sight it may appear that only the longitudinal component is the relevant
quantity, since the transverse component does not contribute to conduction. This is
indeed true as a whole, but the scattering amplitude between the longitudinal and
transverse waves is finite and the former can be determined only self-consistently with
the latter by the integral equations.

In order to proceed carefully we formulate the problem rather mathematically. In
section 2 we rederive the results for the scalars obtained by HNSB on a rigorous
background, emphasising the role of translational and rotational invariance of the
system. There a simple algebra is introduced of the scalar quantities labelled by three /-
values, with multiplication between them defined in a suitable way. This simplifies
writing down the equations to a great extent, without which the appearance of the
equations would become really formidable. Owing to this, our formalism becomes much
more transparent; in particular the reduced integral equations preserve the original
appearance. In section 3 we discuss the reduction of the vector quantities. Although the
method of separating the matrix into its radial and angular parts is different for each of
the three components, it is shown that in each case the radial part is labelled by three /-
values and obeys similar algebra to that discussed in section 2. The explicit forms of the
scattering kernels, which include the structure factor, are also given there. Although we
have 3 X 3 = 9 combinations for the kernels for each value of /, only four of them are
seen to be independent. The last section is devoted to some discussions.

We follow the notation used in I. Equations in I are quoted frequently. In that case
the letter I will be attached to the equation numbers. For example equation (1.1) in I is
quoted as (I1.1.1).

2. Representation of scalars

2.1. Symmetry considerations

As formulated by Roth (1975, 1980; see also I) the EMA equations are written in terms
of diagonal operators (g, n(R) and Q4(R)) and off-diagonal operators (G(R, R’) and
Q(R, R")). The former become a special case of the latter if the delta function §(R — R")
is attached. In fact Q(R, R’") is the sum of the diagonal part Q4(R, R")6(R — R’) and the
purely off-diagonal part.
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The translational invariance of the system allows for the relative coordinate rep-
resentation (1.3.1). The isotropy of the system is expressed in this representation as

M(p,p'; X) = M(Rp, Rp'; RX) (2.1)

where Rp, Rp’ and RX represent the relative position vectors p, p' and X in the
coordinate system rotated by the rotation & and M(p, p’; X) is the relative coordinate
representation of an arbitrary scalar operator M(R, R'). From the definition (I.3.3) the
matrix element of M(R, R’) is seen to be given by

ME (0,p") = [ 4X [ dp dp’ YL (R)ipPIM(p. '3 X)ji(9'P)YE (P 22

Now we seek the result of the restriction (2.1) on the element (2.2). This is easily seen
by applying the rotation to My in K-space and using the transformation property of the
spherical harmonics. The result is

MEE = 2 Dhn(R)ME Dl () 2.3)

where the matrix D(®R) is the Ith irreducible representation of the rotational group
corresponding to the rotation ®. In (2.3) we have also introduced the handy notations
L= (l,mm)and L' = (I', ') associated with L = (/, m) and L' = (I, m'); namely the
angular momenta with and without tilde have a common /-value. We follow this con-
vention hereafter. Note that the dependence on p and p’ is assumed for M on both sides
of (2.3), although it is not shown explicitly. Again we shall follow this hereafter. Of
course only the xk-dependence needs to be assumed when the matrix is on-shell.

A special case of (2.3) is of particular importance. We set the Euler angles «, 8 and
yof the rotation R = R(«, B, y)equalto o = @, 8 = 8,and y = 0, where 6, and ¢, are
the direction angles of the K-vector. Then (2.3) becomes

M- (p.p') = Z Dha(B)*ME (p, p')Dle (K) (2.4)

where D!, (K) is the representation of R(,, 8y, 0), the coordinate rotation that brings
the z axis to the direction of the K-vector. We shall call the coordinate system rotated
by R(@y, Oy, 0) the ‘K-system’ hereafter. According to the convention the unit vectors
along the x, y and z axes of the K-system are denoted by 6, &, and k respectively,
bearing in mind that they are normal to the surfaces of 8, = const, ¢, = constand K =
const, respectively. The importance of (2.4) is that M%* appearing on the RHs is
dependent only on K = |K|, since it is calculated in the K-system, and therefore it shows
that the angular dependence of the matrix elementin the original coordinatesis separated
from the radial part.
It has been claimed by AY that (2.4) is equivalent to the following form

MEE =2 CUI"l \mm'm') [Mg)EY 1o (K) (2.5)

where we have used the Wigner coefficient instead of the Gaunt number used in 1. The
above representation is more suitable for practical calculations because the radial part
[M(] is labelled by l-values only. It has also been used by HNSB. The EMA equations
indeed allow for the above forms of the solution, as we shall see later. However, it seems
to be dependent on the type of integral equation and (2.5) is not a general conclusion
derived directly from (2.4). In this connection we note that the last equationin AY in the
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appendix, which connects (2.4) and (2.5), is found to be erroneous. The point becomes
important in the next section.

The diagonal operator hasa very simple matrixrepresentation. Denoting an arbitrary
diagonal operator by My(R), its matrix representation is written as

Mé‘L/(P,P') =Mi16LL" (2.6)

That is, a diagonal operator is diagonal with respect to the L-indices and, furthermore,
the element is dependent only on /. The above result is obtained by asymmetry argument
only. Recalling that both Ms in equation (2.3) become independent of K for a diagonal
operator, the RHS of the same equation is seen to be independent of the Euler angles of
the rotation ®. We can then take the average over the Euler angles and, making use of
the orthogonal property of D/, equation (2.3) turns into (2.6). The property (2.6) has
already been used in I in deriving (1.3.13)~(1.3.16) from (1.2.1)-(I.2.4). It is also seen
to be a special case of (2.5) when [M]/ is independent of K and only the [" =0
component is non-zero:

(Ma]F = (47) 2 M58 6. (2.7)

2.2. Algebra for [M]¥% and the reduction of the EMA equation

Since we shall rely on the representation (2.5) rather than on (2.4), we must deal with
the quantities labelled by the three azimuthal numbers. We will therefore introduce a
new algebra for the ‘cubic matrices’ [Mx ]} in such a way that the relation between the
ordinary ’square matrices’ ML are properly mapped through (2.5). We use the same
alphabet for both quantities. When the indices are suppressed they are distinguished
only by K or K (a cubic matrix is dependent on K = |K| only).

First multiplication is examined. We show that the product between two square
matrices

MK= SK' TK (2.8(1)
is cast into the form
MK=SK®TK (Zgb)

by defining multiplication & by

CL+DCL+HC2L+1)
4

1/2
sc@Tdf = S ( ) wan v

142,03
x C(ly L 1"000) [k Tliy - (2.9)
Inthe above equation W(/ I, I’ I5; [;1")is the Racah coefficient. The equivalence between

(2.8a) and (2.8b) can be proved by substituting the representations (2.5) for Mg, Sk and
T in (2.8a) and then using the formula (see e.g. Rose 1957)

2 cll, l3|m m, m3)C(l5 lll'lms mym')C(l, 1 l”lmz my m")

mi,mz,m3
=[(2L + D)@ + D)WL I 1 1 IYCA N I'|mm' m"). (2.10)

Essentially the same result as (2.84) and (2.9) is used in HNSB. So far we have tacitly
assumed that the product of two square matrices of the form (2.5) can be written in the



Multiple-scattering theory of electron transport 2691

same form, i.e. the group of square matrices of the form (2.5) is closed with respect to
multiplication. In fact the formula (2.10) guarantees this important aspect. In other
words the group of cubic matrices [M ]/ has shown to be isomorphic to the group of
square matrices ML written in the form (2.5), under the multiplication (2.9).

The above definition of multiplication satisfies the associative law, i.e.

SK®(TK®UK)=(SK®TK)®UK' (211)

Although the direct proof of (2.11) is formidable, it is rather trivial if we note that both
sides of (2.11) are the mapping of the same quantity Sg(Tx + Ug) = (S - Tx)Ux. Itis also
trivial that the distributive law holds:

SK®(TK+UK)=SK®TK+SK®UK' (212)

The product between the diagonal and off-diagonal matrices becomes particularly
simple:

[Myx ® Myl = [Mg]F - My (2.13)
and
[Md® MK”{’I = Mé ) [MK]% (2-14)

which can be proved directly by using (2.7), (2.8b) and (2.9). We note in passing that
the unit element 7 for our multiplication is given by

[1F = (47) 28 6. (2.15)

We are now in a position to prove that the EMA equations (1.3.13)—(1.3.16) allow for
the solution of the form (2.5). In order to do so we first show that if a matrix Uy is of the
form (2.5), so is the following convolution:

My = f WK — K"\ Uy (2.164)
X
and that its mapped relation is given by
/ ac dK' Kr2 ) ' :
(M1 =f0 o) h'(K, K)[Ug]F (2.16b)
where
1
(K, K') = f d(cos O)h((K? + K'2 = 2KK’ cos 8)/2) Py(cos 6). 2.17)
-1

Equation (2.16b) is proved if we substitute the expression (2.5) for Uy in (2.16a) and
perform the angular integration in the K-system. In doing so, we make use of the
following relations:

Y (K') = 2 Dl (KY Y (R(@s 0k, 0) - K') = 2 Dby (K)*Y (6, ) (2.18)
where 6 and @ are the direction angles of K’ in the K-system, and

Y, (K) = [(2] + 1)/4n] "> D!y (K)*. (2.19)
It is essential that the function #(K — K') depends only on K, K’ and 6, i.e. that the
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system is isotropic. The above proofis not the simplest one but is instructive for the later
argument.

If the total correlation function A(K — K') is replaced by unity, then A’ (K, K') is
replaced by 26, 1in (2.16b). According to (2.5) there is no possibility that /” = 0 and yet
{ #I'; My defined by (2.16a) therefore becomes diagonal in that case:

Myd . =j Ug- (2.20q)
K
1 [(*dKK?
(- el 1l
My = i |y [Ukls- (2.20b)

We have derived all the necessary relations to map the EMA equations (1.3.13)-
(1.3.16) onto the cubic matrix space. By way of (2.8b), (2.16b) and (2.20b) they become

Ok =04+ 0u®GRQy (2.21)
S~ O i T dK k’2 " ] A S i
(Gl = [Bklr + 2m)? (K KNGy ®Qx @Gyl (2.22)
0
Qi=1+78nQ 04 (2.23)
1 (*dKK?* .
: (Gk ® Qk ® Bkl (2.24)

TEE7] Gay

where 7 and 7 are the diagonal cubic matrices, with M being replaced by 7’ and n’/
respectively in (2.7).

The EMA equations for the DOs calculation have thus been rewritten in terms of a
smaller number of elements. Finally we note that the number of independent elements
is further reduced by the selection rules for a scalar, i.e. [Mg]/ is non-zero only when
(i) + ! + I"is an even integer, and (ii) /, I and /" satisfy the triangular relation.

The first condition is proved by noting that the inhomogeneous terms satisfy this
condition, and that our definition (2.9) of multiplication preserves the same property
(whenl, + L+ ", I+ 1,+I3and 3+ [, + I' are all even, so is [ + [' + ["). The second
condition states that the three segments of length /, I’ and /" can form a triangle. It is also
satisfied because the Racah coefficient in (2.9) is non-zero only when [, I, 1", [;, I, and
[5 take the configuration of a tetrahedron.

3. Representation of vectors: the transport calculation

We proceed to the vector operators to discuss transport. As in the case of the scalars we
distinguish between the off-diagonal vectors (e.g. 3G(R, R')) and the diagonal vectors
(e.g. n(R)). Therefore Wy is off-diagonal and K4 is diagonal. The possible forms of the
matrices for these operators are also restricted by the isotropy of the system. We first
show that when an arbitrary off-diagonal vector I'(R, R') is decomposed as

Tx=k-Tk+6,-T§+ ¢, -TY (3.1)

where k, 6, and @, are defined in the last section, then each of the components
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Tk,T§ and 'Y is written in the form (2.4). We start from the expression (2.2) for a
vector:

T¥ (0.9 = [ dX expGK - X) [ dp a0’ Y. @)oo, '3 1)je (09I Y (P,

(3.2)
The isotropy of the system is such that
RL(p,p"; X) =T (Rp, Rp'; RX) (3.3)
and therefore, by rotating the K-vector in (3.2) by R, it becomes
Tk = 2 Dlm(®)  RLE - Dl (). (3.4)

By choosing again & = ¢, 8 = 8, and y = Ofor the Euler angles of rotation %, the above
equation can be written as

M5 = 3 Dhn(K)* - RA@ s, 04, 0) " - TE Do (K) 3-5)

where in the RHS I'4X’ is dependent on K = |K| only. Noting that R ™% = 6,, R~y = &,
and R4 = k, where £, y and Z are the unit vectors along x, y and z axes, we can identify
the x, y and z components of Iy with T'{,I'{ and F‘,L respectively. Therefore
I'},T'7and I'? in (3.1) become scalars in the sense of (2.4).

It does not, however, mean that these quantities can be written in the form of (2.5),
as pointed out in the last section. The precise forms of T'}, ' and I'7 are dependent on
the equations governing them and they can be found out only by trial and error. We
present the result here and then prove it.

It is best presented by choosing a different recombination of the transverse com-
ponents. We define two independent transverse unit vectors

£, = —(0, +1i¢,)/2 (3.6)
and
£ = +(6, —i6,)/2 (3.7)
and make the corresponding decomposition of a vector I'y
Ty=k TQ +6, T +6_-T). (3.8)

Then it is shown that our equations (I.3.26) and (I.3.27) allow for the following solution:

LWL = 3 C" I'lmm' m)[T® 1 Y4 (K) (3.9)
<

where u = 0, +1 or —1 and Y¥% (K) is defined by extending the relation (2.19):
Y4 (K) = [(2! + 1)/47]/2 D!, (K)*. (3.10)

That is, although each component of a vector I'y has the same symmetry as that of a
scalar (2.4), the simpler form (2.5) is allowed only for the longitudinal component
I =T} (note that Y¥ (K) = Y, (K) for u = 0). The representation (3.9) for u = +1is
incompatible with the form (2.5); the expansion in terms of the Y, (K) does not lead to
the labelling by /-values only.
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For a proof, we start by showing that if an arbitrary vector Vy has the expression
(3.8) and (3.9), so has the convolution

FK = j‘ h(K - K’)VK' (3.1161)
X
and that its components are given by
; *dK'K'? ’ ,
[Tl =2 f e (K KOV (3.11b)

with suitable kernel functions A/, (K, K') (u, v = 0, £1). The proof of the above state-
ment proceeds as follows. First we decompose Vi in (3.11a) into k, €, and £_ com-
ponents by using

k' =kcos 8+ &,[—(sinB)/V2]e ¥ + é_[+(sin 8)/V2] e? (3.12)
€, = k[+(sm 0)/V2] + é,.[(1 +cos 8)/2] e + é_[(1 — cos 0)/2] e'¢ (3.13)
¢! = k[—(sin 8)/V?2] + €. [(1 — cos 8)/2] e7i% + & _[(1 + cos H)/2] e*. (3.14)

Here £. = (0, * i, )/V2and 6 and ¢ are the direction angles of K’ in the K-system.
Note that the coefficients in (3.12)-(3.14) are the components of D', (¢, 8, 0) for [ =
1. By this procedure we obtain the expressions for T'{), T{” and ') in terms of
Vi, VE) and V). Next we perform the angular integrations of these equations in the
K-system, assuming that the expression (3.9) holds for V§. In doing so we recall that
the functions Y4 (K) have the same transformation property as (2.18); this is easily
derived from (3.10) by using the formula

D!y (K') = 2 Dl (K) Dy (R(@ 4, 04, 0) - K'). (3.15)
We also note that the rotational matrix is written as
D3, (K) = exp(—=im )d;m(01) (3.16)
with
ot = S LML )] 2
=M+ m—s)l(s +m—m)ls!
2] 2-m+m—2s el m—ri+2s
X (cos 5) (— sin 5) (3.17)

and therefore the ¢ integration is carried out separately. We thus obtain (3.115) with
the kernel functions being given by

(K, K') = f d(cos O)h((K? + K'? — 2KK' cos 6)?) d},(6)d., (6). (3.18)
The above function has the following symmetry properties:
h.,(K,K') =h,, (K, K" (3.19)
and
h', -, (K,K'")=h! (K ,K") (3.20)

which are derived from d',,(6) = (=1)*"#d.,(8) = d., _,(6).
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We have not considered the diagonal vector. It appears in the form

r,- f Ve (3.21a)
K
Since it is a special case of (3.11a) in which A(K — K') is replaced by unity, its decom-
position is readily obtained from (3.115) and (3.18). Only / = 1 components are non-
Vamshmg (d.,(6) forms a complete set for given u and v values) and we obtain
hto = hiy = ki 1,-1 5 hl—l,l = h[—1.—1 =46y and hf; = hf),—l =hyp = hl—x,o = —%6, for
the kernel functions. It therefore becomes

*dK K?

TP = =T = 6m3 Tt (VR - [V - VO (3.21b)
Note that I'y is decomposed into a sum of K-dependent components:
Ta=k-TOK)+ £, -THOK)+ é_-TTK) (3.22)
where
TY(E)L = CU" ! mm’ m") [T vE.(K). (3.23)
I

The first line of (3.21b) assures the K independence of the RHS of (3.22) after summation.

We still need to examine the product between a vector and a scalar. It is shown to
yield a vector in the same form. For this purpose we slightly extend the algebra in the
last section, which has been introduced to deal with the case u = 0 only, to the product
between square matrices with different pu-values. Let us call 4 the rank of a matrix. We
first show that the product between ranks ¢ and v yields a matrix of rank 4 + v. This is
readily confirmed by using the following formula:

QL+ D@+ 1))1/2
472" + 1)

X CUU "mm' m"YCAU I"|u ' u+ w)YET (K) (3.24)

YERYE () = S (

which is obtained by using the formula concerning the integration of the product of three
rotational matrices, and noting that the functions Y% (K) form a complete orthonormal
set for each value of u. By this we can see that the product of the square matrices

e =M Uy (3.25q)
is cast into the form
r¢ " =mMPeuy (3.25b)

where the multiplication & is extended as

((211 + 1)L+ 125 +1)
4

ME UL = 3

11,0213

X Cly L 1'luv w+ v)IME U (3.26)

1/2 '
) W(L, 1 L 1,17

In the EMA equations for transport we need only the case of y = 0, =1. This is because
the matrices of rank +1 are multiplied by rank —0 matrices only, so that no higher ranks
appear in the equations. In this respect the current vertex is rather special.
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By using equations (3.8), (3.9), (3.11), (3.21)~(3.23) and (3.25) we are now able to
rewrite (1.3.26) and (1.3.27) in terms of cubic matrices. Making use of the symmetry of
K, shown in (3.21b) it becomes

dK'K'? ) , )
WM =WEIE + 3 | S K K6 ® 0 ® W+ Wi

@0k ®Ch +Cp ®0p (WY + KO ® QL ®Gr]l  (3.27)

Kl = (Kt + 01 | o (W, ® 0k @ B
0
+ Gy R0k (Wr +K) R QK ®By]¥. (3.28)
Here in the second equation we have introduced
=WQ - wi - wg) (3.29)
and
=K - K{" - K{7) =3KQ. (3.30)

In the practical calculation we need only four kernel functions kb, k), A%, and A} _, for
each l-value, owing to the symmetry shown in (3.19) and (3.20). The inhomogeneous
terms W{ and K, are not to be confused with the longitudinal components
W and K, and given from (1.3.28) and (1.3.29) as

Wy _ wM
[WOK] JO (ZJT)Z

® U+ Qx ®Gi)IF (3.31)

hio(K, K[ + Gy ® Qk) Rfx @ap ®f

and

*dKK?
Kb =5, _—
[Koali " . Y

[+ G ®Qx)Bfk BTk Bf k®(I+ 0k ®B)]F. (3.32)

The necessary input quantities in the above equations are

Fx1¥ = (4m) (K, k)T (K) 18 61 (3.33)
el = (4m) 27! (k) "' (x, K)Sy B (3.34)
20+ 1)l 12 4 :
Bk = (%) cui 1'|000)—”(K—/KK)— (3.35)
and
, Q@I+ + NP 4]
(MY = (W> CUL11000) g A (3.36)

Here I is the unperturbed current vertex, which has longitudinal component only (so
that it is a rank-0 matrix).
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Equations (3.27)—(3.36), together with the kernel function (3.18), are the principal
results. The three-dimensional integral equations have thus been reduced to one-dimen-
sional form. After having solved (3.29) and (3.30) self-consistently, the vertex correction
is calculated by using the longitudinal component only:

2[+1) (*dK K? -
285 = ST [ T Mk @1 © 00 @ (WP + 1K) © 0k 97}
0

(3.37)

and this completes the solution to our problem.

4. Discussion

One of the remarkable features of the problem is that the transverse components are
non-vanishing and affect the conduction through the coupling with the longitudinal
component. This fact appears to be at variance with the following simple argument. The
two-particle Green function of the system is written in the form

(GK,K)G'(K',K)=F(K,K';0) = 2 Y, (K)Y{ (K')F/(K,K') (4.1)
L

where 0 is the angle between K and K’, because our system is isotropic. Then, by using
the first line of the above equation, we have

f R{(G(K,K)G'(K', K)) = Kf F(K, K'; 6) cos 6. 4.2)
K K

The key quantity for the transport calculation is therefore purely longitudinal and, no
doubt, soisthe vertex function. The answer to the above puzzle is that the same argument
cannot be applied to each component in the second line of (4.1). Namely the quantity

Yi(K) [ 4@ K VLK)

becomes proportional to K only when the summation over m is carried out. The spurious
transverse components of the vertex corrections have come out because we have adopted
the angular-momentum decomposition of the ionic momentum. This is the price we
must pay for having reduced the integral equations to one-dimensional form. It is also
related to the existence of the diagonal vertex corrections, which are independent of K-
vector and therefore inevitably have transverse amplitudes. Indeed, if the system has
only s scatterers, we have only one component (/ = 0 and m = 0) and our vertex function
Wy becomes purely longitudinal. The diagonal vertex function K is then shown to
disappeatr.

In our representation in terms of cubic matrices the scattering amplitudes between
the longitudinal and transverse waves appear to be symmetric. However, it implies
neither W) = Wi nor |[WQ| = [W§)|. Note that we have not defined the cubic
matrices in asymmetric way with respect to the positive and negative ranks. In particular,
we need a different definition of multiplication for a different combination of the ranks.
For the same reason the first selection rule discussed in section 2 for scalars does not
hold in the case of vectors, whereas the second rule is still valid for vectors. This
asymmetry of the definition is unavoidable; or the magnetic quantum numbers would
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be included in the labelling. Nevertheless we find the introduction of our multiplication
very useful, without which our equations would have had tremendous length. The
original forms of the EMA equations are most clearly seen by using the notation ®, both
for the DOs and the transport calculations. It will also serve as a useful tool for simpler
computer programming.

We have applied the present formalism to a system with s scatterers to see the
multiple-scattering corrections to the Ziman formula. The corrections are seen to be
very large when the scattering is strong (Fresard et al 1989). We further plan to include
higher-order phase shifts to deal with realistic non-simple systems.
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