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Abstraet. A formalism is derived for describing both magnetic correfations and atomic short-
range order (AsRO) in the paramagnetic state of a magnetic alloy. It is based on a ‘frst-
principles’, finite-temperature, electronic density-functional, mean-field grand potential of the
random alloy in which the thermally induced spin fluctuations are modelled in terms of ‘local
moments'. For proper comparison, calculations based on this work should be tested against data
from experiments on samples at ‘high temperature’ (either in site or rapidly quenched). The
calculated ASRO can be compared to any atomic diffuse-scattering data, whereas the calculated
magnetic correlations must be compared to polarized-neutron diffuse-scattering data.

1. Introduction

Over the past decade or so, the problem of the nature of the paramagnetic state of itinerant
magnetic metals has been solved to some extent, at least in principle [2]. A picture of
itinerant electrons moving in the fields set up by spin fluctuations whose orientational
degrees of freedom slowly vary has proved useful. This arises from the assumption that, on
a time scale, 7, long compared to an electronic ‘hopping’ time, the spins of the electrons
are sufficiently correlated to leave the magnetization (averaged over this time T and over a
unit cell in the crystal lattice) non-zero. The orientations of these iocal magnetizations, {£;},
vary slowly while their magnitudes fluctuate rapidly on the time scale 7. The magnitude of
the average magnetization on a site k is defined as the local moment, u; = p:({&}), and it
changes with the orientational configuration. Whilst this basic scenario is broadly accepted
to be capable of providing an adequate description of many metal magnets at elevated
temperatures, an assessment of the severity of the neglect of the dynamical effects of the spin
fluctuations, an aspect emphasized by several people [3-5], has not been made. Assuming,
however, the validity of this static ‘local-moment’ description of the paramagnetic state of
itinerant magnets, there remains a long-standing controversy concerning which orientational
configurations of the moments are the most important. To date most work on this issue has
focused on the pure 3d transition-metal magnets so in this article we bring the discussion
around to alloys where the scope for testing the various models of the paramagnetic state
is much greater.

The various approaches can be roughly partitioned into two. Firstly, there is the picture
of the ‘fluctuating-local-band’ (FLB) theory [6]} of a large amount of short-range magnetic
order even in the paramagnetic phase. This consists of large spatial regions in which the
local moments are nearly aligned, i.e. where the orientations vary gradually. In these regions
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conventional Stoner theory can be applied and perturbations to it made. The quasi-elastic,
neutron-scattering experiments of Ziebeck et al [7], later confirmed by Shirane er af [8], are
given a simple though not uncontrovessial [9] interpretation by this picture. In the case of
inelastic neutron scattering, however, even the basic observations are controversial, let alone
their interpretation in terms of ‘spin waves above T’ that may feature in such a model. In
the FLB model, it is difficult to carry out “first-principles’ calculations in which both the
magnetic and electronic structures are mutually consistent and consequently to examine the
full implications of the model and to improve it systematically.

The second type of approach refers to ‘disordered local moments’ (bLM) [9-11] and
here the local moments are commonly thought to fluctuate fairly independently. This
picture was first set up by assuming a Hubbard Hamiltonian, transforming the partition
function Z for the system of interacting electrons into a functional integral over fluctuating
fields to which non-interacting electrons are coupled and making static and single-site
approximations. Hasegawa has extended this framework to alloys [12). Gyorffy e al
[13] set up a ‘first-principles’ theory based on a generalization of spin-density-functional
(SDF} theory which incorporated the effects of orientational spin fluctuations. A scheme for
carrying out calculations consistent with a DLM picture was described and results given for
iron and nickel [14, 15]. The DLM approach was described as a mean-field theory and it
was shown how, in principle, it can be improved systematically.

A scenario in between these two limiting cases has been proposed by Heine and Joynt
[16] and Samson [17]. They too were guided by the apparent substantial magnetic SRO
above T in Fe and Ni deduced from neutron-scattering data and they emphasize how the
orientational magnetic disorder involves a balance in the free energy between energy and
entropy. This balance is delicate and requires a consistency to be maintained between
the magnetic and electronic structures. Heine and Joynt show that it is possible for the
system to disorder on a coarser than atomic length scale. Luchini and Heine [i8], however,
determined effective ‘local-moment’ interactions for BCC Fe from the basis of full spd tight-
binding calculations for various random orientational configurations. Self-consistency with
respect to the sizes of the local moments was not sought. The interactions, including many-
atom interactions, were used to fit a Hamiltonian for a Monte Carlo simulation by Chana et
al [19] who concluded that the large $RO inferred from quasi-elastic neutron-scattering data
[7] could not be explained by electronic-structure calculations based on static orientational
configurations.

In the light of some of these issues, we describe an extension of the ‘first-principles’ DLM
work to compositionally disordered alloys in this paper and we also detail how the atomic
short-range order (ASRO) can be affected by the magnetic fluctuations so that measurements
of x-ray and the nuclear component of neutron scattering can be used to test not only the
ASRO deduced from the theory but also the description of the paramagnetic state of these
alloys itself.

Earlier work [13-15] in which the DLM picture was implemented presented results of
explicit calculations for BCC iron of the magnitudes of the Jocal moments, {u;{&:})s =
wié:) = i = 1.91up where the partial average {u;{€,})s. means the average over all
configurations with the specific orientation &; at the site i. T was estimated o be 1280 K and
the uniform paramagnetic susceptibility followed a Curie—Weiss behaviour [20]. A ‘local
exchange splitting’ was predicted for the underlying electronic structure of the paramagnetic
phase confirmed to some extent by experiment. While all these theoretical results compared
favourably with experimental measurements, for nickel, 7 was found to be zero and the
theory reduced to the conventional Stoner model with all its shortcomings including a
Curie temperature of ~ 3000 K. As noted by Sandratskii and Kubler [21] and others, the
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magnitudes of the ‘local moments’ in Ni depend strongly upon the the orientations of their
surrounding moments and so a mean-field average provided by the DLM approach of this
quantity turns out to be zero.

Recently [22] the ‘first-principles’ theory has been improved substantially by
incorporating the idea of Onsager cavity fields to deal with the effects of correlations
between the local moments in an approximate way. T for iron is now estimated at 1015 K
{experimental value 1040 K} and the spin comeiation length as a function of temperature
extracted from the wave-vector-dependent susceptibility compares well with the values
quoted by Shirane ez @/ [8] from an interpretation of the neutron-scattering data. The
description of the paramagnetic state of Ni also fits in with similar data and, moreover, the
estimated Curie temperature is now 450 K and in fair agreement with the experimental value
of 660 K. The uniformn susceptibility also follows a Curie-Weiss behaviour in agreement
with experiment, a feature which had been lacking hitherto.

In summary, the application of the theory to the paramagnetic state of iron and nickel
found that iron can be related superficially to a Heisenberg model whereas nickel can be
analysed in terms of traditional Stoner theory, although the magnetic fluctuations have
drastically renormalized the exchange interaction and lowered 7.. This relative success
has prompted the extension described in this paper to compositionally disordered alloys.
The expectation is that this theoretical treatment should enable a reasonable ‘first-pass’
description of their paramagnetic states to be made.

In the next section, we describe our theory for the paramagnetic state of compositionally
disordered alloys, in which the magnetic fluctuations are modelled in terms of slowly varying
ocrientational ‘transverse’ components whose sizes vary on the faster time scale and depend
upon the orientational environment. A theory for the wave-vector-dependent susceptibility
is presented and related to the magnetic correlations inherent in the paramagnetic phase. An
analysis of the sorts of effect that might be encountered by this approach in various transition
metal alloys is given. The following section sets out the theory for the compositional
correlations and therefore atomic short-range order in these alloys. In a companion paper,
II {1], we describe the first application of the formalism. Explicit calculations are presented
for Mn)sCugs, which forms a ‘spin glass’ at low temperatures. The final section draws
some conclusions from the work as a whole.

2. Magnetic correlations in the paramagnetic state of alloys

In this section we present the details of our theory for describing the growth of magnoetic
correlations in an alloy as it is cooled from high temperatures. The alloy is assumed to
be uniformly compositionally disordered throughout—in other words the rate of cooling
is sufficiently fast that little atomic diffusion can take place. We consider a binary alloy,
ABi—., where ¢ describes the concentration of the A species when averaging over all
possibie arrangements of A and B atoms. The basic physical insight underlying much recent
work on metallic magnetism and described in the introduction assumes that it is possible to
identify fast and slow motions in the interacting electron system. Let us consider a particular
distribution of nuclei on the lattice {£;}, where & = 1 (or 0) if site { in the lattice is occupied
by an A (or B) atom. On a time scale, 7, long in comparison with the electronic hopping
time (/W =~ 1073 5, where W represents a relevant band width) but short when compared
with an appropriate ‘spin fluctation’ time (%/wgr =~ 10713 s, where wgr characterizes a
typical spin fluctuation frequency), the correlation between spin orientations of electrons
leaving a site set up a finite magnetization, M (r;, {£]), if this quantity is averaged over
the time t. The orientations of these ‘local moments’ vary slowly on this time scale.
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The many-electron system, while ergodic, is assumed not to cover its phase space
uniformly in time and can be imagined as being restricted for long times T near points
in its phase space which can be labelled by particular orientational arrangements of the
local moments and then moving rapidly to another point in phase space. Each orientational
arrangement of this alloy with a compositional structure labelled by {£;} can be annotated
by the set of unit vectors {€;} picking out the orientations of the local moments,

()

& = fv M (6 / ! fv i M 6

where V; s the volume of the ith vnit cell, and »;, = r; — R; and R, is a lattice vector.
A generalization of the spin-density-functional theory [13] provides a short time (& )
description of the system labelled by {€;} in terms of a ‘generalized’ grand potential
Q({&:], {&:}) which is followed by a prescription for the corresponding time evolution of
the system in the reduced phase space of such configurations.

By generalizing the finite-temperature SDF theory [13,23] one can write down formally
that Q({&}, {€;}) is obtained as a resuit of a functional minimization of the grand-potential
functional

lp(ry M@ = [ arveiir, e+ 5 [ [ arar 2020

Ir— |
+ Lilo, M- T S[p, M] + Sxe[p, M} (2)

with T; and §; being respectively the kinetic energy and entropy of a system of non-
interacting electrons with deasities o(r) and M () af a temperatare 7. V<*({£;]) describes
the particular arrangement of nuclei under study. As is well known, this functional
minimization can be achieved from the solution of appropriate single-electron Kohn—
Sham equations. The functional minimization in this problem, where the slowly varying
spin fluctuations have been separated out, is carried out subject to the constraint that the
magnetization on every site is orientated consistently with {&;}, i.e. fv. dr; M (ri, (&) x &
= 0. By incorporating Lagrange multipliers, the minimization closely follows conventional
SDF theory.,

The long-time averages appropriate to the second stage of the scheme can be evaluated
by taking averages over the ensemble of orientational configurations {&;} with measure

P&}, (&) = expl—BR(1&:}. {&:1)] / T1 f dé, exp[—BR (&), (€] (3)
i

The free energy is found from Fl&} = —(1/8)In l_ljfdéj exp(—BR2 (&), {€;1). The
role of a classical ‘spin’ (local-moment) Hamiltonian, aibeit a highly complicated one,
is played by ${(},{€;}). By choosing a suitable reference ‘spin’ Hamiltonian, £ =
¥ wi(é;) and expanding about it using the Feynman-Peierl-Boguliubov inequality [24],
an approximation to the free energy is obtained and a mean-field theory constructed. The
Feynman—Peierl-Boguliubov inequality is given by F < Fp + (82 — £20)° = F with Fp =
—(1/B) InT]; [ dé&; exp(—BS%), and, for any quantity X,

e =T] f dé; Po(lENX (e, @

Here, w;(€}) is given by (Q({&}, {€.)))z- in which the orientations of the local moments
on all the sites (apart from site i) are averaged over. On site {, the moment is constrained to
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point along €;. Details have been discussed elsewhere [13] for the case of pure metals. In
principle, this analysis should be repeated for every configuration of nuclei {£;} and suitable
averages made, consistent with the requirement that, for the high-temperature disordered
state, sites are occupied by A nuclei with probability ¢ and the remainder by B with
probability (1 — ¢).

Here, in order to construct a tractable scheme, the coherent potential approximation (CPA)
[25], is used to average the electronic motion over both the ‘local-moment’ orientations and
the compositional configurations. This provides a single-site averaging scheme for (4). We
assume that each site is randomly cccupied by A or B nuclei such that a fraction ¢ of the
sites are occupied by A nuclei. But in the event that a particular site  is occupied by an A
nucleus, it has a chance

P, A(&) = exp(—B(QUEHEN 6. A Y f dé; exp(—B{R2(1&}, (&} ga) (5}

o=A,B

of its local moment pointing along é,(P@([él}) = H,[PJ‘,A(éi) + Pe.B(én)]) c =
€ Pa(é&) and (1 —¢) = [dé& P p(&). An inhomogeneous version of the CPA is
required in that the effective CPA medium can be different from site to site reflecting
the inhomogeneous probability distribution P; 4 g)(€;) [26,27]. Now the solution to the
Kohn-Sham equations can be written down in terms of an effective single-electron Green
function accessible from the self-consistent-field, Korringa-Kohn—Rostoker, electronic-
multiple-scattering theory in combination with the coherent potential approximation (SCF—
KKR—CPA) [28,29], This approach was designed originally for non-magnetic, binary alloys
but here we use a generalization so that the orientational arrangements of the local moments
are also averaged over. It follows that we have charge and magnetization densities
apportioned to each site

1
Pra(ris &) = =~ [ de fle = v TH(G(ri, s )} o ©®

- 1 " - -
Mia(r,, &) = ~—Im f de fle — v)8; Trlo - G, 743 €))s ot = 1.0 (616 %

where & denotes whether an A or B atom is located on that site. v, is the electronic chemical
potential, G represents a Kohn—Sham Green function expressed as a 2 x 2 matrix, and & is
the usuat set of Pauli’s spin matrices.

At temperatures well in excess of any magnetic ordering temperature Tg, there is an
equal chance of a moment being orientated in any given direction on a site i (therefore,
P,"A(é,‘) = C/4J'I’, P;.B(éi) = (1 - C)/4JT and Hi A (3)(@,') = [LA (]3)) and so there is zero
magnetization overall, i.e.

M, = f E(PA@HIA@) + (1 — (@) 8, = 7 f &i(cPa+ (1 — O)in) d&; = 0.
®

Nonetheless, local moments f15 and fiz and therefore “local exchange splitting’ can exist in
this paramagnetic state [13]. The SCP-KXR—CPA methodology delivers a description of this
paramagnetic, disordered-local-moment (DLM} state of alloys. The local exchange splitting
can introduce important features in the electronic structure of these alloys which would not
be present in a conventional Stoner-type description of their paramagnetic state [15,30].
Experimental probes of the elecironic structure can therefore be used to test the validity of
this DLM model of the important spin fluctuations in the paramagnetic state.
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The formal representation of the charge and magnetization densities (equations (6) and
(7)) within multiple-scattering formalism of the SCP-KKR—CPA method is described briefly
in appendix A, which uses the notation of Faulkner and Stocks [31]. We refer the reader to
this appendix for particular details. This approach connects the properties of the underlying
electronic structure o those of the macroscopic system and allows us to require only the
atomic numbers of the constituents of the alloy as input into our subsequent calculations,

Accepting that we can calculate the Green function of equations (6) and (73, we now
move on to our main focus of magnetic correlations. This is based on a theory for the
paramagnetic, static, spin susceptibility of the system, x{g, T), in which the response of
the system to a small, inhomogeneous magnetic field is considered. The technical details are
a generalization to those used to derive an expression for the paramagnetic susceptibility
of a pure metal which have been described fully elsewhere [15,22]. A small magnetic
field {&;} is applied to the paramagnetic system. This induces small deviations {82 4 (€;)},
{8P:. (&)} from the equilibrium single-site distribution functions P A(e;) c/drx and
P,-(_’B(é,-) = (1 — ¢)/4m and to the sizes of the local moments {8y, 4}, {61t;8). As a
consequence, the local magnetization, M;, after averaging over nuclear configurations may
be written as

¢ 5 A ~ 1 —C ~ " - _ N . .
=$f6f5ﬂ'i.A(ei)dE;+ ( = )fefa#i'A(ef)de‘+"“A[Gf5P,-A(e,-)de;

+ (= ois [ esPPE) e
= cphia+ (1 = ptip + i amya + finM, e (9}
and correspondingly the susceptibility, x;; = 3 M, /9h{™, takes the form

Xij = cXfa + (1 —Oxhi s +exfa + {1~ O s = Xxi; + XJ- (10}

Evidently the first two terms in equation (10) describe how the magnitude of the local
moments responds to external field, whereas the third and fourth terms describes how they
tend to align with the field.

The derivation follows that of Staunton and Gyorffy [22] who incorporated the ideas
of Onsager cavity fields [33] into a ﬁrst—prmmpies theory for the paramagnetlc phases of
magnetic metals sach that those changes (i.e., {r![u,J A} {Sp.f,% {,u,,\ém 41, and {,ugam(‘) 3]
that are derived from M; (the induced magnetization at site ) and which ccmtrlbute
to the setting up of this magnetization, are subtracted out. In other words, corrections
are introduced that are still compatible with the single-site mode] and averaging. As a
consequence, the CPA medium (characterized by the single-site scattering matrices, {t. ;},
given in appendix A) is altered by the applied magnetic field and the induced inhomogeneous
magnetization (i.e. i:'I a7+ &t jo'z) in such a way that these CPA adjustments, {5!']},
contributing to M, at a site i also do not contain a component which is directly produced
by M;. In this fashion, the treatment of the electronic structure and the description of the
spin fluctuations are compatible with each other.

From equations (5) and (7), expressions for the components pt; ,(€;) and m, , can be
written down (with o either the A or B species) in the following form:

Big = Y _[Viea(ma —dmiy) + yiing(m; s — dmi})
J#i

i Qa0 - vEa s — Sl + Y ) (11)
J
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Mo = o Z[(JU aA(mf.n‘\ ~&m (‘} ) +J, i, aB (m;p — (:) )
J#z

+ Ay — S + I (s — SN + = g FRah}. (12)

In F.he above cquations the lattice Fourier transform of the quantities J{’r‘zﬁ, J:; p> V, JYPN
yu o and Xu » are specified completely in terms of the muliiple-scattering formalism
in appendix B and are accessible from our SCE-KKR-CPA calculations performed for the
compositionally disordered, paramagnetic state.

To complete the derivation, followmg Staunton and Gyorffy [22], we suppose that the

-1 (:) = -1

Onsager corrections are given by SJLJ « = XjiaXs Mi and dm;y = XjiaXi: Mi. As aresult,
and after a lattice Fourier transform, we obtain the followmg kcy set of equations:

X24@) = [Via (@) — eA¥Ixh (@) + [vi5 (@) — (1 — A% Xk (g)

+ ¥ (@) — Ba AR @) A + [Vie (@) ~ BsALIXE(@)/ s + x2(g)
(13)

Xa (@) = }Beuftalfia + [l (q) — cAZIXA (@) + [3H (@) — (1 — AT IXE (D)
+ [ aa (@) — RaAg IXaA(@)/ Bia + L7y (@) — By IxE (@)/fip + Bu(g)).
(14)
The total wave-vector-dependent susceptibility, x(q), is given from (10} by the sum of the

four terms X' (@), X5(@), x5 (g), and xT(g). The Onsager cavity cormrections A% and AT
are given by

Al =7 f Ag [Yan (XA (@) + Y @DXE (@) + vin (@xm(@)/ Ba + vig (DXE @)/ fis]
(15)

=X f dg [Joa (@OXA@ + Top (@X5(D + Ton (@DXA (@) /Ba+ I (@XE (9)/ ]
(16)

and thus complete the description of the high-temperature susceptibility in terms of the
electronic properties,

In the paramagnetic phase of a ferromagnetic alloy, (g} is largest at small wave-vectors,
ie. |[gl >~ 0, which is compatible with ferromagnetic correlations. On the other hand, an
alloy with x{g) peaking at finite values of |g| has anti-ferromagnetic-type correlations which
may lead to an anti-ferromagnetically ordered state at lower temperatures. The magnetic
transition temperature T, is that temperature at which x(q) diverges.

To illustrate the physical meaning of the above equations we consider some interesting
limiting cases. In the limit of ¢ = 1, i.e. a pure metal, we obtain the results of Staunton
and Gyorffy [22], where

1BAli + (J™(g) — A™)X™(q) + S(q)]
(1 - 2 B(Jmm(g) — fAM))

[y*™(q) = BAFIX™(Q)/it + X°(q)
(1 —=[¥*2(g) — A#])

xX"q) = (17)

x*(q) = (18)
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For a rigid-local moment system, Fe being a fairly good example of such a system,
x(@) =~ x™(g) and J™(g), y*"(q), y**(q) and x%(g) are all small. Equation (17)
then has the form of a classical Heisenberg model within the spherical approximation,
with ‘spins’ of magnitude ji. On the other hand, in a system such as Ni, where no ‘local
moment’ is set up on the average in the paramagnetic phase, it =0 and J™"(g), J™(q), and
y**(q) also vanish and x™(g) = 0. As such, x(g) = x*(g) = xH(@)/[1 — y**(q) + A¥]
with A# = (%)~ [ dg y##(g)x*(g). Note that x{(g)} is a product of Stoner exchange—
cotrelation term and a Pauli susceptibility x°(q). The susceptibility evidently describes an
enhanced Stoner paramagnet where the exchange—correlation effects have been renormalized
by the spin fluctuations. The paramagnetic phases of weak itinerant ferromagnets have been
described in this form by other approaches [3-5].

For an allay, i.e. ¢ # 0, in which neither alloying species has a local moment (Ni Pt;._,
may be such an example of an alloy system), our expression for the total susceptibility
becomes essentially a generalization of that for a Stoner paramaﬂnet to alloys. Here, the
quantities J'g, J"' £, 8, and y s all vanish and x(g) = xh(q) + xB(q) A third case
refers to those alloys in which uA # 0 and jip = 0 with the B species showing little
response to magnetic field, The magnetic response is almost entirely provided by the A
moments altering their orientations so that the susceptibility has the form of that of a
classical Heisenberg model in which a fraction ¢ of the sites are occupied by A ‘spins’.
The quantity J7"(g) represents the lattice Fourier transform of J i 4 Which describes the
‘exchange’ interaction between two A atoms occupying site § and J averaged over the
compositional configurations in the A, B;_. alloy. Examples are Mn,Cu;j_. alloys. In the
low-Mn-concentration region (¢ < 0.25) the local moments are set up almost entirely on
the Mn sites while the Cu host (as we shall see in the companion paper II [1]) plays an
important intermediary role. The Mn moments vary in both magnitude and orientation and
interact with each other via the Cu host. The nature of these interactions is at least to some
extent responsible for the ‘spin-glass’ behaviour of Mn,Cuy_, alloys at low temperatures.

Another class of alloy is constituted of two atomic species which both respond strongly
to the magnetic field although local moments establish themselves only on lattice sites
associated with one of the species, the A species say. Nickel-rich Fcc Fe Ni,_, and iron-
rich BCC Fe.V;_. alloys may be examples of this type. Here, with B referring to Ni, J§§",
T, JEE, Tens Jan s D, yap and ygp are all zero. Finally, in alloys with non-zero
moments on both A and B sites, e.g. Fe,Coj_, alloys, we have a mixture of all effects,

3. Compositional correlations in alloys and their dependence on the nature of the
paramagnctic state

Over the past few years, progress has been made in describing trends in phase diagrams
of alloys from detailed models of their electronic structure [34-39]. In the compositionally
disardered state at high temperatures, the compositional correlations often act as precursors
to the type of ordered alloy that forms as the alloy is cooled. The framework of concentration
waves [26,27,40] is ideal for the purpose of describing these correlations. In two recent
papers [41,42], the details of a theory were provided for the compositional correlations
based on the electronic structure of the high-temperature random state using the SCF—KKXR~
CPA. The calculated chemical susceptibility, or(g), (which is the lattice Fourier transform of
the compositional correlation function ;;, or Warren—Cowley short-range order parameters),
can be compared with diffuse x-ray and neutron-scattering data. A tendency for the alloy to
phase segregrate at low temperatures is indicated by « (g} peaking at g = (0, 0, 0), whereas
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alloys which tend to order are characterized by «(g) having maximum values at a finite
g. The particolar wave-vector specifies the appropriate concentration wave which describes
the corresponding ordered structure which is likely to form at lower temperatures,

A strength of this work is that the statistical mechanics of the compositional fluctuations
are dealt with within a ‘mean-field’ approximation which is consistent with the mean-field
description of the electronic structure calculated within the inhomogeneous CPA [27,43],
Both aspects are improved by incorporating Onsager cavity fields once again. This ensures
that the diffuse intensity is conserved over the Brillouin zone, atypical of most mean-
field theories; hence, with this description, the diagonal part of the fluctuation-dissipation
theorem is obeyed. Although the theory described in [41, 42] includes both ‘band-filling’ and
‘charge-rearrangement’ effects, such as “charge transfer’, resulting from the so-called double-
counting contributions to the energetics, the effects of spin fluctuations were neglected. In
this section, therefore, we present a generalization to this approach and demonstrate how
the compositional ordering tendencies in the paramagnetic alloy can be affected by the
presence of spin fluoctuations. If the spin fluctuations are to be modelled in terms of *local
moments”, as discussed in the last section, a local exchange splitting is introduced into
the paramagnetic electronic structure which may have a profound effect upon the nature
of the compositional correlations exhibited by the alloy above any compositional transition
temperature. This provokes a novel suggestion for an experimental test of the models of
the paramagnetic state in multi-component metallic systems. We propose that diffuse x-ray
and neutron-scattering measurements of the atomic short-range order (ASRO) in alloys be
used to test the DLM picture of the paramagnetic state ajongside similar scrutinies of other
models of the paramagnetic state.

As far as possible, we shall follow the notation of Staunton et @/ and Johnson et al
{41, 42) which provide the details of our theory for the compositional correlation function
of non-magnetic alloys. Our starting point is the separation of electronic and chemical
degrees of freedom. The electronic motion (including the spin fluctuations generated by
the many interacting electrons which are particulariy relevant here} happens on a time
scale > 10712 s, which is vastly different from the times typically taken for atoms to diffuse
(seconds to years). It is therefore useful to describe any alloy configuration (whether ordered
or disordered) in terms of Ising-like, site-occupation variables, {£;}, previously defined. The
thermodynamic average of &, i.e. (&)}, is then the probability of an A atom being found
at that site, or the average concentration ¢;. For a homogeneously disordered alloy at
high temperatures, ¢; = ¢ for all sites. We want to predict the type of site-occupational
correlations which develop to break this symmetry as the alloy is cooled.

In the context of spin-density-functional theory, the grand potential SU{E:)) for a
paramagnetic system of interacting electrons moving in the fields set up by an arrangement
{&1} of nuclei occupying the sites on a crystal lattice behaves as a Hamiltonian for
the site-occupational variables. If the paramagpetic system is to be modelled by ‘local
moments' in which there is an equal chance of a moment pointing in any direction, the
QUED = [1;(1/47) f dé, Q({&:}, {&;)) where an average is taken over the moments’
orientations. The probability of a particular configuration {£;} is then given by P({£}) =
exp(—BS({£})/Z where the partition function Z = Y, exp(—BQ(E} — v T, &) The
alloy chemical potential difference, v, preserves the relative numbers of A and B atoms
(not to be confused with the electronic chemical potential used in defining the electronic
charge and magnetization densities, as in equations (6} and (7)). We shall assume that
the compositionally disordered phase is always paramagnetic so that the compositional
transition temperature is higher than any magnetic ordering temperature. This is not always
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the case and there are situations where magnetic structure can have a profound effect upon
compositional ordering tendencies [44].

At very high temperatures, the alloy is (assumed to be) homogeneously disordered. This
provides the reference state for a linear response investigation of the atomic pair correlations
which grow as the ternperature is lowered. The KKR—CPA electronic-structure techniques
to which we have referred already are then employed to describe this high-temperature
reference state, If a small, inhomogeneous, ‘external’ chemical potential, {§v;}, is applied
to the homogeneous random state, local variations of the site-occupaticnal probabilities are
induced and can be calculated from linear-response theory. As a result, the compositional
correlation function, and the growth of correlations with lowering temperatures, can be
investigated via the fluctuation-dissipation theorem which connects these responses to the
atomic pair-correlation function, a;; = éc; f8v; = BU{&E) — EVE)).

We make use of the Feynman—Peierls—-Boguliubov inequality {24] to estimate the
free energy of the system F = —(1/8)InZ which results in the ‘Hamiltonian’ QUED
being replaced by a mean-field Hamiltonian, QGyp({&]) = Ei(é(fZ)/Ec,-)‘g‘, =3y, S:“ &
The functional .S',-m can formally be expressed in terms of quantities available from the
inhomogeneous SCF-KKR—CPA. It is now straightforward, within this mean-field approach,
to find the probability that an A atom is located at a site i,

__exp(=BG +w))
T lexp(—ASY + )+ 1]

(19)

which tends to a uniform ¢ at very high temperatures for a uniform chemical potential
difference v; = v. By allowing {v;} to have a weak site dependence, ie. {y; = v+ y;},
we can write down an expression for the induced change to the probability of finding an A
atom on the site k, 8¢z, to lowest order in the applied potential. It depends on the changes
induced on all the other sites, i.e.

14))
Scp = Be(l — c)[z ‘sf* ey + Svk] = fe(l — c)[ZS;}’Sc,- + Suk]. (20)

PR

S

The term in square brackets specifies an analogue of the Weiss field of mean-field theories
of magnetism. The mean-field treatment can be improved in a similar manner by replacing
these “Weiss’ fields by Onsager cavity fields {41,42]. Accordingly, the cavity field on a
particular site { must be chosen such that the variation §¢; on that site no longer includes
the effects from the induced change of concentration on that site. We find

Sc; = Be(l - c)l:z 5P (8c; ~ 8c) + au,-] = Be(1 ~ ™™ @1
i

where acf‘-" is the change in concentration on a site j due to the change d¢; on the site §.

Following [41,42], we choose 8¢*® to be 0607 Since 8y is 8¢;/(Be(1 ~ ¢)) from

the equation above, acj“"’ = o8¢ /(Be(l — ¢)). The site-diagonal part of the fluctuation-

dissipation theorem, a;; = Be{l — ¢), is automatically guaranteed by this prescription.
In terms of concentration wave-vectors, following a lattice Fourier transform, we can
write

Be(l —¢)
[1 = Bec(l — c)(SP(g) — A°)]

a(g) = 22)
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with

€ — (2)
A ﬁc(l 3 f dg §* (g)a(g). (23)
These are the equations analogous fo the Gorsky-Bragg~Williams model [45] although
altered by the cavity fields. $@(g) plays the role of the lattice Fourier transform of an
atomic interchange energy. In the two previous papers [41,42), in common with much
previous work, we have discussed how it is dependent on various attributes of the interacting
electron system including the average number of valence electrons, d-electron band width,
and charge transfer. Most preceding work on this topic has neglected magnetic effects.
Here we highlight the role of spin fluctuations in the paramagnetic state of alloys.

In the presence of an applied, inhomogeneous chemical potential {3v;}, the concentration
changes {dc;} are accompanied by a rearrangement of charge associated with each site,
{84 @) and, in a DLM paramagnetic system, also by adjustments to the magnitudes of
the local moments {8x; o @)}. These alterations are all interdependent as shown in the
following expressions:

= Be(l — 8™ = Be(l — )6u™ ({6¢; — 8¢P), {8054 — 80551,

(8018 — 80,5 1 ikja — Sua’}, (uym — S ) (24)
8pia @) = 801 @(Ti; (8¢; — 8PN}, {8pja — 80557, {0018 — S0 b
Biia — 8ulPY, Brayp — Sule'h) (25)

LTI (B)(rl) = Spti A (B)(Tl’ {SCJ b 5C(sc,)} {apj AT (561)} {Spj B — p(ac, }

{Bpja— u), (Buyp — 5uS)). (26)
These expressions show that the charge and local magnetization rearrangements must also
include the effects of the cavity-field corrections, In terms of response functions (narnely,
oy = de;fdvg, pira @ = dpra @D/ fika @ = dﬂ«m @ (r;)/du), the Onsager

corrections can be written as ac( Se) 2 aj:8¢; [ (Be(1—c)), JPJ " )(B) = pita @dei/(Be(l—c)),

and 8’ e) = tjia 36/ (Be(1 — ), see (411,

Before an explicit expression for the atomic pair-correlation function, w«(g), can
be written down in terms of the underlying electronic structure of the homogeneously
disordered, paramagnetic alloy, it is necessary to determine the induced changes to the
charge densities, 8p; 4 @){7,), and to the local moment sizes, §p; 4 (1), which develop
on each site and vary throughout each unit cell. The spatial forms of these changes must be
obtained from the self-consistent-ficld formalism and not by imposing a particular functional
form for the spatial variation, r;, in each unit cell. A computationally cost-effective method
is set up by expanding the {8p; s ()} in terms of a small set of basis functions, f,(r;), so
that 8p;.a (By{(T1) = 80] s @) fn(r) and 8pfy () = [dri8pia 8)(ri) fulr:). The functions
satisfy [ dr; fo(r) fw(rs) = duw and [ dri 8pia @ () = dp] , gy8muy Where vy is equal
to the square root of the unit cell volume. We found three to four functions of the type
discussed in [41] to be adequate which reflects the fact that charge-density variations oceur
predominantly in the outer regions of the unit cells.

The problem of calculating the variation of the local magnetization within each unit cell,
on the other hand, must be treated quite differently. The formation of the local moments
is a cooperative phenomenon predominantly involving d-electrons and consequently the

L
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variation of the {8, o (g)} within each unit cell is rather different from the charge variations.
We assume that the moment changes take on a spatial dependence which is extracted (in
the form of four magnetic scaling functions f3,,(;)) from only the spin- and spatially
resolved densities of states at the Fermi energy i.e. a4 (ry, &r) = — Im{G ) (7, 753 8F)) -
This latter choice of scaling property refiects that the changes to the sizes of the moments
are predominantly due to the changes to the electronic structure around the Fermi energy
[46].

As shown schematically in the above expressions, the response functions o;, o) 5 (gys
and j;;.4 @) are all connected. This coupling is manifest in the changes to the CPA medium
which occur as the inhomogeneous chemical potential is applied. These alterations can
also be dealt within our linear-response theory and account for the cavity-field corrections.
By considering the lattice Fourier transforms of aj, pf; 5 (g)» and fija (8), namely o(g),
Pa @) (@), and pa @)(g), we obtain the following key equations:

al(g) = Be(l —~¢) + Be(l — ) [(5%(g) — Ae(g) + Z(S"" "(@)ph(a) + S5 (@)ep)

+ SH(@uala) + Sg@une(@) — (5°7(q) + AQYP(@)C(Q)] (27)

PE @y (@) = (€575, (@) — A m a(a) + Zfeiﬂ o (D)05(a) + il e (D) 0R(a))

48 e @ual@) + b o (@us(@ ~ €4 i (D P(QC(D) (28)

ta (@) = (€453 (@) — AR @)(@) + 21€5%, G (Doale) + 1iet’y o) (@0h(9)
+ MIEA A (B)(Q)P'A(Q) + ules A {B)(Q)I-LB(Q) - “IEA (B)(Q)P(d)C(Q)- {29}

P(q) = (cop(q) + (1 — O)ph{@)u) + AQu(q) is the g-dependent variation from charge
ncutrality, or effective polarization caused by the short-range order. (AQ is the ‘charge
transfer’ in the homogeneously disordered alloy, i.e. the difference in charges when a site
is occupied by an A atom and when it is then occupied by 2 B atom.) C{q) is the lattice
Fourjer transform of the Coulomb interaction 1/|R; — R, |. The Onsager cavity corrections

AS, Af‘&;}, and A" @, are given by

1 cpiit 7 C3 1 n
A= g / dq[S“(q)oz(q) + 36T @@ + 5" @)
+ ST (@ua@ + S @ua(@) — (ST (@) + AQ)P(Q)C‘(Q)} (30

o' 1 cin' n'n " .44 "
Ane = Bc1—c) f dq[e,ﬁ & (@@ + D (X b (@05 + 4 1y (@)rp(@)
- HIGAA (B)(Q)#A(Q) + “lEB A (B)(Q)FLB(Q) G::P(};)(Q)P(Q)C(Q)] (31)
ARF

1 ¢ s n
A® = Be(l — o) fdQ'[GK (B)(‘I)a'(Q)+ ;(e.pr (B)(Q)F’A(Q) + ‘-’s’l (B}(Q).F?B(QD

+ WIEA A (B) (@uale) + HIEB A (B)(Q)#B(Q) - GﬁP(B}(Q)P(Q)C(Q)]

(32)
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Expressions for all the guantities are detailed in the appendix. They are all caleulable from
the electronic structure of the compositionally disordered, DLM-paramagnetic state and hence
depend on any ‘local exchange splitting’ that may be present.
The compositional correlation function {qg) is obtained from the solution to the six
equations shown above and has the Ornstein-Zernicke form
Be(l —¢)
1= Be(l = )(§A(g) — A%)]

where the ‘interchange’ energy S (q) can be expressed as a sum of three components
5P(g) = 5°(g) + S™(q) — (AQY’C(@)/(1 + 15:C(a)).

a(g) = [ (33)

(34)

The first term derives from the filling of the electronic states and has been discussed at length

by several authors when spin fluctuation effects are neglected [27,35,47]. It relates to the

Hume-Rothery electron-per-atom-ratio rule. The other two terms describe the contributions

to the interchange energy which occur as the charge and local moment magnitudes rearrange

as a consequence of the atomic short-range order. The second of these two terms describes

an electrostatic (‘charge-transfer’-like} piece and depends on the Coulomb interaction C(q)

and an inverse screening length /5% which is determined by the electronic structure. Such

effects for alloys in which magnetic effects are unimportant have been discussed in the two’
earlier articles [41,42). In brief, S®(q) depends on the nature of the electronic structure

of the compositionally disordered, paramagnetic state.

4, Conclusion

We have presented a theory for the magnetic and compositional correlations in paramagnetic
alloys based on our ‘first-principles’ disordered-local-moments (DLM) description of the
high-temperature, paramagnetic state of a magnetic transition-metal alloy. This work is a
natural extension of the DLM theory developed by Gyorffy and Staunton et af [13,20] for
magnetic metals and by Staunton ef al and Johnson ef af [41,42] for non-magnetic alloys.
A strength of the present work is that while the statistical mechanics of compositional and
magnetic fluctuations have been treated in a mean-field framework, the idea of Onsager
cavity fields has been incorporated so that the diagonal part of the fluctuation-dissipation
theorem is obeyed. The expression for the static, paramagnetic susceptibility x(q) was
derived by considering the response of the system to the application of a small external
magnetic field, and it contains two essential parts, One describes the tendency of the local
moments to align with the magnetic field, and the other measures the change in the size of
the moments. The expression for the compositional correlation function «(g), on the other
hand, was obtained by considering the effect of applying an external ‘chemical-potential
change’ to the system, and it has the standard Ornstein—Zernicke form. We have emphasized
how a “local exchange splitting’ of the electronic structure, by allowing for the presence of
local moments in the paramagnetic state of the compositionally disordered alloy, can have
a profound effect upon the alloy’s tendency to order or phase segregate.
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Appendix A

Here, we mention a few formal resuits which will be useful in the derivations for the
quantities described in terms of electronic structure. Multiple-scattering formalism in the
notation of Faulkner and Stocks [31] is used to describe the Kohn—Sham Green function
{Glri, s e i = Z(ZL.a('f'i)(TEL*)é,.aiZL'o,(Ti) = Zr () (7)) (Al)
Ir

where Zp ,(r;) is the regular solution of the single-site Schrddinger equation appropriate
to the ith lattice site, occupied by an ¢ (A or B atom), and Jp ,(r;) is the irregular
solution. {-}¢ o denotes an average over all local moment orientations and compositional
arrangements with the restriction that the site i is occupied by an A (B) nucleus and its local
moment is directed along &;. 7%/ represents the scattering path operator [32] and when it
operates on the wave incident at the site at JR; it gives the scattered wave coming from the
site at R;, including all the effects of scattering in between, ie.

TijL. = t‘LrS,-jaLy -+ Z Zt}_GO(R, - RJ; S)ETE{;L; (AZ)

ki LV

where ¥, describes the angular momentum Lth (/, m) channel single-site scattering from site
i and GY . the structure constants appropriate to the crystal lattice. In the notations for the
Green function and scattering matrices above and in the following we use sans-serif bold to
indicate 2 x 2 spin matrix structure. Sometimes the angular momentum indices, L = I,m,
are suppressed for brevity.

The idea behind the CPA is to retrieve the Bloch theorem and construct a lattice of
effective complex CPA potentials, with single-site scattering t matrices t;, such that the
motion of an electron through this lattice approximates the motion of an electron, on the
average, through a lattice that is randomly occupied by A and B nuclei and where the local
moment associated with a site i has the chance P, (&;) of pointing in a direction €, if the
site is cccupied by an A (B) atom. The multiple scattering in the lattice of CPA scatterers is
specified by C4. The CPA ansarz [25] is defined by (suppressing the angular-momentum
labels)

Ol = fdéi Pia(@) (e A +fdéf Pig(é:){m)s B (A3)
whi;_:h in the homogeneously disordered paramagnetic state (P; A(€;) = ¢/4x) becomes
7 = 7O ] = £C07 where

tC% = Le((x®ha + (#a) + 30— O™ hs + 7%)8) (Ad)

in which the 1 (]} subscript denotes the scattering parallel (anti-parallel) to the local spin
polarization &; and t.; = 1. I. T©% is given by the Briilouin-zone integration of the inverse
of the KXR matrix,

C0 = Q;Bz dkt7! - G)1™! (A5)
(Taa @ = [T+ @' (&) = 7' DrOP 1790 = Dy y(€1)19%1 (A6)

where ty (5)(&;) describes the scattering from a site i occupied by an A (B) atom whose local
moment is orientated along &;. In a ‘global’ frame of reference, the multiple scattering from
a site occupied by an A (B) nucleus with local moment é; in the homogeneously disordered
paramagnetic state can be written as

(T4 @ = 3(Dra @ + Dya @7 01+ 50+ &(Dra — Dy @)% (A7)



Paramagnetic alloys 1 5985
Appendix B

An important step in completing -our response-theory formalism with regard to either
the response of the paramagnetic, compositionally disordered alloy to an external
inhomogeneous magnetic field {A™} or chemical potential {v} is to evaluate 6:", the
corresponding adjustments to the CPA medium. The CPA condition requires that replacmg
the CPA potential at site / with an A or B atom, on average, produces no further scattering
in the CPA environment, Mathematically, this condition can be expressed by the following
matrix equations:

Y. [ e pa@oxen =0 @D
a=AB

where X¥(&) = [(1;1(&)—151) " +7%4]™! and v is found from the calculable quantity
{tc o). The CPA ansatz is appropriate for an inhomogeneous occupational and orientational
probability distribution {P;,}. Our response theory requires that these matrix equations
are solved by expanding about the homogeneous SCF-KKR—CPA medium, i.e. in terms of
[P o(€;) = c/4m + 6P, 4(€;)}. After much tedious algebraic manipulation, we find that
the lattice Fourier transform of the response of the CPA medium at a site { to an applied
magnetic field at site j, h“"“ Jumag(q) Z "/Sh“‘) expl(ig - (R; — R;) involves several

components, Aﬁm'g(q), AB (q) JL (q) A2, (q), and A¥(g) which we shall specify shortly.
Similarly the response of the medium to an inhomogeneous ‘chemical gotentlal Aconc(q),
can also be expressed in terms of components AL (q), )..,_."" "(q), Aeh(e, )Lcm (q),
AEa1 4, and AP (g) which are set out below.
The most important quantity to evaluate in these gquantities and which appears in

expressions for the quantities in sections 2 and 3 are the convolutions
Ryxtatawia(@) = g} f ak 8% ()eed (ke + @) ®2)

TL] %Ly, L3 Xh(q) = RL] XL:,L3XL4(Q) 7:(;: g?L;rg g?Lz (B3)

which is the lattice Fourier transform of 7,"/t®/". Here L; etc refer to both I and m
angular-momentum quantum numbers and gz is the volume of the Brillouin zone. A
more detailed discussion on the computational aspect of this quantity i1s given in [41]. The
components of the response of the CPA medium can now be written

1 —1,m()
}L;an;(iz XL; Z E [Illl %Ly, L xl_,4(q} + IE] XLy, L3xLa (q)] C;a:,f;xLa (B4)

LqXL.;

1 —1,P(H
Aiff}.z = Z E[Iilez,Lngq,(q) + I.%] XLz,LngW(Q)] lCLg(Xf.)ut (Bs)
Laixig

cla),p.n c(a) o
}hCUnC,L] x Lo = Z [ LyxLy Laxly (q) + IszLﬂ Lng4(Q)] cone,Lyx Ly (B6)
L3 )(L4

! ~1 pca),
A’ggil ‘Iii KLz = Z E[ILI'IXLQ_,L;;NL‘(Q) + IE:XL;.L]XIq(Q)] Ic:o:'lxc E:XL.; (BT)
LixLy
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where & = A, B. The sum of the two normalization integrals, Iilez(q) and Iftx 1.(@)
which describe the foll response of the CPA medium, have the form of a Bethe-Salpeter
equation. They are given by

Ill.;ng:LaxL-t(Q) 3[C(DL1L; L4Lg + 1D.L,L3D24i1 + ID?,}E;DA L -+ DL.]Lg :.;L)
+ (1 - C)(DL|L3 L4Lz +3 DLjLJDl.‘Lq + 3 DL,L; L.L1 + DL;L; E,,JE,)]
ZIC(XQ.LXLM + XLA,LXQL + XLlL; L.«,Lz + XL,L, L4I.4)
+ (1 - C)(XE,LXL.,L, L,L,XL,,L, + XL1L3XL4L; + XL|L3 Lm)]
X Tpxbily,LxLsLs (@) (B8)

2 pA1 Al 1
IleLz:l-a xLy (@)= [C(DLIL\ Lsly lethLz DLIL3 DL4L: LsLa DLst)
B. 118 B,
+ (1 - ")(DLILDmLz DL.lgDhLz - DL1L1D “+ DL,L,DL.,L)]
L Al IyAd
3[ (XL:L3XL4L2 XLnIAXLJ-a X—’-ﬂ-s XLcLz + XL=L3 XL412)
. 1 B,

-+ (1 C)(XLl‘i[“;XLng XL1L3XL4L2 1XL1L3 XL41.; + XL|L3 L4Ll)]

X TLxL,L;.LxL;L;(Q) (B9)
where X*TW = [l | — 17577 + 4] with the angular-momentum indices, and
D) s defined in equation (13).

We now provide detatled expressions for quantities specified in sections 2 and 3. These

are quantities involving single-site scattering terms and three integrals over the unit cell
(although these are replaced by the Wigner—Seitz sphere in the calculations),

FithLe == f dri Z50,. ) 2y (r) Fa(ri) [y (B10)
duge () dr. (1')
Uidoue: = f i Zutrd [ T (R MR uty @B1D)
. fn('—" Ja(r)
O
dux(T;) d”xc( i)

+ ( dou + (—)d—Pa Ja(ri) |25y (Ti) (B12)
bmplixts = X, — X%, (B13)
gmag LIXLZ ca I; [ LILS UTLB IM L4L2 DgliaU-l.Lg L4DLJL1] (B14)

3Ly
P(H A, A,
LI(X‘L)'Z ( ) Z [C(DLILSFTL'i Ly L4L1 + DL]i; FfL; L4DL¢.Lb_y)(1 - C)
L3, Ly
B L]
x (DL, Frin 1, Drity + Drit, Fiin, 1, DLit,)) (B15}
B,
é"El xly — XLle + XLle XLng XL]L:_ (B 16)
g::;:fc‘:th xLy = Co I; [DEL U:i.':‘i;DL‘L, + Dzﬁ-s Ufﬁ:LDLaLz] (Bi7)
3L
€°°“° Lixly = Ca Z [DL:LJ U;’Lp; Ls DLALz + Diig Uflz Lg Diﬁ‘_z] (B18)

Ls. Ly
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where ¢4 = ¢ and ¢cg = 1 — ¢. We can now spell out explicitly the key terms. Firstly, part
of the chemical interchange energy

Scc(q) = % Imf de Fle— l—‘) Z ((DAKI’ + DA.J- -~ DBt DB"]')('ES'OO)_I)

7 Ly

X Z TLxL’.LnxLz(Q)Agonc.LnxL: B19)
L]XL;

is the entire contribution when ‘band-energy’ only effects are considered, i.e., we ignore
all charge rearrangement effects. It is the generalization to a DLM paramagnetic alloy of
the direct correlation function of Gyorffy and Stocks who considered Fermi surface and
band-filling (or e/a) effects only [27]. The remaining terms can be expressed in a similar
way,

Jog (@) = -"31; M[ds fle— ,u)z ((D"“T — th.l)(rg.m)—l)

I3 Ly

X Z TisriixlL, (q)lﬁ.;";, LixLs (B20)
IyxLls .

1
Jap @ = —— Imf de fle —w)Y_m (F' D™D + Ff‘lD‘”Da»L)
LLr

v Z TLxL',leLz(Q)A'ﬁaTg,LmLz (B21)
LyxlLs

LL

Salg) =~ Im [ e 5l = 10 3 (01 = D))

L Ly

X Z Toxr baxta{@A 1, , (B22)
L]XL:

1
Xa(a) = ~—Im f de flg—~m) Y u (Ff'lD“'TD“'T + Fpt D‘”D"'}')
L

X 3 Toxviynxtal @M, . (B23)
LixLs

LL

1
vig @ = —— Im[ds fle—w) m (Ff"D“'TD"'T + Ff"D“-m“-l)w

LL'

X 3 Towrroniy(@Moge 1kt (B24)
L]XL:

Vi@ =~ I [ de fle = ) Y (0% = D15

i LL

X Y Towiriaxial@Mote 1t (B25)
LixLy

SPHa) = -% Imf de fle —w))_ (D™ + DA — DB1 - DB"L)(ré'm)")w

LL
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I IR RTR () (B26)

LixLa

Sgu.n (q) = _% hnfde f(g — ) Z ((DA.T 1 DA.i — pBi_ DB'J')(I‘S'DO)_I)

L Ly
% 3 Toxtraxia (@ oomtyxty (B27)
L]KLQ
Pla) = —— - At A _ B4 _ pBly,c00y—1
5@ = m [ ds £ N e N
X Y Tixen byxta (@A, o1, (B28)
L]XLZ

vt 1 o J ’
4W"(g) = ——Im f de (e =Y m (Ff7 D*1D*1 4 (<) Fy D™ Do)

T LL!

x Z TLX.L"_L]XL;(Q)A'Sonc,L]xLz (Bzg)
Lyx Ly

>yt 1 ’ s
&P (@ =——Im f de fle — )y ur (" D= D=t 4 Fp7 piped)
Ly

X Y Tixttuns @y + 1 [ 0 £ = ) [ ars st [ on

LyxLy

L

% (G*(ri, PG (2], 1) + G (11, TGN (7, 7)) (B30)

'HPH(Q') -""'Ilnfdsf(e-,u)zul(,?“"pﬂ’l‘pﬂ‘t F“"’D“‘LD""L)

r
I LL

X 3 Toxrriyxia(@AL et (B31)
LixLs

ﬂpnn(q) —-Iml[de(S—u)Zul (FanDuTDaT_l_FanDaJ.D«l)

I LL!

X E TLxL’ LyxLy (Q))"conc LyxLy
LixL;

- apllmfds f(a—u)fdn- fnf(fe)fdf'i (GP (e r)) + GPY(ri 7))

Sk dixe 4 !
x [ars [ i T ,)ﬂ,((r,.)] (Gl ) + GPH(r, m)) (B32)

1 :
€ap(@) =——Im f de fle = 1)y us (Fpm D*1 Dt — o p pod)

A LI
x Z TLXL'.LJ XLz(Q)Afl;ﬁé.lleh (B33)
Lj ng
€2(g) = —— Imf ds fe— 1)y u (x"]'f"”’lJ”"’tDm'T + Ff'"'Da“LD“"L)w

Lr
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