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Abstract. We present a theoretical framework for describing atomic short-range order and
its effect upon such quantities as magnetization and hyperfine fields in magnetic alloys. All
electronic effects are accurately described from a ‘first-principles’, density functional formalism,
within the restriction of a rigid, uniform lattice. These effects include the filling of the spin
polarized electronic states, Fermi surface contributions, and the rearrangement of charge and
changes to the magnetization as the chemical composition of the alloy fluctuates. We have
calculated the magnetochemical response for bulk FegzV (s and CrigFess magnetic alloys to
compare to those obtained from spin polarized neutron scattering experiments. We also show
the utility of these response functions for investigating the changes in, for example, the moments
and hyperfine fields for multilayers with varying textures in the case of FeV,

1. Introduction

A challenging problem to study in metal alloys is the subtle interplay between compositional
and magnetic interactions and the dependence of the magnetic properties on the local
chemical environment. In these systems, magnetism is connected to the overall
compositional ordering, as well as the local chemical environment, in a subtle and
complicated way. For example, chemically ordered Ni-Pt is anti-ferromagnetic but its
chemicaliy disordered counterpart is ferromagnetic [1]. A close link between magnetic and
compositional ordering is displayed in nickel rich Ni-Fe alloys. NizsFess is paramagnetic
at high temperatures, it becomes ferromagnetic at about 900 K and then, when just 100
K cooler, it chemically orders into the NisFe L1, phase [2]. Similarly, with the advent
of modern deposition techniques, artificial materials, such as compositionally modulated
systems (CMS), also exhibit varied environmentally dependent properties, especially near
interfacial regions [3, 4, 5, 6].

Such physical effects are very important to materials design and can be investigated by
a variety of experimental techniques. Neutron or x-ray scattering experiments provide
information regarding atomic short-range order, mean magnitude of local moments or
lattice parameters, for example, while methods such as Mssbaner spectroscopy and nuclear
magnetic resonance, which probe each atomic position separately, provide information, say,
on changes of moments, isomer shifts and hyperfine fields due to local environment effects,
such as atomic short-range order or clustering.

It has long been recogunized that electronic structure plays a crucial role in determining
the states of compositional and magnetic order in metallic alloys. It is important then to
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obtain a microscopic understanding of what gives rise to the effects and, equally, to predict
the variety of behaviours that might occur. A quantitative understanding of the electronic
mechanisms that cause the ordering is therefore important for the design of alloys with
particular new physical properties. It follows that it is necessary to describe the many-
electron system as accurately as possible when trying to determine the various correlations
and local environmental effects in the alloys.

From a theoretical point of view, the study of the ¢lectronic structure of alloys from a
parameter free approach is of special importance since this allows us to describe not only
the inherent atomic and magnetic correlations on an equal footing but also the electronic
effects, or so-called driving mechanisms, responsible for the observed behaviour. Over
the past decade or so significant progress has been made in this area. An ab initio
description of metallic alloys based on the self-consistent field, Korringa—Kchn—Rostoker
coherent potential approximation (SCF—KKR—CPA) formalism developed by some of us and
other coworkers {2] has proved to be very successful in providing a starting point for a
study of the atomic and magnetic correlations in a vartety of metallic alloys. Recently, this
mean field type theory has been extended and now it treats all electronic effects such as
band filling, electrostatics (“‘charge transfer’) and exchange—correlation effects on an equal
footing [7, 8], within the constraint that the underlying lattice is rigidly fixed.

One of the problems of treating magnetism at finite temperatures in metals is finding
an appropriate description of the magnetic interactions. On the one hand, there is a Stoner
type, effective one-electron description of ferromagnetism suitable for metals; on the other,
a picture of fluctuating ‘local moments’ historically more pertinent to magnetic insulators.
One possible merger of these two pictures is provided by the so-called disordered local
moments (DLM) theory which describes electrons moving through effective magnetic fields
characterizing local moments associated with lattice sites and which are set up by all the
other electrons. This approach has been reasonably successful in describing the magnetic
correlations in the paramagnetic state of metals and alloys [10, 11, 12, 9]. It has recently been
used as a basis for a theory of atomic pair correlations in the compositionally disordered
states of these systems [9]. Such a theory can deal with the paramagnetic regime of a
compositionally disordered alloy which has a magnetically ordered ground state and can
determine whether or not the compositional ordering transition temperature Ty~ is higher
than any magnetic ordering temperature T ©.

For situations where T+ < T, ¢, magnetic structure can have a profound effect upon
the compositional ordering tendencies. As such, a ‘first-principles’ theary of compositional
ordering in magnetic systems must include the effects arising from a spin polarized electronic
structure. We can then study the effects of exchange splitting the electronic states on
chemical ordering tendencies, as specified in wave-vector space by the compositional pair
correlation function a(g) (or the Wamren—Cowley short-range order parameter), which is
accessible from diffuse scattering experiments. A theoretical formalism for dealing with
compositional correlations in magnetic alloys in which some of these electronic effects were
included was developed by Staunton ef af [2]. Our present work is an extension so that all
the aforementioned electronic effects, in particular magnetism, are fully incorporated, and
this mean field theory is further improved by the inclusion of Onsager cavity fields [13, 14]
to maintain sum rules not traditionally obeyed in mean field approaches. It is thus the
generalization to ferromagnetic alioys of the work contained in [7, 8] which was applicable
to non-magnetic alloys.

Based on the same spin polarized electronic structure calculation, we will
focus particularly on the local environmental effects on magnetizations using our
magnetocompositional pair correlation function, Y{(g). It is one of those quantities, resulting
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from the underlying electronic structure of the disordered state, that can be deduced from
spin polarized neutron scattering experiments [15]. The diffuse scattering of polarized
neutrons from a magnetic binary alloy is a result of three processes: nuclear scattering,
magnetic scattering and the spin dependent nuclear—nuclear scattering. For neutrons
polarized (anti-) parallel, ¢ = (—} + 1 to the magnetization, the cross-section per atom
may be written [16] as: -

(do/dR2)¢ = do™M¥ /dQ + e(do™¥ /dQ) + do MM fda. (1
Neglecting the difference in the experimental form factors of each alloy species, it can
be shown that the first and third terms in equation (1) are proportional to the Warren—
Cowley short-range order parameter a{q) and the longitudinal magnetic susceptibility x(g),
respectively. x{g)} is also available from within our formalism {1]. The interference term
arising from the effects of cross-correlation (i.e., the magnetocompositional correlation,
T(qg)) may be extracted by measuring the scattering from both polarizations, i.e.

Ado /dQ = 2do M jdg. 2)

As we shall show analytically within our approach T (g) can be separated into a product of
correlation and response functions; namely, T(q) is found to be «(q)v(q), where v(q) is
what we refer to as a moment—chemical response and will be discussed in detail.

Through the technique of isotope substitntion or null matrix scattering, both a(g)
and x(g) can be separated from the sum of polarized cross-section measurements [15].
Then (g) may be deduced indirectly, i.e. the dependence of the moment on the
chemical environment may be extracted. Notably, by considering a linear superposition
of perturbations and phenomenological parameters, Marshall [17] gives formulae of the
same form for the scattering cross-section as the equations we derive to describe chemical
environment effects, Extensions of this approach have been developed by Medina and
Cable [16] and Hicks [18] to explain both the chemical and magnetic environment effects
which are reflected in polarized neutron scattering experiments. Within our parameter free
theory, various local guantities may be directly compared to experiment and to the available
phenomenological models to give further insight into these environmental effects.

In the next section, we present a brief review of the basic formalism and a derivation
will be given for the compositional correlation function, a(g). This quantity measures the
alloy’s tendency to order compositionally, or phase segregate, as temperature is lowered
and can be directly compared with diffuse nuclear neutron (or electron and x-ray) scattering
data. In section 3, we show the origin of the magnetocompositional pair correlation
function,” Y(q) (or more importantly for this work ~{g)), which provides a measure of
the magnetic moments’ dependence on the local compositional environment and can be
compared with polarized nentron measurements. We keep the details of the derivation brief
since full accounts of the approach for paramagnetic alloys has been published elsewhere
{7, 8, 9, 19, 20]. We emphasize instead the places where the attributes of the ferromagnetic
system come into play. In the penultimate section we describe our calculations of the
magnetocompositional correlation functions for bulk CrpoFeso and FegrVys alloys. Where
available we compare these to experimental data. We also use our results to explore in a
perturbative fashion the magnetic structures of some Fe/V multilayers and modulated alloys.
The final section makes some concluding remarks,

2. Compositional ordering in magnetic alloys

To put the discussion and derivation of the response functions on a clearer footing, we
begin with a brief overview of a ‘first-principles’ treatment of the electronic structure
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of a ferromagnetic alloy, A.Bi_, in the compositionally disordered state within the self-
consistent field, Korringa~Kohn-Rostoker, coherent potential approximation (SCF-KKR-CPA)
formalism [21, 22]. Calculations of the electronic and magnetic structure and total energy of
random alloys based on the KKR—CPa formalism are quite commonplace now. We will base
our approach for a linear response investigation of fluctuations in chemical and magnetic
properties within chemically random alloys on this foundation.

For finite temperatures, one must use the formalism of finite-temperature density
functional theory. Within the present context of the KKR-CPA, this has been discussed
in detail by Johnson et al [22] for electronic total energies (or grand potentials), and for
response theory by Staunton et al [1]. Consider a many-electron systern in an external
potential V= 3" f*(r;) set up by the nuclei in a crystal lattice and external magnetic
field B =}, b (r;), where r; = 7 — R;, R; denoting the position of a lattice site.
It can be shown that in the grand canonical ensemble, at a given temperature T and
chemical potential v, the equilibrium charge p(v) and magnetization m(r) densities are
determined by the external potential and magnetic field. The correct equilibrium charge
and magnetization densities are obtained by minimizing the Gibbs grand potential € via the
variational principle. Staunton et &2/ [1] has shown via the variational spin density functional
theory that the appropriate electronic grand potential can be written as

2= f de fle — ven(e) — % f f drdr’ -——u-—-pfir)_‘of_f;) + Qe

88 1Y 7
“f ar (6p(r)"’ % S 'mm)' @

€2y is the exchange and correlation contribution to the Gibbs free energy. Here the effective
single-particle Green function, G, defines everything within the formalism. For example,
the single-particle density of states is given by

nle) = —~;lt—1mf drTr [é(‘r,r;e)]. CH)

We note that G is determined from a system of non-interacting electrons moving within an
effective potential W°f, i.e.,

greff _ yrext§ _ mext | 23 r o) R 882 .
W = voi ~ B cr+e1fdrlr_r’| e o ()
It satisfies the following set of equations
[(e + E*2m)VA 1 — WBH] Gir, 7€) =18(r — 1) (6)
pir) = ——;i—Imf de fle —v)Tr [é('r, T} e)] o))
mir) = —;lglmf de fle —w)Tr [a' - é('r, r e}] (8)

where 1 is a 2 x 2 unit matrix and ¢ is the Pauli spin matrices.

The equations (6), (7) and (8) illustrate the spin polarized, self-consistent, band structure
basis to the many-electron phenomenon, which, in the limit of pure metals, produces the
picture of rigidly exchange split bands found in the traditional Stoner theory of metallic
magnetism [23]. It is vsval to make the local approximation for 2y, [24]. Stocks and
Winter [21] and Johnson et al [22, 25] have discussed in detail how this formalism may
be applied to randomly disordered, paramagnetic and ferromagnetic alloys A Bj_.. A
tractable scheme for calculating the electronic structure of an alloy of concentration ¢
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cai be found in the mean field approach of the CPA. This is achieved by minimizing
the configurationally averaged Gibbs grand potential with respect to the partially averaged
charge and magnetization densities, (p)iam) and {)ia@)- The CPA is used to construct
an effective medium. The motion of an electron through this medium approximates, on
average, its motion through the compositionally disordered alloy. Again, details of the
calculation of the electronic structure via the KKR—CPA scheme can be found elsewhere [22].

Next, we turn our attention to the compositional ordering in an alloy which has been
successfully described in terms of concentration waves [26, 27]. This method is a general
framework (independent of the spatial extent of the effective interactions) for describing any
compositional inhomogeneity, for instance, within an alloy in terms of a Fourier expansion,
where the wave-vector specifies the type of ordering (or clustering). For example, a CuzsAu
type (or L1, type) ordered alloy can be described by concentration waves with wave-
vectors g = (1,0,0), whereas a phase-segregating alloy is signified by the ¢ = (0, 0,0}
wave-vector. We only require a convenient set of thermodynamic variables with which
to work. Thus, any configuration of an alloy can be defined in terms of site occupation
variables, {£;}, where & is unity (zero) if the atom occupying lattice site  is A (B). With
(...) referring to the thermodynamic average, the concentration at site j, ¢;, is (§;}, and
represents the likelthood of an A atom occupying site j. The compositional pair correlation
function oy, is then given by oy = B((&;&) — (§;){Ek)), where § = (kgT)~!. This is but one
quantity that is accessible through diffuse scattering experiments and that we can calculate
from linear response about the KKR—CPA solutions in the high-temperature, disordered alloy.
In this regard, it is a first-principles version of the concentration wave method developed by
Khachaturyan {27]. (Within the first-principles approach, this theory has been generalized
to an N-component case, with N > 2, for chemical short-range order only [28].)

The approach necessary to proceed is similar to that for paramagnetic alloys elaborated
by Staunton, Johnson and Pinski [7, 8] in which the electronic structure (band filling), charge
rearrangement (‘charge transfer’) and exchange—correlation effects are all treated on equal
footing. The essential difference is, of course, the spin polarized electronic structure of the
alloy. Exchange splitting of the electronic states plays an important role from the outset.
As such, it is not a trivial generalization of that previous work.

‘We begin by writing down formally the grand potential for a system of electrons in a
particular configuration of nuclei using the SDF theory, Le., 2{£]. At a given temperature
T, by averaging over the compositional fluctuations with measure

Pig} = exp(—BRUED/[ | 3. exp(~pQi&) ©)

i £=0,1
and by using the Feynman-Peierls Inequality [29], the probability of finding an A atom on
a particular site  is
I

= T exp B Vo — (@06 oD - 1
Here (Q{%})e=1y is the average of the (inhomogeneous) grand potential over all
configurations but with the occupation on the ith site fixed at § = 1 (0), either A or
B, respectively. Such averages are readily available from the SCF-KKR—CPA framework [7].
Note that, in principle, the probability of occupation can vary from site to site but it is only
the case of a homogeneous probability distribution, ¢; = ¢, that can be tackled in practice
with the KKR—CPA method.

Using response theory and the fluctuation dlSSlpatlon theorem, it is however possible
to write down and calculate the various correlation functions appropriate to the system.
Firstly, we will consider the response of the homogeneous system to the application of an
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inhomogeneous external chemical potential, which couples to the occupation variables {£;},
such that a term

Zj(v, g = E wés (11)

is added to the grand potential SZ{&,-}. {n is the chemical potential difference such that the
number of A and B sites remains constant.) This additional potential, different on every
site, induces a change in the probabilities of occupation on every site {3¢;}. This induced
change on the ith site is written via (10) (to lowest order in the applied field about the
homogeneous CPA) as

de; =~ —Be(l — e)({8Q2):a — (82)im). (12)

Of crucial importance for some of the Iater discussion in this paper, it also causes changes
to the moments from site to site {5 (r;)} as well as rearranging the charge {50,"® (r;)}.
All three types of fluctuation are intimately connected, where the latter two are typically
neglected in other models.

The details of exiracting expressions for the correlation functions from the underlying
electronic structure are given in previous publications [7, 8]. However, we note that in order
to solve the resulting highly coupled equations (7], we make two simplifying assumptions.
Firstly, we assume that Suf‘m (ry) = Ju‘e‘m) FAB) () where f dr; fFA® () = 1. We
have numerically verified this form for a limited set of cases. Secondly, we choose
(for reasons discussed in [7]) to expand the charge fluctuations in terms of a basis set,
ie. 8o} AB) (r) = Z:=: pA(B '* fu(r). The functions f,(v;) are chosen as even Legendre
polynomials [7], which satisfy the normalization u18um = [dri fo(r) fulry) with 1; a
constant. It is possible to formulate a theory of these interdependent fluctuations through
the formal framework of an inhomogeneous CpA.

As noted above, the compositional, charge and magnetic responses to application of
inhomogeneous chemical fields, Le.,

Bc,
o = (13)
7T Sy, Vi
sphEN
O a@ = lé‘v_,- E (14)
5A®
Hij. ABY = —5 - (15)
;

are all connected. This coupling is manifest in the changes to the CPA medium which occur as
the inhomogeneous chemical potential is applied. In the presence of such applied chemical
potential change, {§v;}, the concentration changes {8¢; } are accompanied by a rearrangement
of charge associated with each site, {8p; a3}, and by changes to the moments from site
to site, {du; am}. Also, as is well known, there are self-energy efifects, which can be
very large, associated with the use of Weiss type mean fields. In an effort to improve our
mean field theory, as before [7, 8], we have included Onsager cavity field corrections
in the calculation of the various correlation functions. These corrections to the mean
fields ensure that important sum rules associated with the (diagonal part of the) fluctuation
dissipation theorem are satisfied. These alterations, including the Onsager corrections, are
all interdependent as shown in the following expressions, where the superscript §¢; refers to
the self-energy effect of chemical fiuctuations arising from the same site that we are trying
to investigate,

bci = Be(l — )dv” ity ({8¢; — 5c}'5°")}, {8pj, — apj(sﬁ
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{605,5 — 805"}, (Bttj.a — 80}, 81ty m — 8D (16)
801, (i) = 801 a7y (8¢; — 3¢, (804 — 8070}
(8078 — 8075}, Butj.a — 821, By n — 8D (17)

Sike, Ay (i) = S, ay (s [8¢; — 5C§8€i)}. {dpj,a — 59}?,?},

(05,3 — 3008}, Bty & — T3}, (Smy.m — Sl ). (18)
These expressions show that the charge and moment changes must also include the effects
of the cavity field corrections. In terms of response functions, (13}, (14), and (15), the
expressions for the Onsager corrections can be written as

ar 5(:-
scler . i o
£ Be(l—0) (19)
6c) _ Pii, aB) 9Ci ]
ép;, ARy = Be(l—a) . (20)
ey _ M A@) 9C
alu'j,A(B) = m (21)

~ see [7, 14]. That these are reasonable expressions may be evidenced by following fact. If
o7 is Be(l —¢) as required by the fluctuation dissipation theorem to conserve the calculated
diffuse intensity, then Ec,@") = 3¢; and there are no self-induced changes due to the site i
on the site i, see equations (16), (17). and (18). We shall see that this is indeed so.

From the expressions for the induced changes in the charge and magnetization densities
on each site, closed expressions for the various correlation functions can be obtained in
terms of quantities based on the electronic structure of the homogeneously disordered alloy
[7, 8, 30]. Finally, since the homogeneous state has the symmetry of the lattice, we take
the lattice Fourier transforms of equations (13), (14), and (15), namely w(g), PE®) {g) and
Haey(q). We obtain the following key equations:

a(g) = Be(l — ¢) + Be(l — HM(S%(g) — A%e(q)
+ Y IST(@Pa(@) + ST @@ + ST (@pal@)

+55 @ s(@) — (5 (@ + AQP(QC @)} T2
Ple(@ = (€5 @) — MA@ + Y [l (@R @ + e, @ph(a)]

ey (@A) + X (D (@) — b (DP(DC() (23)
Pa® (@ = (Khie)@ — M@ + i XL DPAD + X 4iey @ PE(@

+ X DHA@) + Xy @i @ — X DP@C(@)] (24)
where §%(q) etc, eﬁfg;r () etc and x4, (q) etc are all determined by the electrenic structure
of the compositionally disordered, magnetic phase. Explicit expressions using the notation
of {7, 8] are given for completeness in appendix A. P(g) = {cpl (@) + (1 — )ph (@] +
~ AQe(q) is the g dependent variation from charge neutrality, or effective polarization

caused by the short-range order, recall «; is the normalization constant for the Legendre
polynomials. (A is the net difference in charge when a site is occupied by an A atom
and when it is then occupied by a B atom in the homogeneously disordered alloy; we shall
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refer to this as the alloy ‘charge transfer’ even though it is not a precise definition.) C(g)
is the lattice Fourier transform of the Coulomb interaction 1/|R; — R;|.

Similarly, the lattice Fourier transforms of the Onsager cavity corrections A€, Af7
and A‘;‘EB) can be written as follows,

f = 1_"' oc o0, B 7 01 1 '
A= ﬁca-c)f % [S ‘q’“(‘ﬂﬂ?f&” G ACIER G CIYAC))

+SE @uale) + SF@ps(@) — (57 (@) + AQYP()C()] (25)

- 1 — ot -
A® =508 [ dg [eﬁi@’; (@) + Y (i (@PA @) + e g (@ piia)

i€y DRAD) + 16, (Dis(@) — by @P@C @] 26)

i 1 c « 7 n M 2
Aﬁ(g) = m f dg [XK(B)(Q)GC@) + Z(XK:DA(B)(Q)PA(Q) + X;I:DA(B)(Q)PB(Q))

i X p oy (D) + 1 X5 ey (D e (@) — xﬁf;)(q)P(q)C(q)] 27)

in which we have used similar prescriptions to set up these corrections as in [7, 19] in
which the notion of Onsager cavity fields is incorporated in a consistent manner to the
way in which we treat the electronic structure. It is important to note that the sum rules
fo(@dg = ay = fe(l —¢), [php(@idg = 0 and [ pum(g)dg = O are satisfied
naturally by this construct and not imposed from the outset. The compositional correlation
function «{qg). or Warren—Cowley short-range order parameter, is obtained from the solution
to the six equations shown above and has the Ornstein~Zernicke form

Be(l—c)
1 — Be(1=o)[SP(q; {A}) — A°)
5@ (g) is determined by the solution of the coupled equations for «(q), p"A'(B)(q), Ham (@),

AC, Aﬁfﬂ’;r and Al shown above and all equations are dependent on quantities determined
by the electronic structure of the homogeneously disordered alloy (see appendix A). We note
also that the conservation of the calculated diffuse intensity is no? established by the naive
integration of «(g) over all reciprocal space to force ¢(1 — ¢). The effective chemical
interaction S (g) — A° is dependent not only on the constant A° but also q dependent
Onsager corrections arising from the charge and magnetization terms normally neglected in
other mean field theories. This subtlety has been missed in the past.

For interpretation purposes the ‘interchange’ energy S®(q) can ultimately be broken
up into three components, i.e.

(AQ)*Clg)
[1+EC@1
The first term derives from the filling of the electronic states and has been discussed at length
by several authors when spin fluctuation effects and other magnetic effects are neglected
[26, 31, 32]. 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 Jocal moment magnitudes reatrange 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(g) and an inverse screening fength [ which is also

SP(g) = §“(q) + 5"(q) — (29)
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determined by the electronic structure. Such effects for alloys in which magnetic effects
are unimportant have been discussed in the two earlier articles [7, 8] and for paramagnetic
alloys in which spin fluctuation effects are handled to some extent by Ling et al [9]. For a
ferromagnetic alloy, these quantities are dependent on the nature of the spin polarization of
the electronic structure of the compositionally disordered alloy.

3. Magnetocompositional effects

In this section, we turn our attention to studying the response of the local magnetization
to the of application of a concentration wave. Starting from equation (8) and considering
the effects upon the CPA effective medium, we can define an expression for the change of
magnetization at site i, 8p,(7;), caused by a change of concentration at site j, ¥ij> 1€

luyy  Slapt + (1 —c)ud - 8 8

(u‘l) m ( :Il', +( )M; ) = (MA B)au +C ru'g + (I — ) -u': - (30)
Bcj 3Cj 3

in which the bars refer to the homogeneous CPA a.verages. We shall designate the
latter two quantities ¥, and ¥ . The lattice Fourier transform of this equation is

(tia — tp) + cyval@ + (1 — c)ya(g). The quantities y5(g) and ~p(g) are available in
terms of electronic structure dependent quantities of the form

kg @emyi (@ + (1 = churyg (@) + AQ]
C1g) — mlers (@) + (1 — )cpo (@]
where Ya®ic (q), Yaesy (@ 4 myc(g) and K»‘T(BJ (@) given in appendix B. It is important to
note that the magnetization changes are accompanied by rearrangement of charge and this
has been fully accounted for in the derivation of the above expressions.
The above quantity is important because it determines the ‘local’ chemical environment

effects to the moments. Moreover, the magnetocompositional correlation function T (g),
ie.

Yij =

(31

“Yaw) (@) = Yam (@ +

T = /M) Y Blluity) — ()& explia - (B — By) (32)
J
can be expressed in terms of ‘thcse response functions as

1 a(p;
T(q)=ﬁz( {”")exp(lq (R - Ry)
J

J vi
_ 1 8{u;}\ { dex K
= N;( 5cr )(5 )eXP (ig - (R: — R)) = v(@)(q). (33)

It is the quantities Y'(g) and (q) that are determined in diffuse neution scattering, thereby
indirectly finding ~y(q), as discussed in the introduction.

3.1, Moment—compositional response

If we focus upon ~y(g), we note that it describes quintessentially a non-rigid, itinerant
moment effect due to changes in the compositional environment; hence, we will refer
t0 y(qg) as the moment—compositional (MC) response. The y;; AB) (equation (30)) have a
particuiarly revealing physical interpretation. They describe the change in the size of the
moment on a site { in the lattice if it is occupied by an A (B) atom and if the probability
of occupation is altered on another site j. Thus, .

Vi O A =y P (1—¢) | 3 (34)
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describes the change in the moment on the site i, occupied by an A (B) atom, if the site f
in the alloy is now definitely occupied by an A atom. Similarly,

A(B
v ®ae = yi® (0 (35)

describes the changed if the site j is now definitely cccupied by a B atom. In practice,
equations (34) and (35} are used with the site i fixed and the label j running over each
shell of nearest neighbours. Henceforth, only the shell label is necessary for the . Thus,
if a; (b;) represents the number of A (B) atoms in the jth shell, then u*® due to the new
local environment (@, by; a3, ba; ...) is given by

fe = A5+ 3 yE[(1 = O, + (—o)by] (36)
i
where « represents A (B) and runs over all pertinent shells.

Consequently, once the MC response functions have been calculated, it is possible from
equation (36) to investigate, in a perturbative fashion, the magnetic structure of alloys
of varying chemical environment. Hence, it provides a complementary approach to that
supplied by explicit cluster calculations [33]. In fact, albeit a perturbative method, it is a
susceptibility based calculation and, as long as the induced moments are relatively small, a
qualitative, if not quantitative, description may be possible. Thus, the magnetic properties
of modulated or clustering alloys can be examined and alloys can be designed theoretically
to have specified magnetic properties, without any further computational effort.

The lattice Fourier transform of the v*®(g), '7;5}(3) , may be estimated via equation (30)
using a distribution of g vectors and, sometimes, is found to be fairly short ranged. That
is, the functional form of ~(q) is cosine-like between g = 0 and the zone boundary and the
major contribution to y; comes from the first-nearest-neighbour shell. For alloys with this
behaviour, the putative locality of the changes in the magnitude of the moments is given
theoratical justification. On the other hand, any deviation from the cosine form implies that
more shells of atoms will be involved in change in the moment.

4. Applications

To illustrate the information contained in the MC response functions, we present the results
of calculations on two bulk Fe-V and Cr-Fe alloys. These calculations were performed at
lattice constants near the experimental ones, although we could have performed total energy
calculations for the disordered alloy to determine the theoretical minimum as done by
Johnson et gl [22]. Recall that in some systems, such as the Invars, where magnetovolume
coupling has a large effect, determination of the volume could be very important to ~y(g).
Following the discussion of the MC response function in these two alloys, we utilize the
linear response equation, equation (36), to investigate layered structures. Further agpects of
our calculations for these systems and several other ailoys will be published elsewhere.

4.1, The bulk alloys

Figures 1 and 2 show the spin polarized electronic density of states of the compositionally
disordered, magnetic CrogFesp and Fegy Vi3 alloys. In the Feg; Vs alloy, average moments
of 2.075up and —0.724u5 are set up on the Fe and V sites, respectively. Average moments
of 0.014u5 and 2.047ug are found for the Cr and Fe sites in CrygFesp. Note that neither the
majority nor the minority spin states are fully occupied and they are not rigidly exchange
split. Notions of ‘covalent magnetism® [34] are relevant here. Both show the majority spin
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states to be strongly affected by the compositional disorder in contrast to the minority spin
states. (The opposite is the case for NiysFeys for example [21.)
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Figure 1. The compositionally averaged densities of the majority and minority states of CrypFese
and its resolution into Cr (solid) and Fe (dashed) components weighted by concentration, in units
of states Ryd™!#atom spin).
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Figure 2. Same as in figure 1, except for FegyVi3 and its resolution into Fe (solid) and V
(dashed) components. ’

We show the Cr and Fe components of y(g) in the g; =.0 plane for CrygFesg, with
Yo (@) in figure 3{a) and ~yg.(g) in figure 3(b). An incommensurate peak is evident in
“Yer{q) which demonstrates the Jong-ranged nature of the dependence of the magnetization
on Cr sites on their compositional environment. The incommensurate peak in ~y{g) means
that it can only be fitted by many real space parameters, }/,-?(B). This is contrary to the
case of FegyVy3 in which the dominant contribution come from the first two shells only,
yie = 0.09yps, v = 0.047uz, v, = —0.165uz and y, = —0.057up. This short-ranged
nature means that the magnetization of a variety of compositionally modulated Fe-V alloys
(compositionally modulated systems—CMS) can be simulated using these quantities and
equations (34), (35) and (36). : )

Cable and coworkers carried out some unpolarized neutron scattering measurements on
a single crystal of Feg; V3 [35]. We found excellent agreement between our calculations of
a(q) and these data [30]. We were also able to provide an analysis in terms of the underlying
electronic structure of the alloy. Cable et al [36] have since carried out polarized neutron
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Figure 3. Surface plot of the (a) Cr and (b) Fe component of the magnetocompositional function,
7{q), of CrygFesg at 600 K for the g, = 0 plane in atomic units,

scattering measurements on the crystal along the three high-symmetry directions, i.e. [100],
[110] and [111]. We compare the calculated v(g) = [pta — pin] + cvr(@) + (1 — )y (@)
along the same symmetry directions with these data in figures 4(a), 4(b) and 4(c). In
addition, the bulk measurement of the magnetic moment by Aldred [37] is also shown on
the same plots at |g| = 0. Note that our calculation is in good, qualitative agreement
with experimental data of Cable er al. In figures 4(a) and 4(b), we can see the cosine-like
variation in both our caleulation and experimental data. More strikingly, in figure 4(c), we
have also reproduced the experimentally observed double peak along the [111] direction.
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‘We attribute the second peak to the effect of Fermi surface nesting with a ‘2kg(111)’ nesting
vector in the majority spin Fermi surface, which also characterizes the double peak in a(qg)
as detailed in {30]. It is important to note that the measurement of Aldred is not dependent
on all the subtle effects that have to be accounted for when performing the spin polarized
neutron scattering, e.g., effects of crystal surface (inhomogeneities), alignments of crystal
axes to the spectrometer and, most importantly, the degree of polarization of the neutron
beam. In this regard, we have very good quantitative agreement with the more confident
g = 0 value and good agreement with the g dependence found in the neutron experiment,
excepting that the difference in maximum and minimum values of the function seem larger
in the experiment. :

Mirebeau et al [15] carried out polarized neutron measurements on polycrystalline
Fe.V|_. alloys for a range of concentrations. They fitted their measured average moment
disturbance ¢; on the ith nearest-neighbour shell to an expression of the form:

sin(K - R;)

&-R) @D

MK)=Ap+Y Nigy
i

where A = fis — g is the difference of the average magnetic moments carried by iron
and vanadinm moments, respectively; N is the number of nearest neighbours in the ith
shell. M(KX), Ap and ¢; are expressed in upfatom and the scattering vector K in A-t,
We use equation (37) to calculate M(K) using the average of our real space shell fits,
ie ¢ = cy,-Fe + (1 - c)y,-v (i = 1, 10}, and the results are presented in figure 5. Once
again, our M(K) agrees well with Aldred’s measurement at K = 0 and exhibits the same
general oscillatory behaviour as the plot for Feggss Vp.147 in figure 1 of [15].

A good description of the moments of Fe.V,_. alloys has been given by several authors
[38, 5, 39, 40] with very good agreement to neutron scatiering results. In particular, Fe'V
alloys are ferrimagnetic, i.e. the vanadium polarization is antiparallel to the iron polarization.
The magnetism in these alloys is different from, say, NiFe alloys because the moments on
vanadium atoms are induced due to the large exchange splitting of the iron atoms. This
leads to large local environment effects, which, again, may be investigated through the
present formalism.

Moments on both the iron and vanadium sites increase (decrease) in magnitude if their
environment contains more iron (vanadium) atoms. Intuitively, one should expect this
behaviour since the vanadium moment is an induced moment. The collapse of the moments
at 70% vanadium in the FeV system is an immediate consequence of a vanadium rich
environment [38, 5, 39, 40]. Although a calculation using equation (36) results in a large
reduction in the size of the iron and vanadium moments (for iron, 2.08ug to 1.16ug for a
(0, 8; 0, 6) environment), it does not describe properly, being a perturbative method, the
magnetic collapse that occurs in the VpqoFeq s random alloy. That is, it is'improbable
that perturbative extrapolation from a V-87% Fe alloy will give good results for a critical
behaviour occuiring in V-30% Fe alloy. However, no critical collapse of the moments is
seen experimentally in the Fe/V cMS. As a result, Fe/V CMSs are the focus of our study
using the MC response functions for this system.

4.2. Compositionally modulated structures

Obviously, physical properties of modulated structures will be influenced by the details of
the various atomic configurations at the interfaces. It is also highly probable that alloying
of some sort will occur at the CMS interfaces which will distinguish those atoms in and
near the interface layers. As such, we use the MC response functions ‘to illustrate their
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Figure 4. Variation of magnetocompositional function, ~y(g), for ferrimagnetic Feg; V(3 along
the symmetry direction {a) [100], (b) [110] and (c} {111], in units of x5 per atom. Stars: our
results; triangles: data from Cable et af [36]; square: Aldred’s measurement [37).
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equation (37); square: Aldred’s result [37]; triangles: points at X = 0.5, 1.0, 1.5 and 2.0 from
the plot for Fey gs3Vo.147 in figure 1 of [15].

utility for obtaining information on CMSs. With the y; calculated, one must only provide a
configurational environment in order to use equation (36).

Recall these calculations are based on the disordered alloy where a global exchange
splitting has been established. ~y(g) provides information on the local enhancement to the
exchange splitting due to the change in the chemical environment. Whether this should
apply when one is investigating a CMS which has a dramatic change in the ‘concentration’
should be based on the strength of the perturbation.

The FeV alloys are systems well known to exhibit environmental effects and have
been studied extensively, both experimentally and theoretically, especially in superlattice
structures. This is probably due to the fact that Fe and V have similar BCC lattice constants
leading to the possibility of epitaxial growth with a simple lattice structure and of having
ideal modulation between the Fe and 'V layers, In fact, x-ray diffraction analysis has
shown that the Fe/V cMS have a [110] texture and Mdssbauer experiments indicate that the
concentration profile at the interface between Fe and V is sharp with alloying confined to
three interface layers [41].

Several important chemical environment effects in Fe/V CMSs have been measured which
may be compared with the present results. Using polarized neutron scattering, Hosoito et af
[4] deduced a 30% reduction of the interface Fe moment in the thick Fe/V CMS. Assuming
a weak vanadium moment, Jaggi et @l [3] found no magnetically dead layers of Fe. In
fact, as the number of Fe layers was decreased the average iron moment also decreased.
Moreover, it was concluded from 'V hyperfine field measurements that the interface layer
was an alloy of Fegs0Vo.s0. ]

Other theoretical investigations on Fe/V CMSs have been done; namely self-consistent,
LAPW electronic structure calculations have been performed by Hamada er al [5] on an
ideal FeV superlattice with the [100] and the [110] textures. They found reduced moments
for the interface iron layer and small negative moments on the interface vanadium. An
interpretation based on local composition about the interface region was put forth from the
FeV alloy model calculation of Hamada and Miwa [5].
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Also, Elzain et al [42] have performed calculations on Fe/V superlattices based on 15-
atom clusters for the magnetic moment and hyperfine field trends. Due to the size of the
cluster, moments and hyperfine field values are discrepant with larger cluster calculations.
More importantly, they found that the iron moments grow with a vanadivm rich environment.
This is in contradiction to our calculation and experiments on thick Fe/V superlattices.
However, this disagreement may possibly be explained by noting that their calculations
were on superlattices with ‘ultrathin’ iron layers, and that Wong er af [43] have observed
two-dimensional behaviour in some ultrathin iron layers. In such a situation, it is possible
that the present theory, based on bulk correlations, would break down. Also, calculations
in which vanadium was taken as a central atom were not performed by Elzain et al, so their
conclusions on vanadium were more uncertain and we make no comparison. Qualitatively,
by considering the configurational environment (&, bi; az. by) for the BCC siructure, we
concluded previously for Fegg; Vo, s that the magnitudes of both the iron and vanadium
local moment increase (decrease) for increasing a4; (1) and g; (bs). Recall, this is due to
the negative polarization of the vanadium moments. ’

A further bit of information may be obtained indirectly from the induced moments.
Since the moments are related to the occupation of the majority and minority density of
states, the reduction (growth) in the iron (vanadium) moments in the interface layers requires
the transferring of electrons from the iron majority spin manifold to the vanadium minority
spin manifold. This behaviour was observed in the calculation of Hamada er af. It will
be more striking for the stacking with the less closely packed planes, such as the [100]
stacking.

4.2.1. [110] textures. In tables 1 and 2 the possible environmental configurations for any
[110] modulation which involve contributions from only two nearest-neighbour shells are
given, along with the induced and local moments on the iron and vanadium sites. For the
[110] texture, Hamada et al (3] calculated two different stacking sequences, 3V/3Fe (V-
V-Fe-Fe-Fe-V) and 5V/Fe (V-V-V-Fe-V-V), where in parentheses we denote the unit
cell. For case 1, there are two inequivalent iron and vanadium sites. whereas for case 2,
there are three inequivalent vanadium sites and one iron site. Their values are compared
in table 3 with the values obtained from equation (36). Note that the qualitative trends
agree well but, due to the higher iron concentration in our calculation, the local moments
in the iron rich planes, i.e. Fe(I}, Fe(lI)} and Fe(lll), give much better agreement than those
in the V rich planes. Also, the agreement is better for case 1 than case 2. This is perhaps
due to a breakdown of the present theory for ultrathin layers, i.e. the iron and vanadium
atoms in the single layer may be exhibiting two-dimensional behaviour which would not be
properly described. Overall, for thicker muitilayers anyhow, if only magnetic moments are
of interest, no further caleunlations are required to generate some other stacking sequence,
in contrast to other electronic structure calculations.

Table 1. Including effects from two nearest-neighbour shells only, the stacking sequence,
environmental configuration, change of moment and total moments for sites in a central Fe
plane are presented for an FeV multilayer with a [110] texture,

Local stacking  Eavironment Ag  pf

—Fe-FeFe- (80,60 013 221
—Fe-Fe-V—  (6,%:4,2) =0I5 192
—V-Fe-V-— @ 424 —044 163
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Table 2. Including effects from two nearest-neighbour shells only, the stacking sequence,
environmental configuration, change of moment and total moments for sites in a central V plane
are presented for an FeV multilayer with a {110] texture.

Local stacking  Environment Ag ¥

—Fe_V-Fe- @, 44,20 057 -0.16

42.2. [100] textures. Hamada et al [5] investigated a [100] texture with a stacking
sequence given by three layers of V and five layers of Fe. Note, for this sequence, there are
two (three) inequivalent vanadium (iron) atoms. Tables 4 and 5 provide similar information
for the [100] texture to that of tables 1 and 2 for the [110] texture, with the first three
configurations relevant to the stacking sequence of Hamada et al which are shown as case
3 in table 3. Note that the trend is again given well by this method of MC response
with excellent agreement in the Fe rich planes; however, the moment oscillation that they
calculated is not obtained. It would be possible to achieve a moment oscillation only if the
second shell y, was of opposite sign. Or, equally true, it may be due to a slight error in
the calculation of Hamada et al. Experimentally, Jaggi et al rule out the possibility of an
oscillatory behaviour of the iron moments, in agreement with our results.

Table 3. A comparison is made between moments calculated via the response functions
(lefi-hand column) and actual supercell electromic structure calculations (right-hand column)
of Hamada et al [5].

Site/plane  Case 1 Case 2 Case 3

Fe () i9z 190 163 133 178 162
Fe (II) 221 220 216 ~ 2.39
Fe (111} : 221 221

Table 4. Including effects from two nearest-neighbour shells only, the stacking sequence,
environmental configuration, change of moment and total moments for sites in a central Fe
plane are presented for an FeV-multilayer with a [100] texture.

Local stacking Environment Ap g
-Fe-Fe-Fe-Fe-Fe- (8,0; 6, 0) 013 221
-Fe-Fe-Fe-Fe-V-  (8,0;5, 1) 008 216
-V-V—Fe-Fe-Fe- 451 030 178
—V-Fe-Fe-Fe-V~ (8,0;4.2) 004 212

—Fe-Fe-Fe-V-Fe- (4,4;6.0) =025 183
~Fe~-V-Fe—V-Fe- 0,860 —064 144
—Fe-V-Fe~-V-V- 0,851) -068 140

We note that a [112] texture is also a possible modulation and, using y values from two
nearest-neighbour shells, there are nine possible environments; however, here we simply
note that it is possible to investigate the consequences of this texture as well using our
approach.
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Table 5. Including effects from two nearest-neighbour shells only, the stacking sequence,
environmental configuration, change of moment and total moments for sites in a central V plane
are presented for an FeV multilayer with a [100] texture.

Local stacking Environment Ap g

~V-Fe-V-Fe-V- 8.0, 0,6 0.14 =0.58
~V-Fe-V-Fe-Fe- (3,0;1,5) 003 —0.64
~Fe~Fe—V-V-Fe— 4,42, 4) 0.68 —0.04
~Fe-Fe-V-Fe-Fe- (R.0;2,4) 0.02 =070

4.2.3. Concepts of ‘local’ concentration. Hamada et al [5] interpreted their LAPW results in
terms of the local environment effects of Hamada and Miwa [5]. They proposed that alloy
theory could be used to predict moments in supetlattice structures if the magnetic moment
of a given atom is determined within a certain ‘magnetic interaction” distance, arbitrarily
chasen 10 be the second-nearest-neighbour distance, and if the concentration of the alloy is
regarded as the ‘local’ concentration defined by the percentage of next-nearest-neighbour
vanadium. The number of vanadium atoms in the first-nearest-neighbour shell was used to
determine the immediate environment.

From the present results, it is now clear why their prescription worked well for FeV
heterostructures. Firstly, the y; and y» give the dominant contribution to the environmental
effects, which justifies the Hamada et a! assumption of a magnetic ‘interaction length’
confined only to the firsi-two-neighbour shells. Secondly, their calculation explicitly
accounts for the effect on the moments due to various first shell occupancies. In the
present case, this is done implicitly by 34. Thirdly, the ‘local’ concentration they define
gives information that is similar to the 1» contribution to equation (36), that is, the second-
shell environment and enhancement. So the nearest-neighbour environment and the ‘local’
concentration are really related to the perturbation Ac; and Acy, respectively, about a given
disordered state. Thus, the Hamada ef ql prescription should not necessarily work for other
systems, such as CrFe where the number of contributing shells is large. The MC response
determines its applicability.

4.2.4, Interfacial alloying. Experimentally, it is most probable that the interfacial layers
will not be ideal; hence some alloying should be expected within a few interface planes.
This was the case experimentally for the FeV system, as previously mentioned. Applying
standard band structure approaches to the interfacial alloying problem remains a rather
difficult and computationally taxing problem. However, using the present theory, it is
possible to estimate roughly the effects of alloying on the interfacial layers without any
added computational effort.

For example, in the [110] texture of FeV, the three planes composing the ideal interface
can be denoted by Fe-Fe~V, with the environment for the iron atom in the central and next
layer given by (6, 2; 4, 2) and (8, 0; 6, 0), respectively. The induced interface and first-tayer
iron moments are 1.92up and 2.21 g respectively. Assuming a random 50/50 alloying for
the interface plane as given by experiment, i.e. Fe—(FeV)-V, the environment for the iron
atom in the interface and next plane changes to (4, 4; 3, 3) and (7, 1; 5, 1), respectively,
which results in reduced Fe moments due to a more V rich environment. Consequently, the
iron moments are now 1.68.p and 2065, respectively. Compared to the pure Fe moment
the ideal (alloyed) interface sees a 7.5% (19%) decrease in the Fe moment. For contrast,
an ordered 50/50 interface gives an Fe environment of (2, 6; 2, 4) and an Fe moment



Local environment effects in magnetic alloys 1881

of 1.44ug, i.e. a moment reduction of 31%. Jaggi er al measured an approximately 30%
decrease. Therefore, in comparison to experiment, our calculation supporis a near-ordered
interface. This sort of comparison between experiment and theory should be beneficial in
interpreting the actual properties of multilayers.

4.3. Source of error

The calculation of magnetic properties of alloys due to change in the chemical environment
may be criticized in several ways. Firstly, the y; have been only determined approximately
from a selection of g vectors (40 for Feg; V3 and 45 for CrypFesq in this work), and in
some interfaces, including more values may change the inference about the number of shells
contributing. Secondly, since the y; were calculated from the disordered state (¢ = 0.87), the
large deviations of Ac) from the disordered configurations needed to obtain the modulated
structures might cause the perturbative approach to break down. Thirdly, the explicit volume
dependence has been neglected. The CMS could have magnetic moments affected through
differences in lattice parameters, which, in turn, should affect the y; , as is found in some
NiFe thin films. Along the same line, displacement effects that remove the rigid-lattice
constraint could also play an important role in systems that have differing atomic ‘sizes’.
Thus, mostly qualitative information should be expected.

4.4, Hypérﬁué field—chemical response

Experimentalists have commonly assumed that the hyperfine fields (HFFs) for the species «,
B, are related to the local magnetic moment g, and the average magnetic moment ji. For
example, Johnson et af [44] suggested that the HFF of Fe for several iron based, transition
metal alloys could be reproduced by Bp. = auir. + bii. These authors found, however, that
no set of parameters a and & could satisfy this relation. On the other hand, Erich [45] found
that he could use this relation for NiFe alloys if he assume that the first (second) term was
due to core (conduction) electrons. Theoretically, using a cluster KKR—CPA, Ebert et al [46]
calculated HFFs with overall agreement with experiment and finds no such relation to hold.

Moreover, for Fe Ni;_. alloys, Ebert et af found changes of the HFF AB! with respect
to configuration of each shell to be nicely additive. (Note, AB!, are equivalent to (§B/8c)’,
in analogy to y;.) Consequently, they deduced that the hyperfine field at the central site
may be expressed by

By = BC™ 4 Z ABL(nk, — L) _ (38)

where nk, and 7L, are the actval and average number of iron atoms in this shell i,
respectively, and B4 is the CPA result. A primary result was that AB. does not vanish
for shells beyond the second-nearest neighbour; in fact, there is an oscillatory behaviour.
Similar results were obtained for other iron based alloys.

Two points are of major importance. Firstly, although it is not presented here, it is
possible to derive within the KKR—CPA formalism the effect of changes of the concentration
on any ‘local’ quantity related to the Green function, such as the hyperfine fields, Knight
shifts, isomer shifts, or the moments, as we have done. Without going through the derivation,
one may infer the supposed relation for the hyperfine fields from the explicit calculations
of Ebert et @l. This is fairly obvious from equation (38) since the number of Fe atoms
is proportional to concentration. Using the notation in their equations, we may rewrite
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equanon (38) as .
By = BSP 4 Z ABL (1 = c)a; + (—c)by) (39)

since c(a; + &) is the average number of iron atoms in the ith shell. This equation is
entirely equivalent to that obtained for the moment—chemical response, equation (36). Of
course, all the results of Ebert ez al follow.

Secondly, it is clear from their results that the AB, ie. (§B/éc), are fairly linear in
concentration. Notably, if we assume that the local moments scale with the concentration
fluctuations in the same way as the local hyperfine fields, the results of Ebert ef af can be
interpreted as implying that equation (36) is useful when dc; is not small. Of course, in
regions of criticality this may no longer be true, and explicit calculations in that region will
be necessary. As can be done for the moments via equation (36), equation {39} may then
be used to investigate the effect of various environmental configurations, such as those due
to ASRO or to multilayer configurations, on the HFF.

Other work on the environmental effects on the HFF has been done by Hamada et al [47].
By assuming ASRO to be only relevant in the first shell and the HFF determined by moments
up to the second shell, they used an empirical approach based on their alloy moment
calculations to investigate hyperfine field changes in Fe'V alloys and superlattices and to
extract ASRO information from Mdssbauer measurements. Overall good agreement was
obtained between theory and experiment. Similar comparisons to that given in the previous
section on moment responses may be made between our two approaches on HFF. Our
results rely on ab initio electronic calculations and not on major simplifying assumptions
nor empirical models; and, although much more computer intensive, they give a variety of
other useful information, such as validity of the truncation of shells, which determine the
applicability of the Hamada et al approach.

5. Conclusion

We have presented a formalism for the study of atomic short-range order and the dependence
of magnetic properties upon the local chemical environment in ferromagnetic alloys. We
have illustrated the approach by presenting details of calculation of Cr—Fe and Fe—V alloys.
In the latter case, we have used the moment-compositionat response functions to model
roughly the magnetic structure of the FeV CMs.

We reiterate that the mean field response of any quantity related to the Green function
may be derived via the KKR—CPA. We have only presented resulis on the environmental
response of the moments and outlined the approach for the hyperfine fields. Whereas the
thermodynamic response functions give information on bulk phase changes, the ‘local’
response functions give informatiod on the effects of changes in the local chemical
environment. The correlations involved can be investigated and, as a result, the effects
of alloying on various properties can be understood on a microscopic basis. It is envisaged
that such calculations will aid in the interpretation of the experimental results on various
alloys and CMss and guide researchers in the creation of layered structures with specific
properties.

In the future, we plan investigations of ternary alloys with the above theory, Besides
helping understand the phase diagrams of such alloys, there come to mind several intriguing
possibilities, such as (1) determination of HEF changes of “’Fe impurities in binary alloys,
which may be used for characterization purposes; (2} allowing one component of the alloy
to be vacancy and thereby studying the effects of a vacancy order/disorder; (3) investigating
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qualitatively poisoning effects at metallic interfaces, such as occurs with sulphur on iron;
{(4) predicting magnetic behaviour for multilayers created from two different alloys, for
example, FeMn/NiFe cMSs which exhibit high coercivity due to magnetic wetting.
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Appendix A

All the quantities in equations (22), (23) and (24) are defined analogously to those in the

appendices of [19]. The main difference is that the spin indices now refer to the components

of the spin polarized electronic quantities. All notation s the same as in [7, 8, 9, 19, 201.
The components of the response of the CPA medium are

: -1
M@= [Mxtatsxta @] &, (A1)
LixLy
EEI:(): i;]ﬂx L2 (Q) Z [ILI XLa,LyxLs (Q)] :;f:c) faih (AZ)
LaxLg .
M@= >[I, x,:,z.f.,m(q)]‘ ol L (A3)
LaxLy :

where o = A, B. The normalization integral, fr, r,(q), which describes the full response
of the CPA medium has the form of a Bethe-Salpeter equation given by

At Al At oAt | vAL AL
IpixLLaxs, Q) = [C [(DLleDLa +DL1L1DL4L2) - (XLlLa,XL4L2 + XL;L3XL4L1):|

B, ¢ B.l ~B, B 4
(1 —¢) [(DLlLsDLaLz * DLILJDLJ}) (Xm.a Ll XLLX Lal-z)]}
XTL] XL'; LqXLz(Q) - (A4)
where X1 = [(5], \y —#o) ™ +25#]7 with the angular momentum indices suppressed,

and D14} ig defined as [1 +(ta W 1711)7C®1]71 o = A, B. 14y 1y are the scattering
¢t matrices for the spin up and spin down components of the spin polarized electronic
structure; 7. and T are, respectively, the ¢ matrix and the diagonal component of the
scattering path operator, 7/, for the CPA effective medium. The most important quantity to
evaluate in the above expressions is

Rpyxsa Laxrs (@) = Q5 f dk oS kyfl, (ke + @) (A3)
TpixtaLaxLa(@) = Riyxiyryxie(@) = T3 mor, %o tos, (A6)

which is the lattice Fourier transform of 754 ¢%/ and Qpy is the volume of the Brillouin
zone.”

We now provide detailed expressions for quantities specified in section 2. These
are quantities involving single-site scattering terms and three integrals over the unit cell
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(although these are replaced by the Wigner—Seitz sphere in the calculations),

Fthow = = f dr; Zigy, () 28y 0 (7 fu (i) [ (AT)
Ut = _f ari Z(pyo (i) [dvx:,(:o +(_)dv;£',-)} a0 T Zigyr (r) (AB)
Uie = f dri Z3 5 (i) [ f dr ,,Ifn('r:’[

(2 (- )d”’“’(r‘)) f,,m)] 25 ) (A9)
ke, = Z’; |: (DLlL;, &L DLl + DL ubf,,i',)

fnLa

+1-0) (DB PRl L DB + Db Fi DL ) | (A10)
D TP S AP I X5k, (All)
Loom Ly xts = Ca L!ZL‘ [D:,L Ust DEY, + 2 UfLﬂLDL,Lz] (A12)
Leone,LixLs = Ca L;; [DE,LU tintDra + DL UL, L4DELJ;L2] (A13)

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

5(g) = %Im f de fle — ) Y ((DM + DA - DBt Py (500
L

X Z TLXL'.LnCLz(Q)Agonc,L,xLz (Al4)
LixL;
is the entire contribution when ‘band-energy’ effects only are considered, i.e., we ignore all
charge rearrangement effects. It is the generalization to a paramagnetic alloy of the direct
correlation function of Gyorffy and Stocks who considered Fermi surface and band filling
{or e/a) effects only. The remaining terms can be expressed in a similar way.

!
SP*(g) = ——Im f de fe - ) Y (O™ + DAY — B4 - P 4™
LL'

X 3 Tonix (@A s, ’ (A15)
thLz

Ly

Lr

sgnt@) = —im [ de fle = ) 3 (0P 4+ DA = DM DB )
Lr

x Z TLXLJ L[XL:(Q)}‘oonc LixLy (A16)

Lixls

LL*

1
SFig) = —=Im [ de fe—p) Y ((D*1+ DAV = DB — DBdy(r5 %)
(@)= —— f fle—m) (¢ ™)

X Z Ty, ix L (DAL, L, (AI7)
L[XLQ_

Lr
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e‘““'(q) __Im_[déf(e"ﬂ)Z(F“ D“TD“T+F“ DHJ,D::J,)
LL

X Z TLxL’.L;xLz(Q)Aconc.hXL: (A18)
LixLy

LL

" I ' ’
2P (q) = '—;Im f de fe — 1) Zu 1 (Ff "Dt DA 4 Fy DMDM) LL
LD

1
x E TLXL"LMLz(Q)A'fiXLz + ;Imfde f(e - l-’*)f d'l",' fn’(ri)
Lyxily 5
x f dr} (G*(ri, TGN (], 1) + G™ (ry, GHH (7], 74)) (A19)

A g) = ——Im f de fle — ) Z (Ff‘"’D“vT Dt 4 Ff‘"’ ped Dav\t)

LL'

B.panm
x Z TLxL'.leLz(q)A‘conc.LMLz
Lixl;

- aﬁéxm f de f(e — ) f dr; Folry) f drf (GP1(ri, 7)) + G (ry, 7))

Ly

fn('r*) Ve B fmd o Bulrd -
fd'r [FT e dpﬁ*( ,)fu( )] (GAT (7)) + GPY )  (A20)

P#ﬂ(q)___l_lmfdef(e_”)zul (FotnDa?Da? FanDa.LDa.L)

LL! LL

x Z Texy, Ll*fﬂ(q}lcom LixLy
LixLy

—-b‘uﬂ%Im f de f(e — u) f dr; fu(r) f dr (G‘B'T-(r,-,r‘f) - GPY(r, 7))

JOAGD | dy,
x[d'r" [w._ w1t a1 )] (%1 my = i) (42D

C(Q)_——MIdéf(E—u)Zul (F“ID“TD“T FalD“‘I’D“'L)

LLr LL
X Y Tixtrbixta (@A, Lyt (822)
LixLs
X#P(q) ———Imfdef(e—y,)zui (F“'D“TD“T FaIDuJ,Da.L)LU
LL

1
X Z Trsr L1><.C'z("-.1');\'f_,l;\:L,2 +— Imfdﬁ f(é —;.t.)fdr,-fl(r,-)

L] XLn

x f dr} (G*N (i, )G (7], i) — G4 (s, PG, 7)) (A23)

1
ng"(Q)="";1mfdéf(e—n)Zu1 (F“”D"TD“T-J-F“"D&&D‘:&)

LI L
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Wl
X Z TLXL’.L]XLz(q)A‘mncL]xLz
Lixis

~bepaim f de e — ) f dr fu(my) f drl (G ri, 7)) + G4 (i, 7))
fd [ fi (T‘*) e filr ):, (GP (i, ) + GPH(rl, )

d,oﬁ( 0
(A24)
1
Xep (@) = ——Imfde Fle—my m (F?“DQ'TD“'T - Ff'IDa“LDaﬂL)LL,
LL
X Z Trwr, L,xLZ(Q')A'conc L%l
LyxLs

—aaﬁirm f de fle — 1) f dr; () f drl (GP1(my, 7l — GPV{(r;, 7))

fHr)) _dvxc ’ Bl tod any — (Bbfmd o,
Xf o [[r 1 3k ')fl(’"")](G (rivr) = G, 7).

(A25)

Appendix B

The 2n¢ + 2 {n; is the total number of basis functions) quantities that define equation (31),
namely }',:(B)C(QL V,T(B] (@ KK(B)c(Q) and KKI(B)(Q)- are given by

_ 5 - - - - _pPil
Ve e (q> khel@) @@ ]
Vas eﬁc'l’:‘(q) “hel(@) pP ’:‘(9)
Yee | =M eg" (@) xgc(q) — M (q)
'nr Pc.nr it ( ) pP;.r:f
Ve (@ B4 % (@
YA X4 (@) 4 (2) X% @
R e L (@) L 7@
For brevity, the (2ns 4+ 2} % (2ny + 2) matrix M can be expressed as
n' n' n -1
Spnt — EAP,:H (@) Esp_: (Q) eﬁﬂ,\ (Q) _E]};#A (@)
M — e‘”’"’“ @ e P gy ey (q) ~ef (g)
~ui x5 (@) —ulxéf”A" @ 1- x GRS N )
x5 e @ —xe 1-xh)

where the quantities in the matrix have been defined in appendix A, and n,n’ = 1, n;.
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