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ABSTRACT

We present a local moment mean field theory for atomically disordered magnetic alloys.

In this model, the level of approximation regarding atomic environment can be decreased
gradually. The method is applied to one-dimensional alloys at several levels of
approximation. The results for the sample average spin indicate a convergence as the level
of approximation is decreased. Other interesting results for 1D alloys are obtained and
discussed. The method is also applied to the fcc Fe-Ni alloy series, with only three free
parameters, the exchange integrals Jz, re, Jre.ni and Ty Although the most extreme
behavior of the purely magnetic properties of the Fe rich alloys is not reproduced,
deviations from the behavior of normal ferromagnetic alloys are predicted, and the order
of magnitude of the calculated paraprocess susceptibility is in agreement with experimental
data. Considering the simplicity of the model, our results indicate that a more realistic
local moment model (as opposed to a more complicated model based on itinerant electron
ferromagnetism) could reproduce the purely magnetic properties of fcc Fe-Ni. Some
suggestions to render the model more realistic for fcc Fe-Ni are provided. Finally, a
simple approach to include magnetocrystalline coupling to the model is suggested, which
could be used to explain Invar behavior in fcc Fe-Ni alloys.
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1.0 INTRODUCTION.

The subject of the present work is the study of atomically disordered magnetic
alloys with the help of a simple mean field approach. Studying alloys is a much more
complex problem than the study of the pure ferromagnets or antiferromagnets. However,
even calculations of the magnetic properties of the simplest pure ferromagnetic or
antiferromagnetic substances can only be done with the help of significant approximations.
One usually first assumes that a local magnetic moment can be assigned to each atom of
the substance and that the Heisenberg model describes well the interactions between the
moments of the system. This in itself is a considerable approximation which will be
discussed later in this work. Then, assuming orbital quenching (i.e. the magnetic moment
of the atom arises only from its total spin, not its orbital moment), no dipole-dipole
interactions and no magnetocrystalline anisotropy, the magnetic Hamiltonian ¥ of a

Heisenberg ferromagnet in an applied magnetic field H can be written as:

X = _ZJI_]SlSJ - guBHZSl (11)
i

i>j
The first summation is over all pairs of atoms and the second summation is over all atoms.
S; is the total spin operator of the i atom and J; is the exchange integral between the it
atom and the j atom. When J; is positive, the interaction is ferromagnetic and when Jj; is
negative, the interaction is antiferromagnetic. A further approximation that can be made is
to only consider interactions between nearest neighbor pairs of atoms and to assume that
the exchange integral between every pair of nearest neighbors is the same. An exact
solution of this simplified problem has not yet been: found!. In order to solve it, more
approximations have to be introduced.

The well known mean field or effective field theory (MFT) is the approximation of
lowest possible order. It was first developed by Weiss (1907). At that time Weiss'
effective field method was based on calculations for classical magnetic moments produced
by electrons moving in circular orbits and the predicted critical temperature (T,) for the

! An exact solution was obtained for a ferromagnet with spin 1/2 in one and two dimensions, but only for

the Ising model. The original references are Ising (1925) and Onsager (1944).



disappearance of spontaneous magnetization of a typical ferromagnet was four orders of
magnitude too small. However, when the theory was used with the Heisenberg model, it
was successful in predicting a T, of correct order of magnitude and in qualitatively
reproducing some magnetic properties of ferromagnets. The great simplicity of the
theory comes from replacing the spin operator of each atom by a thermally averaged spin.
The effect of the neighboring atoms on a central atom is then replaced by an effective field
which is proportional to the thermally averaged spins. This reduces the N-body problem
(N being the number of atoms in the system, i.e. N~ 1023) to a one body problem. The
theory was later adapted to treat compounds and antiferromagnets, and to include
interactions further than just nearest neighbors. More sophisticated approximation
schemmes have also been developed such as the Beth-Peirls-Weiss method, Oguchi's
method and the constant coupling approximation? (see Smart, 1966). These have
provided a certain degree of improvement in the agreement with experiment in comparison
to the simple MFT.

When the ferromagnetic or antiferromagnetic substance to be studied is an alloy
with some amount of atomic disorder in it, the problem increases dramatically in
complexity due to the fact that each atom has a different atomic environment. In order to
solve the problem with no additional approximations than those mentioned above, each
site would have to be considered individually. This would bring us back to an N-body
problem which cannot be solved. Approximations regarding the atomic environments
therefore have to be introduced if the problem is to be solved.

The method presented in this paper is an extension of the simple MEFT to the more
complicated case of atomically disordered alloys. The method allows the level of
approximation regarding the atomic environment to be reduced gradually, simultaneously
increasing the complexity of the problem to be solved. It is expected to converge to an
nexact" mean field theory for disordered alloys. It was first presented in Rancourt et al.
(1993) where it was applied to one-dimensional binary alloys. In addition to a more

2 These methods are sometimes referred to as higher order mean field theories since the Hamiltonian of a

group of atoms is solved exactly before the effective field is introduced.



extensive study of the one-dimensional binary alloys, this work also contains a study of
three-dimensional binary alloys and an application to a real alloy.

The real alloy series that was chosen to apply this mean field theory is the
disordered face-centered-cubic (fcc) Fe-Ni alloy series. The large amount of experimental
data available on these alloys and the strange behavior of its magnetic and non-magnetic
properties were the main two reasons that motivated this choice. One of the
characteristics of the fcc Fe-Ni alloys that has made them so well known is their low
thermal expansion coefficients. The alloy FegsNiss, has a thermal expansion coefficient
that is nearly zero at room temperature, and is known as the "Invar" alloy. In fact, the
thermal expansion of fcc Fe-Ni alloys shows a deviation from the normal metal behavior
over a wide range of concentrations and temperatures. This type of behavior is referred to
as Invar behavior.

An unanimous theory which explains all properties of fcc Fe-Ni alloys including the
Invar behavior has not yet been found, despite the large amount of papers that have been
published on the subject (see review articles such as Nakamura (1976), Honda (1978) and
Rancourt (1989)). Most models still in use today are variations of one of the following:

a. The weak itinerant ferromagnetism model suggested by Wohlfarth relies on the
assumption that at Invar concentrations, the fcc Fe-Ni alloy can be described by an
itinerant electron model and behaves like a weak ferromagnet. The transition from
strong to weak ferromagnetism around the Invar concentration is used to explain
many concentration-dependent properties of Fe-Ni alloys.

b. The Weiss two ¥ - state model is based on the existence of two possible states of
the Fe atoms in an fcc structure; a low spin state with a smaller ionic size and a
high spin state with a larger ionic size. The Invar behavior would be caused by
thermal activation between these two ionic states.

c. The latent antiferromagnetism model suggested by Kondorsky and Sedov relies on
the presence of three exchange integral in the alloy: Jy;_ni > 0, Ype—pi >0, and



Jge_pe <0. This mixed exchange model explains well many concentration-
dependent properties of the alloy. Some authors (Menshikov, 1977) state that a
strong dependence of Jg, . on the atomic distance is required to explain Invar
behavior with this model. The work presented here is compatibie with this model.

It is the opinion of many authors that the magnetic behavior and Invar behavior
can only be explained with complicated itinerant electron models. This opinion is not
unanimous and there are supporters of the usually simpler local moment models. See
Wohlfarth et al. (1979) for an interesting discussion of this question. The model presented
in this work is a phenomenological local moment model based on mean field theory. One
thing that present researchers seem to agree on is that Invar behavior is related to the
magpetism of the alloy. Therefore, understanding the magnetic behavior of foc Fe-Ni is
one step in the direction of understanding the Invar behavior. It is not in the scope of
this work to explain Invar behavior, but we will attempt to see how well our simple mean
field theory model with local moments can reproduce the purely magnetic properties of the
fcc Fe-Ni alloys. A certain degree of success is achieved, and it is hoped that this simple
model can later be used as a starting point for modeling the magnetothermal properties of
fee Fe-Ni alloys.

Chapter 2 provides a short review of some of the work on magnetic alloys. We
mention ab initio calculations and mean field theories of alloys, and work related to spin
glasses. In chapter 3, a review of the equations for the pure paramagnet and the
application of mean field theory to the pure ferromagnet is provided. Our model for
random binary magnetic alloys is presented and compared to other models. The equations
for the one-dimensional case are developed and some special cases are studied. A general
set of equations is developed which can be used in the three-dimensional case. In chapter
4, the model is applied to fcc Fe-Ni alloys. First, a review of some magnetic and non-
magnetic properties of the fcc Fe-Ni alloys is provided and the assumptions that must be
made in order to apply the model are listed and discussed. Then, an attempt is made to
model some of the magnetic properties of the alloy. Finally, some possible additions to
the model are suggested to make it more realistic with regards to fcc Fe-Ni alloys. In



chapter 5, a starting point on how the model could be used to study the magnetocrystalline
coupling of the fcc Fe-Ni alloys is given. Chapter 6 contains concluding remarks.



2.0 REVIEW OF PREVIOUS WORK ON MAGNETIC THEORIES
OF ALLOYS.

In this section, we review some of the work on magnetic theories of alloys. This is
intended to be a brief overview rather than a complete review of the work done in this
area. Details are not provided but most relevant references are given. When possible,
references of work done specifically on fcc Fe-Ni alloys are provided.

Treating the magnetic properties of magnetic alloys is a considerable task since, in
addition to the complex magnetic interactions, one has to consider the atomic environment
which is different for each atom.

For this reason, there has been only very little ab initio calculations (calculations
from first principles) of magnetic properties of alloys. Even for the pure metalis, ab initio
calculations are mainly limited to ground state properties. Only recently has some work
been done on finite temperature ab initio calculations of pure metals (e.g. Pindor et al.
(1983)). Also recently, the Korringa-Kohn-Rostoker coherent-potential-approximation
electronic-structure calculations usually used for ab initio calculations on pure metals have
been adapted first to metals with impurities (Léonard and Stéphanou (1985), Kanamori et
al. (1984), Dederich et al. (1985) and Akai et al.(1990)), and to atomically disordered
alloys (Winter and Stocks (1983), Johnson et al. (1987), Ebert at al. (1988) and Akai
(1991)). Guenzburger and Ellis (1986) have also performed some self-consistent ab initio
cluster calculations of fec Fe-Ni alloys. Although those calculations are getting more and
more sophisticated, there are still big differences in the results of the various authors.
Also, the ab initio calculations on alloys are all performed at zero temperature, such that
they do not provide any information on the thermal properties of the alloy systems.

Most temperature dependent calculations of the magnetic properties of alloys are
done using phenomenological models. Some of these are based on the simple mean field
theory of the pure ferromagnet. Sidorov et al. (1971) have used arguments based on the
latent ferromagnetic model to explain the variation of the magnetic moment per atom with
composition at zero temperature in foc Fe-Ni alloys and other similar alloys. The
competition between ferromagnetism and antiferromagnetism is used to explain the change



in orientation of the individual spins, and consequently the lowering of the average
moment of each type of atom in the alloy. These results and a simple mean field theory
were the bases for some work on the magnetic properties of Fe-Ni alloys by Dubinin et al.
(1971). The mean field theory that they use does not consider the atomic environment of
the atoms, but does distinguish between the two types of atoms in the alloys. It is almost
equivalent to our v =0 model (section 3.3.2.2).

Heron (1992) has presented a mean field theory of alloys which is quite similar to
what will be presented in this work. She gradually increases the information on atomic
environment for a one dimensional example. She also applies her model to fcc Fe-Ni
alloys. The difference between her model and the model that will be used in this work will
be clarified at the end of chapter 3. Note that in their work on fcc Fe-Ni alloys, Muller
and Hesse (1983) have used a model identical to Heron's with regard to the atomic
environment. The results that they obtain differ significantly from those obtained by
Heron, mainly because they use a much larger number of free parameters.

There has also been some work on atomically disordered alloys which is based on
techniques more sophisticated than the simple mean field theory, such as the Bethe-
Peierls-Weiss method (Katsura and Fugiki, 1979), the square approximation (Katsura and
Fugiki, 1980) and the tetrahedron approximation (Katsura and Nagahara, 1980). Simply
put, these models solve the Hamiltonian for a given number of atoms before introducing
the mean field approximation. In addition, a distribution of the magnetic interactions is
used to introduce atomic disorder. The work in that area is divided into two categories.
First, the work that uses a random site model to describe the distribution of the
interactions. The atoms are placed randomly on the lattice, and the interactions felt by a
given atom are determined by its nearest neighbors Second, the work that uses the

according to_a{;qn‘imuous distribution function.

It is important to note the difference between the random bond model and the
random site model. We believe that the random site model provides a more realistic



picture of atomically disordered alloys, since it specifically takes into account the identity
of the surrounding atoms.

The random bond model is somewhat easier to solve since the interaction
distribution function can be chosen in order to facilitate calculations. In cases where the
aim is to create a situation of frustration to study spin glass structures, the random bond
model is more widely used. It is also used to describe magnetic amorphous alloys.

Since the random site model treated with any of the technics described above is
quite complex to solve in the first place, it is not easy to try to increase the number of
atoms in the defined atomic environment of each atoms. Also, an Ising type interaction
with a spin of 0.5 must often be assumed to simplify the problem. An example of such
work applied to fcc Fe-Ni alloys was done by Fugiki (1983). He has used the random site
model with the tetrahedron approximation to solve for the magnetic properties of the fcc
Fe-Ni alloys.

Finally, another technic that is often used to study the finite temperature magnetic
properties of alloys is Monte-Carlo simulations. Once again, most of this work has been
aimed at studying spin glass systems. The work of Thompson et al. (1991) is an example
of such work. Note that he uses a classical Heisenberg Hamiltonian to describe the
magnetic interactions.

It is important to note that although the work done specifically on spin glasses is
close to the.-work done on magnetic alloys, there are important differences between the
two. The work on spin glasses is aimed at getting spin glass behavior rather than
modeling real alloys. In order to do that, systems with perfect frustration are often used.
Also, in order to render the problem as easy to solve as possible, random bond models
(with distribution centered on zero for perfect frustration) are usually used with the Ising
model. Finally, distributions with infinite range interactions are often used since the mean
field approximation is believed to be good in those cases. For reviews of work on spin
glasses, see Chowdhury (1986) and Fisher and Hertz (1991).



3.0 DESCRIPTION OF OUR MODEL.

This chapter contains a brief overview of the Brillouin theory of the simple
paramagnet and of the application of mean field theory to the simple Heisenberg
ferromagnet. The Hamiltonian for a ferromagnetic binary alloy is also introduced and our
model for treating disordered magnetic alloys is developed.

3.1 MAGNETIZATION OF A PARAMAGNET IN A MAGNETIC FIELD.

We consider the simple case of a pure paramagnetic substance for which the
magnetic moment of each atom arises from the total spin angular momentum only. We
assume that there are no classical dipole-dipole interactions and no mégnetocrystalline
anisotropy in the substance. Since all atoms are identical and do not interact, we need
only consider the Hamiltonian of a single atom with spin operator S and ground state spin
quantum number S, in an applied magnetic field H?. Such a system can be described by the
following Hamiltonian

¥=-gnpS-H , (3.1

where g is the electronic g-factor and py is the Bohr magneton. We arbitrarily set the
applied field along the quantization axis and choose the latter in the z direction. Assuming
that only the S(S+1) states of the ground state multiplet can be excited, we obtain the
following energy eigenstates

38ince we have neglected dipole-dipole interactions, the internal magnetic field is the same as the applied
magnetic field H. This is a small approximation in the case of paramagnetic materials, since the
correction term is proportional to the magnetization of the sample and always much smaller than the
applied magnetic field. For a ferromagnetic material in zero external field, the exchange interaction is
much larger than the dipole-dipole interaction such that the latter can be neglected. For a ferromagnetic
material in an external magnetic field, this approximation is valid only if the external magnetic field is

large.



h=—-gugs,H; s==8,-(8-DH,...8 (3.2)
where s, is the quantum number of the z component of the spin operator S. Note that we

do not need to consider the applied field H a vector anymore. The partition function, Z,
of a paramagnetic substance containing N magnetic atoms is therefore given by:

s N
7 =[ ze-ﬁgusszH) , Bt (3.3)

2 =-8

where kg is the Boltzman constant and T is the temperature in Kelvin. The magnetization
M of the paramagnetic substance is obtained with the following thermodynamic
relationship:

M=-—— (3.4)

where V is the total volume of the substance and the free energy of the system, F, is
defined by:

ePF=7. (3.5)
Since there is no magnetocrystalline anisotropy, the magnetization will be in the same
direction as the applied magnetic field, i.e. along the z axis. Combining equations 3.3, 3.4

and 3.5, one obtains the following well known equation for the magnetization of a
paramagnet in a magnetic field H:

N
M= VgUBSBs(BgUBSH)’ (3.6)

where B(x) is the Brillouin function which is defined by:
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B,(x) = zig:lcoth(z'z;lx) _ —z%coth(a%x). G.7)

Since the magnetization M and the z component of the thermally averaged spin per
magnetic atom (SZ) are related by the relation

M =eun(S?), (3.8)

equation 3.6 can be rewritten as

(s%) = B (BeupSH). (3.9)

3.2 MEAN FIELD THEORY OF THE PURE FERROMAGNET.

We now consider in more detail the case of the pure ferromagnet described earlier
in chapter 1. We will assume that all atoms are identical, that they are placed on identical
crystallographic sites and that they have an identical local environment. If we rewrite the
relevant Hamiltonian (equation 1.1) taking into consideration that only near neighbor pairs
of atoms interact and that J, the exchange integral, is positive and is the same for each near
neighbor pair of atoms we get

i) i
m(l)l;pﬁ(lrs

Now, let us consider a Hamiltonian ¥, which ccntains only the interactions involving the
ith atom, i.e. all terms of the full Hamiltonian ¥ that contain S;:

¥, = -I8;- D.8; - gupSi-H . (3.11)

1.
nnof i

11



In MFT, we replace each §; by its thermal average (S j). Since we have assumed that all
the sites are equivalent, the (S j) are all the same and they can be replaced by (S) and

taken out of the sum. The resulting Hamiltonian for the ith atom is

In(s)

BHn

2 =—guBSi-( +H), (3.12)

where T is the number of nearest neighbors. This Hamiltonian has the same form as the
Hamiltonian of a paramagnet (equation 3.1) in an effective magnetic field Hog given by

In(S)
EUp

H.5 = +H. (3.13)

Since the spontaneous magnetization (or the thermal average spin) will be in the direction
of the applied field, we take it to be in the z direction and only need to consider the z
component of the vectors and operators. The thermally averaged spin of the pure
ferromagnet can therefore be obtained by replacing H by Hogrin equation 3.9:

yn(s*

(sf):(SZ):SBS BengS +Hl, (.14)

This equation can be solved either graphically or numerically. It can also be shown that
for the zero magnetic field case, there is no non zero solution for the average spin at any
temperature above a critical temperature T, which is given by

2

315
. (3.15)

If we used the same equation for the negative J case and in zero applied magnetic
field, we would obtain the trivial solution, i.e. (S) = 0 for all temperatures. Although this

result is in accordance with bulk magnetization measurements, it does not provide any
information on the thermal average spin of the individual atoms which may be non zero, If

12



the lattice can be subdivided into two sublattices such that atoms within a sublattice do not
interact (the body centered cubic for example, can be divided into two interpenetrating
simple cubic lattices), the ground state is antiferromagnetic and the problem can be solved
by defining an effective field for each sublattice. If the lattice cannot be divided into two
such sublattices (face centered cubic lattice for example), the problem is more complicated
since the ground state is not necessarily well defined. For more details on the treatment of
the MFT of antiferromagnetism, see Smart (1966).

3.3 MEAN FIELD THEORY OF MAGNETIC RANDOM BINARY ALLOYS.

We now consider the more complicated case of a sample which contains two
different types of magnetic atoms, A and B which are randomly placed on a regular array
of equivalent Bravais lattice points. All sites of the lattice are occupied by an A-atom or a
B-atom. The total spin operators of atom types A and B have ground state quantum
numbers 5, and Sp respectively. As in the case of the simple ferromagnet, we assume that
only near neighbor pairs of atoms interact. In addition, we assume that there are only
three different nearest neighbor exchange integrals, J, 4, Jag and Jgg depending on the
identity of the atoms interacting, and we will allow these exchange integrals to take
positive or negative values. The Hamiltonian for such a system in an applied magnetic
field H is

X o= - > 1588 - gugH-YS;. (3.16)
i>j i
Ry

Unlike in the case of the simple ferromagnet, we cannot assume that all sites are equivalent
because each atom has a different atomic environment. If all of the different atomic
environments were to be considered individually, the mean field problem would consist of

a system of N non linear equations with N variables, the N variables being the thermally
averaged spin of each atom (Si). In order to avoid that, some approximation must be

made with regards to the atomic environment.
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3.3.1 Average atom model.

A simple way to treat this problem is to completely omit to consider the different
atomic environments and atomic identity. We define an average spin quantum number §
and an average exchange integral T in the following way:

S =c(A)S, +(1-c(A))Ss (3.17)

and

T =p(AA)J zp +p(AB) 5p + p(BB)I g, (3.18)

where c(i) is the concentration of i type atoms and p(ij) is the probability of an ij nearest

neighbor (nn) pair. For a completely random alloy, these are:

p(AB) = 2¢(A)(1 - ¢(A)) (3.19)

p(BB) =(1-c(A))".

This allows us to consider all atoms equivalent such that the thermally and atomically
averaged spin can be obtained by inserting § and T instead of ¥ and S in equation 3.14,

(87)=(8*) = 5B5| BgnS JliSBZ> +H || (3.20)

The result is the same as that of a simple pure ferromagnet with spin quantum number §
and exchange integral T. Obviously, any behaviors related to having two different types
of magnetic atoms, mixed exchange and atomic disorder will not be predicted by this
model.

14



3.3.2 Our model: considering atom identity and atomic
environment.

In this section, we will describe our mean field method for disordered alloys. The
method was described in detail by Rancourt et al. (1993), but we will present it again with
a slightly changed notation.

3.3.2.1 Introduction to the model.

In this method, the atomic environment of an atom is defined up to a certain
cluster size around this atom. In order to classify the level of approximation regarding the
atomic environment, we define v as the number of near neighbor shells included in the
clusters. If v =0, the cluster contains only the central atom; if v =1, the cluster contains
the central atom and the first nn shell; if v = 2, the cluster contains the central atoms and
the first two near neighbor shells, and so on. The number of different cluster types, N,,,

depends on the cluster size v and on the crystallographic structure of the alloy. Half of
these N, cluster types have an A-atom at their center, and the other half are identical

except that they have a B-atom at their center. A cluster will therefore be labeled with
two indices; i = A or B for the identity of its central atom and & =1 to N,,/2 for the

configuration of the other atoms in the cluster. We will write the thermal average of a
quantity X associated to an atom of type i which is at the center of a cluster of type & (i.e.
the central atom of an i& - cluster ) as (Xﬂg). The spatial average of that quantity for a

large sample will be obtained as:

. N, /2

(x) = 2, pGi,E){Xiz ) (3.21)

i=AB &=l

where p(i,&) is the probability of occurrence of the i€ - cluster.

One thing we are interested in is the thermally averaged spin of the sample. Once
the cluster size has been defined and the number of non-equivalent clusters established, the

15



effective field acting on the central atom of each cluster type can be obtained. This
effective field on the central atom of an i€ - cluster consists of two contributions, the

applied magnetic field H and the interaction of the central atom of the cluster with the
atoms on its first near neighbor shell. We will refer to the latter as the mean field _ﬁig.

The thermally averaged spin of the central atom of an i€ - cluster can be obtained in the
same manner used for the simple ferromagnet, i.e.

<Si§> =8;By, (BguBSi (n +ﬁi§))- (3.22)

Note that we have assumed again that the applied magnetic field and the mean field are
along the quantization axis, the z axis. Therefore, the only non zero component of the
average spin is along the z axis and we will omit to specify this from now on.

For a given v, there are N, equations of the form of 3.22. If the mean fields _I:l"ig
can be expressed as a function of the thermally averaged spins (Si‘g), 3.22 represents a

system of N, equations which can be solved for the N, (Sig>'s. The average spin over

the whole sample can then be obtained with equation 3.21.

If the magnetic field H is set to zero, all (Si§> will vanish at the critical

temperature, T.. Ifthe alloy is a ferromagnet, this temperature is also called the Curie
temperature, Tc. Close to that temperature, the thermally averaged spins are small, such
that the small argument expansion for the Brillouin function

Bg(x) ~ (S;’S”x, if x <<, (3.23)

can be used. When this expansion is included in the system of equations 3.22, there
results a system of N, linear equations to which there can be a non trivial solution only if

the determinant of the corresponding N, by N, matrix of coefficients is equal to zero.

The determinant of that matrix can therefore be computed for decreasing temperature,
until it reaches zero. The highest temperature for which the determinant is zero

16



corresponds to T, for the most stable ordered state. T, can also be obtained by solving
equation 3.22 for increasing temperature, until all of the (Sg) are identically zero.

3.3.2.2 v = 0 model.

First, we consider clusters of only one atom. Since the identity of each atom can
be either A or B, N = 2, and we must define the effective field acting on the two types of
atoms, A and B. The following mean fields are obtained for a completely random alloy:

H, = -g—S—B(c(A)J an(S2)+c(BY AB(S%;)) (3.24)
Hy :g—S;(c(B)JBB(sg)H(A)J a5 (Sk )) (3.25)

The following system of equations therefore results:

(S?)=5;B5, (H; +H), i=AorB. (3.26)

These two coupled equations can be solved numerically. The average spin is given by:

(s7)=c(A)(s% ) +(B)(SE). (3.27)

Because this model only contains two equations, an analytic expression for T, can
be obtained:
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b= ———32 (S,(Sy +1D)c(A)T op +S5(Ss +1)e(B) gg) (3.28)
B
o]
!

(3kg)’

¢= (SA(Sa +1)55(S5 +1) (A e(B)TanTrs —Tas2)).

3.3.23 v =1 model.

Next, we consider clusters which consist of a central atom and the n atoms of its
first nn shell. The maximum number of non-equivalent clusters is 2" the number of
ways that one can place n+1 atoms which canbe A or B, on n+1 sites. However, some
of these will be equivalent due to local symmetry and N, will usually be smaller than on
For each cluster type, we define a mean field acting on its central atom,

He=—3
iz _EEJ iL(:,m'(SLu,a))ne,'

(3.29)
The sum is over all first nn atoms of the central atom. ! is an index which indicates the
position of the nn atom considered in the i - cluster and it runs from 1 tom. L is the
identity of that nn atom and can be A or B, depending on the position { of the atom and on

the cluster type (£). (SL(, §)>l_§is the thermally averaged spin of the M atom in the first nn
? 1
shell of the i€ - cluster, which we call the (i - atom. (SL(t §)>:'§ can be expressed as a
i 1
function of the (Si‘g)'s in the following way:

N,/2

(SL(LE_.)>gie_, = g‘:l P(ﬂiﬁ;é')‘<SL(E,§)g'> , (3.30)

where p(!iﬁ;é') is the probability for the li& - atom to be at the center of a &’ - cluster.
Combining equations 3.22, 3.29 and 3.30, one obtains
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n N]lz

(Si‘i) = 8iBs, BSi| gupH +(ZJiL(t,§) Zp(fig;g')<SL(z,g)g'> , (3.31)

t=1 g':l

which is a system of N, equations, one for each of the if - clusters, which can be solved
for the (Sié)'s.

Looking closer at this equation, we note that for concentration extremes, i.e.
c(A) = 0 at.% or ¢(A) = 100 at.%, the only relevant equations are the ones for the only
clusters contributing to the sample average, i.e. those clusters consisting of only B-atoms
or A-atoms respectively. Furthermore, at these concentrations, these equations are
completely equivalent to equation 3.14. We have seen that this equation does not treat
antiferromagnetism well and therefore our model will not be adequate for strongly
antiferromagnetic alloys. One way to improve the model for cases with antiferromagnetic
interactions would be to divide the lattice into sublattices, such that atoms within a
sublattice do not interact, as it is usually done for the pure antiferromagnet (Smart, 1966).
Rancourt et al. (1993) give a description of how this could be implemented. Note,
however, that in order to do that, one has to have a good idea of the nature of the ground
state at the concentration extremes, which is not always the case. For example, for a pure
antiferromagnet on an fcc structure, with only first nn interactions, the nature of the
ground state is not well defined.

3.3.2.4 v =2 model.

The model considered here is one where the atomic environment is defined within
clusters consisting of a central atom and the atoms on its first and second nn shells. When
n is the number of first nn's and 1’ the number of second nn's for the lattice in

consideration, the number of non-equivalent clusters, N,, has a maximum value of
21+7+0'  Eor the central atom of each i€ - cluster, we define the mean field acting on it in

the same way as for the v =1 model:
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— 1 &
Hig = - EJME) .<sw,g_))mg. (3.32)

The only difference between equation 3.29 and this one is that the subscript "1 " was added
to emphasize that the sum is over all atoms that are in the first nn shell of the central atom.
We refer to these atoms as the 1(i¢ -atoms. As we did previously for the v =1 model, we

can simply express the <Sw’g)>ui¢.s in terms of the <Si€>-s in the following way:

N, 72
(St = g,z_] PUEE)-{Suuz - (3.33)

where p(1ti&;&’) has the same definition as p(ti&; ') in equation 3.30. We will refer to

this model as the v =2~ model.

However, one can take full advantage of the known atomic configuration of the

cluster and define a mean field acting on the 11if - atoms. The (SL“ é))u'gls would then be
’ I

given by
(SL(L&))mg = SL(z,a)BsL(,,g)[BSLu,g)(guB(_ﬁuig + H))] (3.34)

where ﬁmg is the mean field acting on the 1{i¢ - atom and can be expressed as
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e =——| Jnae)(Se) + 2 JL(L%)L’(!’J%)(SL'(t',§)>“ai§
gUpB i
nn of 11§

+ ; JL(LQ)LM(EH’E,)(SLH(tn’g))zl"ig
mn of 1€

+ X (C(A)JAL(t,é)(SA)aymig+C(B)}BL(1,§)<SB)33gf"i§)'

t"l‘

nn of Mi

(3.35)

The first term of equation 3.35 accounts for the interaction between the 1/i& - atom and
the central atom of the i - cluster. The second term, is a sum over the atoms of the first
nn shell of the i& - cluster which are also first nn of the 1fi€ - atom. The identity of these
atoms, L', depends on the cluster type & and on their position, {', in the i - cluster. The
third term is a sum over the atoms of the second nn shell of the i& - cluster (the

2¢"ig - atoms) which are also first nn of the 1ii€ - atom. The identity of these atoms, L",
depends on the cluster type £ and on their position, {*, in the i&-cluster. The subscript "2"
indicates that these atoms are in the second nn shell of the i§ - cluster. The last termisa
sum over the atoms that are outside of the i£ - cluster (the = 3{"i§ - atoms) and that are in
the first nn shell of the 14 - atom. The identity of these atoms is not defined and
therefore, the two possibilities A and B, are weighted by their probabilities of occurrence
in the alloy, ¢(A) and c(B) respectively. The subscript "> 3" indicates that these atoms are
in the third or more nn shell of the central atom of the i§ - cluster, and the " index stands
for the position of these atoms with respect to the i§ - cluster. Note that any of the last
three terms of equation 3.35 could be zero, depending on the crystallographic structure of
the sample. For example, in the one-dimensional case, only the first and third term would
contribute.
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The thermally averaged spins of the 2("i& - atoms are obtained through the same
averaging process as in equation 3.30,

N,/2

(Srn ey )y = 2 PRUIEE) (St ), (3.36)

g'=1

where p(21"i&;£’) is the probability for the 2("i§ - atom to be at the center of a
g’ -cluster. Similarly,

N, /2

(Sj>23t,,,ig = gl p(z 3L"iE;E")- (Sj§'>, j=AorB, (3.37)

where p(2 3(™i€; ') is the probability for the > 3i""i€ - atom to be at the center of a
&' - cluster .

Combining equations 3.22 , 3.32, 3.34 and 3.35, one obtains the system of N,
equations which must be solved for the (Sﬁ)'s. The problem is not solved yet since we

have introduced a new set of internal variables, the (SL(,@)]M"S which are functions of
both the (Si§>'s and the (SL(,,§)>“1£'S. In order to solve for the <Si§)'s, one must have the
<SL("E-*))1:1 g's. We therefore choose an initial set of (Si§>'s and insert these initial values in

the relevant equations. One can see that equation 3.34 combined to equations 3.35, 3.36
and 3.37, represent N, sets of n equations. There is one such set of equations for given

values of i and &, with variables (SL(t 5)>1z‘ ,{=1tomn. These sets of equations are solved
i 1

g

" values are inserted in equations 3.22, 3.32, 3.34 and 3.35
1

which in turn are solved for a new set of (SR;)'S. This procedure is repeated until self

and the resulting (SL(t,é))u

consistency is reached.
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3.4 APPLICATION OF OUR MODEL TO A 1D BINARY ALLOY.

In this section, we develop the relevant equations for a one-dimensional random
binary alloy. Such an alloy consists of a linear array with N equally spaced sites onto
which (N-c(A)) A-atoms and (N-¢(B)) B-atoms have been placed at random. Some
specific cases in zero magnetic field are solved and the results are presented. The
difficulties involved in solving the system of equations in some of the cases are also

discussed.

3.4.1 Development of the equations.

For the v =0 model, there are only two types of clusters and the equations have
already been given in section 3.3.2.2. The only undefined parameter in this equation is m,
the number of first nn atoms. For a one-dimensional alloy, 1= 2. One can also use

equation 3.28 to obtain T,.

For the v =1 model, the 1D clusters consist of three atoms. At maximum, N} = 8.
Two of the 8 possible clusters have an equivalent cluster such that N; = 6, and & can take
values 1 to 3. Table 3.1 provides a list of the 8 different clusters.

2
z
>

AAB, BAA ABB, BBA

Nail S g
I
[P ] N

I

BAB BBB

Table3.1:  List of possible clusters for a
1D binary alloy, v =1 model.
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We define the position  of the atoms in the first nn shell of the cluster such that t = 1 if the
atom is to the left of the central atom, or { = 2 if the atom to its right. For £ =2, there are
two equivalent clusters, and we arbitrarily choose the one on the left in table 3.1 to define
the fi¢ - atom and its identity L. Using this and the list of clusters in table 3.1, one can
obtain the values of L(E,&). The resulting values for L are provided in table 3.2.

£=2

=3

A
B

w

Table 3.2: L(E,&) for a 1D binary alloy, v =1 model.

The next step is to obtain the values of p(ti&;£'). One should note that for &' =2,
p(ti€; ') is the probability that the /i€ - atom is at the center of either one of the two
equivalent clusters corresponding to £' =2. Also, for the 1D case, the probabilities are
independent of { and & since the only atom of the i - cluster which contributes to the first
nn shell of the (i€ - atom is the central one. The values for p(li&;&’) are provided in table

33.

£=1 g =2 g=3
i=A c(A) c(B) 0
i=B 0 c(A) c(B)

Table 3.3: pl(ti€; £") for a 1D binary alloy, v =1 model.
These values hold for any { or €.
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Using the information of tables 3.2 and 3.3, the parameters of equation 3.31 are
completely defined for any of the six i& - clusters.

For the v =2 model, the clusters consist of 5 atoms; the central atom, its first nn
shell which contains two atoms and its second nn shell which also consists of two atoms.
The number of non-equivalent clusters is therefore smaller then 2 ie. N, < 32, Infact,
we find that N, = 20. The list of all clusters is provided in table 3.4.

E=1 AAXAA £=6 AAXBB, BBXAA
£=2 | AAXAB, BAXAA | £=7 | BAXBB, BBXAB
£=3 BAXAB E=8 ABXBA
£E=4 | AAXBA, ABXAA | £=9 | ABXBB, BBXBA
£=5 | BAXBA, ABXAB | &= BBXBB

Table 3.4:  List of possible clusters for a 1D binary alloy, v =2 model.
X is either A or B.

As in the v =1 model, when there are two equivalent clusters, the one on the left will be
used to define the identities L and L” of the 1§ - atoms and 2{i€ - atoms respectively.
The positions of the 14 - atoms and 2{i§ - atoms, { and " respectively, are also defined
such that { or {” =1 if they are to the left of the central atom, and { or {” = 2 if they are to
its right.

If one decides to solve the problem using the v =2~ model, the values for all

L(t,£) and p(14i&;&’) must be obtained and inserted in equations 3.32 and 3.33. These are

then used in the same way as for the v=1 model. If one decides to use the more
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complete v = 2 model to solve the problem, the parameters of equations 3.35, 3.36 and

3 37 must all be defined. However, in the 1D case, one will see that only the first and
third terms on the right side of equation 3.35 will contribute, and that the sum on "
contains only one term. This means that there is no <SL(”E-))1HE_, in the equations, and that

one does not have to solve the system of equations given by equation 3.34 as an
intermediate step. The parameters that have to be defined are therefore L(1,&), L(i",€)

and p(2£"i§;tj,').

The list of all parameters required for the v=2" and the v= 2 models is quite
lengthy, and therefore, it is provided in Appendix B.

3.4.2 Study of some one-dimensional cases,

In this section, we present the results of our model applied to two typical 1D cases
in zero applied magnetic field.

34.2.1 All ferromagnetic 1D binary alloy.

The first case that we consider is a 1D atomically disordered binary alloy, with
atom types A and B. The atoms have total spin quantum numbers S, = 0.5 and Sy = 1.5
and their exchange integrals for first nn magnetic interactions are given by Jap =20 K,
Jap = 40 K and Jgg = 60 K*. This case was chosen because of the big difference in energy
interaction for the two concentration extremes. This case has already been treated by
Rancourt et al. (1993) for c{(A) = 50 at.%. We extend their results to the full
concentration range.

Figure 3.1 shows the magnetic composition-temperature phase diagrams which are
obtained when the average-atom, the v=0, the v=1 and the v = 2 models are used. For

4A11 values of exchange integrals are given in Kelvin, such that the multiplying factor of 1/kg which is

always present with the J values can be omiited in the equations.
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the first two models, equations 3.15 and 3.28 were used. For the last two models, the
programs listed in Appendix C were used.

For small and decreasing c(A), the T_'s obtained with the four models all converge
to the T, of the pure A ferromagnet, i.e. 150 K. For large and increasing c(A), the T,'s
obtained with the average-atom and the v =0 models converge to the pure B ferromagnet
T,, i.e. 10 K, but this is not the case for the v=1 and the v=2 models. For these two
models, the T,'s seem to converge to a higher temperature (75 K for v=1 and 110 K for
v=2), and to drop to the expected pure B ferromagnet T, only when c(A) is exactly
100 at.%. The T for these two models was obtained by using the determinant method
described in section 3.3.2.1.

In order to understand why we obtain such high critical temperatures at large c(A),
we have solved for the average spin versus the temperature at c(A) = 90 at.% for the four
models. A simple iteration method was used to solve the relevant systems of equations.
Sample programs used are listed in Appendix D. The resulting sample spin averages are
shown in figure 3.2.

The results for the first two models are consistent with the phase diagrams and
there are no particularities in the curves. For the last two models, some interesting results
are observed. Although this might not be evident from figure 3.2, the average spin
becomes exactly zero at a temperature which is consistent with the phase diagram for both
these cases (average spin values obtained for a significant temperature range below T are
small compared to the scale, but not zero). There are however other characteristic
temperatures which correspond to sudden drops in the average spin. They occur at
T~15K and T=35K. We also observe a convergence of the sample average spin versus
temperature curves as v increases, This kind of convergence was also observed by
Rancourt et al. (1993) for the two 1D alloys that they treated.

In figures 3.3 and 3.4, the thermal average central spins of the individual clusters

are shown for the v=1 and the v =2 models respectively. These indicate that the sudden
drops of the average spins at temperatures lower than T, are caused by the average central
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spins of some clusters dropping to almost zero. Some other clusters have an average
central spin which stays high up to T, but which do not contribute much to the sample
average spin due to their low probability of occurrence. These clusters are responsible for
the tails observed in figure 3.2.

The kind of behavior described above is only predicted for cases where the
magnitude of the three energies of interaction are considerably different. In the case
presented, for example, we have S3 [V aa|= SK, Sa - Sp-|Jap|= 30K and
S3 -IJ BB] —135K. Furthermore, the tails in the magnetization versus temperature graphs
are only predicted for large concentrations of the weakly interacting atom type (and/or
small moment atom type). See Rancourt et al. (1993) for the study of the same case, but
for c(A) = 50 at.%.

The phase diagrams shown in figure 3.1 therefore provide the real T's as it was
defined in section 3.3.2.1, i.e. the lowest temperature at which the average central spins of
all clusters are identically zero. If we wanted to compare the T,'s obtained with our
method to experimental T's (if the model was used for a realistic case), it would be
preferable to define a more realistic T: the temperature above which the calculated
magnetization is too small to be measured. The magnitude of the lowest magnetization
that can be measured would depend on the experimental setup. Note that these two
calculated T,'s are the same unless there is a tail in the calculated magnetization versus
temperature graph.

3.4.2.2 Mixed exchange 1D binary alloy.

We now consider a 1D atomically disordered binary alloy with the following
characteristics: S, =1.0,83=0.5,J44 =-20K, Jo,p=40K and Jgp = 60 K. This case
was chosen because all three energies of interaction have the same magnitude but two of
them are ferromagnetic and one of them is antiferromagnetic.

The composition-temperature magnetic phase diagrams obtained when the four
models are used are shown in figure 3.5.
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For the average atom model, the parts of the curve to the left and to the right of
the T, = 0 K point (c(A) = 82at.%) correspond to a positive and a negative
T respectively. For negative T cases, the T, shown is the Néel temperature obtained
when the alloy is treated using the standard mean field theory of a pure antiferromagnet
with two sublattices within which atoms do not interact and J = J. Ifwe had used a
unique lattice and a unique equation (3.14), we would have obtained T, =0 K for
c(A) > 82 at.% since there is no non zero solution to equation 3.14 when J is negative and

H is zero.

For the v =0, the v =1 models, the T for pure A is zero since the only relevant
equation is equivalent to equation 3.14 with J =J,, and § = §,. However, while the T is
continuous for the v = 0 model, there is a discontinuity at c(A) = 100 at.% for the v=1
model. Unlike for the case presented in the previous section, this discontinuity is not due
to a tail in the magnetization versus temperature plot. For large ¢(A), and low
temperature, all clusters' thermal average central spins are large and positive, except for
the AAA-cluster, which has a thermal average central spin that is small and negative.
Since the latter cluster has the largest probability of occurrence at large c(A), there results
a small and positive sample average spin which vanishes at a given T,. When c(A)is
exactly 100 at.%, the AAA-cluster has a thermal average rentral spin of zero at all
temperature, and since it is the only cluster contributing to the sample average spin, the T,
is zero.

Surprisingly, there is no discontinuity in the T, for the v=2 model. The reason
for which the T at c(A) = 100 at.% is not zero like for the other three models comes
directly from the system of equations. While all other models presented here converge to
the pure ferromagnet equation (3.14) at concentration extremes, the v=2 model does
not. Instead, one obtains the following equation at c(A) = 100 at.% in zero applied
magnetic field,

(Sa1) = SaBs, (29 4aBSsBs, (2744854 (Sa))- (338)
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Since the Brillouin function is even, the two negative signs of J, 5 cancel and equation
3.38 allows a solution when J 5 » is less than zero.

We already know that our model is not adequate for strongly antiferromagnetic
alloys, and therefore, the big differences in the phase diagrams of the various models in the
large ¢(A) region should not surprise us. We will therefore only present graphs of the
average spins versus temperature for an intermediate concentration, ¢(A) = 50 at.%. In
order to solve the relevant system of equations, the simple iteration method used for the
all ferromagnetic case could not always be used. For the average-atom, v=10 and v=1
models, a bisection method combined to the iteration method had to be used. Some
sample programs used are provided in Appendix 4. For the v =2 model, multiple
solutions to the system of equations were obtained at low temperatures, depending on the
sign of the initial values provided for the (Sig>'s. However, regardless of the initial

conditions, the same solution was always obtained for temperatures close to T,. The
criteria for retaining a solution were that it should be continuous, and that it should vanish
at the T, predicted by the matrix determinant method. The only solution that met those
criteria was obtained by first solving the system of equations at a temperature close to but
smaller than T,. The temperature was then decreased in small increments, and the results
of the preceding temperature were used as initial conditions for the following temperature.

Figure 3.6 shows the resulting sample spin averages versus temperature graphs for
the four models. For the average atom model, we obtain the behavior of a pure
ferromagnet since T is positive. For the v =0 model, the solution at T =0 K is
ferromagnetic, i.e. both (Si)'s are positive and of magnitude S;. However, the sample

average spin drops very quickly with increasing temperature. This drop is caused mainly
by the sudden drop of (S, ) as shown in figure 3.7. The solutions obtained for the v =1
mode! and the v = 2 model are very close at intermediate temperatures. At low
temperature and at temperatures close to T, the two solutions differ most significantly.
However, both of them show a decrease of the sample spin average at low temperatures.
Note again the convergence of the sample average spin versus temperature curves as v
increases. For the v =1 model, the lowering of the sample spin average at T = 0 K is due
to the AAA cluster which has a negative thermal average central spin. For the v =2
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model, two of the clusters have a negative thermal average central spin, and two other
clusters have a thermal average central spin which is positive, but goes to zero at T =0 K.
These four clusters contribute to the lowering of the sample average spin at T = 0 K. The
individual clusters' thermal average central spins as a function of temperature are provided
in figures 3.8 and 3.9 for the v=1 and v =2 models respectively.

3.5 APPLICATION OF OUR MODEL TO A 3D BINARY ALLOY.

In this section we will present a method to apply our model to a three-dimensional
(3D) binary alloy.

3.5.1 Justification for introducing a new approximation.

In the v = 0 model, the transition from a 1D to a 2D or 3D binary alloy is straightforward
since the only difference in the relevant equations is n, the number of first nn atoms.
There are always two non-equivalent clusters for any value of . For the v=1 model, the
transition is more arduous since the size and consequently the quantity of non-equivalent
clusters increase rapidly with increasing 1 values. For example, in the face centered cubic
(fce) structure where 11=12 we have a possibility of 213 = 8192 clusters. Many of these
clusters are equivalent, and N; may be one order of magnitude smaller than its maximum
value but the problem of listing all the clusters, finding the relevant parameters and finally
solving a system of =~ 1000 equations is quite a big step from the simple v =0 model with
its two equations to be solved. In order to reduce the size of this step and to render the
3D problem more manageable, we introduce an additional approximation regarding the
position of the first nn atoms of the clusters of the v=1 model. This modified version of
the v =1 model will be called the v =1" model (read "one minus"). An advantage of this
model over the v =1 model is that it can be developed into a general approach which can
be directly applied to any crystallographic structure in any dimension.
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3.5.2 Equations of the v = 1" model.

In this model, the clusters have the same size as in the v=1 model, i.e. they
consist of a central atom and the atoms in its first nn shell. However, in order to reduce
the number of non-equivalent clusters, we assume that all clusters containing the same
number of atoms of each type in the first nn shell are equivalent. We let € be the number
of A-atoms in the first nn shell of the cluster. Since i, the identity of the central atom, and

g are now sufficient to completely describe a cluster type, we use these indices to label the
clusters. If there are 1 atoms in the first nn shell, £ can take (n+1) different values

(e=0,1,2,... m), such that N;- = 2(n1+1). For an fcc structure, Ny- =26 which is at
least two orders of magnitude smaller than N;. In the 1D case, N;- = 6, which is the
same as N,-. In fact, the clusters are the same and the two models are completely

equivalent in that case.

To define the mean field acting on the central atom of an ie - cluster, we take
equation 3.29 as a starting point and modify it to take into account the new definition of
the clusters:

H,. =—1——(eJiA(SA ) aic +(n—a)IiB(SB)BiB). (3.39)
glp

The sum on the 1 positions of the first nn atoms has been replaced by two terms, one
which accounts for the € A-atoms in the first nn shell of (Aie - atoms) and one for the

(vj— ) B-atoms in the first nn shell of the ic - cluster (Bie -atoms). This is possible since

all atoms of the same type on the first nn shell of an i€ - cluster are assumed to be
equivalent. <S j) . is the thermal average of the jig - atom (j=A or B). In analogy to
i

equation 3.30, it can be expressed as a function of the (Sis )‘s in the following way:

(Sj>ﬁe = ip(jiﬁ;ﬁ’)'(sjs') ) (3.40)
g'=0

where p(jig; e’} is the probability for a jie - atom to be at the center of an €' - cluster or,

equivalently, the probability for any j-atom in the nn shell of the i€ - cluster to be at the
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center of an g’ - cluster. Finally, combining equations 3.22, 3.39 and 3.40 the following
system of N, - equations can be obtained.

1
(Sic) = SiBSi [BS{E JlA Zp(AiS',E')(SABr>

=0 (3.41)
+(M-e)lip 2. p(Bie;e')(SBsf))jl i=A or B
e'=0
£=0,12,..M.

We must now find the values of p(jie; g).

3.5.3 i. 7 'ng a general expression for p(jic;e’).

We are looking for a general expression for p(jie;€'), which would apply for any

crystallographic structure. In order to do that, a new variable must be introduced. We
- consider two nearest neighbor atoms in a given lattice and we label themiand j. We

define y as the number of atoms that are nearest neighbors of both atomsiand j. ¥y
depends only on the crys*allographic structure of the lattice. Since the meaning of this
new variable might not be clear to the reader, two simple 2D examples are provided. In
figure 3.10, a 2D square lattice is shown. Two nearest neighbor atoms i and j have been
labeled and all of their nearest neighbors linked to them with a full line. It is clear that
none of the nearest neighbors of i are also nearest neighbors of j and consequently, y =0
for the square lattice. In figure 3.11, a similar drawing shows a 2D triangular lattice. The
two atoms labeled k and m are nearest neighbors of both i and j such that ¥ =2 for the
triangular lattice. Table 3.5 gives a list of some structures with their respective values of
nandy.
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CRYSTAL STRUCTURE n Y

1D array 2 0

2D square lattice 4 0
2D triangular lattice 6 2
face centered cubic 12 4
body centered cubic 8 0

Table 3.5: m and y for some crystal structures.

We also introduce n(i), a variable that will ease the counting procedure required to obtain
p(jie;&'). We define it such that n(i) =1 or 0if i=Aor B respectively. We also define

two new probabilities, p'(x,7,¢,j) and p"(y,m—7v - 1), which we need to obtain the
values of p(jia;s').

p'(x,v.€, i) is the probability of finding x atoms of type A on the v sites which are
first nn of the central atom of the i€ - cluster and also first nn of one of the ji€ - atoms.
Since all jig - atoms are equivalent for a given ie - cluster, any of the jie - atoms can be
chosen. Note that p'(x,'y, E, j) is independent of the concentration since all atoms
considered are within the given ig - cluster. The identity of the central atom of the
ie - cluster does not affect the value of p'(x,¥,&, j) since its position is defined and cannot

be within the v sites.

In order to find p'(x,y,e,j) , one has to first find the number of ways that the
(e - n(j)) Aie-atoms can be placed on the (n-1) sites of the first nn shell of the
ie - cluster. We only consider (n—1) sites since one site is already occupied by the
jie - atom considered. Also, since the identity of the atom on that site is already defined,
we consider only (g — n(j)) A-atoms instead of € (recall the definition of n). Using the
usual formula for combinations, one obtains a total of
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(n-D!
(e-n(i))! (n-1-e+n())! (3.42)

ways.

Next, we must find how many of these ways have x A-atoms on the  sites. There

are
y!
_ 3.43
x!(y —x) (3.43)
ways of placing x A-atoms on the y sites. For each of these, there are
—y -1

(e-x-n()n—v-1-g+x+n(j))!
ways of placing the remaining (€ — x — n(j)) A-atoms on the remaining (n-7v - 1) sites.

We obtain p'(x,7,E, i) by dividing the number of ways that satisfy the requirement
that there are x A-atoms on the v sites (3.43 x 3.44), by the total number of ways that the
(e —n(j)) Aie-atoms can be placed on the (n—1) sites of the first nn shell of the
ie - cluster (3.42),

v! -y -D!{e-n(j)! (n-1-g+n(j))!
x!(y - %) (e—x—n())! (n-v-1-e+x+n(PN (M-’

p'(x,7,8,))= (3.45)

which is the result we were looking for.

p"(y,n-v- 1) is the probability of finding y atoms of type A onthe (n—v - 1)
first nn sites of a ji€ - atom, which are not within the ie - cluster. This probability is
independent of the values of i, j or ¢ since we consider atoms outside the ig - cluster. It
only depends on the concentration of A-atoms in the alloy, c(A). This probability is
simply the probability of finding y A-atoms and (n—y —1-y) B-atoms each in a given
position, multiplied by the corresponding number of combinations:
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o(A) c(B)V Y (n—y -1}

p"(y,n-y-1)=
yl(n-y-1-y)!

(3.46)

We have now covered the probabilities of finding a given number of A-atoms for
all sites in the first nn shell of a jie - atom. The central atom of the ig - cluster is already
defined, p'(x,7,€, j) accounts for the atoms within the first nn shell of the ie - cluster and
p"(y, n—-vy- 1) accounts for the atoms outside the it - cluster. We want to find p(jie; e’)
which is the probability that there is a total of €' A-atoms in the first nn shell of a
jie -atom. Using p'(x,v.e,j} and p"(y,n - ¥ -1), we can now write a general expression for
p(jie;e"):

p(jie;e)= D p'(xv.& ) p"(y,n-v-1) . (3.47)
xand y

such that
X+y+n{i)=¢'

The sum is over the allowable values of x and y which satisfy the equation
x+y+n{i)=¢" . (3.48)

Some limits must be set on the possible values of x and y to ensure that all cases which
could introduce negative arguments in the factorials are eliminated. These cases are those
for which the p’ or p" are obviously zero. For example, there cannot be more than two
A-atoms on two sites such that x <2 if y =2. The limits on the values of x and y are
provided in table 3.6. Note that if the lower bound is higher than the upper bound, the
summation is not performed.
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LOWER BOUND (if thereare ~ UPPER BOUND (if there are more
more than one possibility, the larger than one possibility, the smaller one
one is retained). is retained).
X (e +y-m+1-n()) or0 y or (g - n(j)) or (e" -n(1))
y 0 (m -y) or (¢ -n()

Table 3.6: Lower and upper bounds on the values of x and y.

We have now defined all of the required parameters for the system of equations 3.41.

3.54 Obtaining the critical temperature T..

Using the small argument expansion of the Brillouin function {equation 3.23), the
system of equations 3.41 can be reduced to the following set of Ny- linear equations:

e'=0

] n
(S)= is—’gﬁ-ssi[[elm Zxa(Aie;e')(SAs)]
(3.49)

n
+[(n— S)JmZp(Bia;e’)(SBe)ﬂ-

If these equations (one for each (S;; )) are rewritten in the form of an Nj- X N;- matrix,

the corresponding coefficients, a(ie,i’e"), are given by
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a(iS,i'B')=§%l—)--BSi[aJiA p(Aig;e’)] ifi'=A
and (3.50)

. i +1 . o
3(33,1"6')‘—'(—S'—;'—)-Bsi[(n—a)ligp(Bla;s')] if =B,
wheni#i' ore #¢’, and the diagonal coefficients are given by

a(ie,is):(—si—;L)-BSi[eJAA p(AAe;e)] -1 ifi=A

and (3.51)

a(is,is)=§i§-ll-[38i[(n——s)]53 p(BBg;e)] -1 if i=8B.

The critical temperature is then obtained using the procedure described in section 3.3.2.1.

3.6 GENERAL COMMENTS ON VARIOUS MEAN FIELD THEORIES OF
ALLOYS.

In this chapter, we have presented an approach for applying mean field theory to
disordered alloys, which is based on keeping the atomic environment of each atomup to a
given cluster size. We have also seen that for a given cluster size, there can be more than
one possible approach. For example, we have presented two possible models for clusters
which consist of all atoms up to the first nn shell (the v=1and the v=1" models) and
two models for clusters which consist of all atoms up to the second nn shell (the v=2 and
the v =2~ models). Those are not the only possible approaches, and we will illustrate
that by briefly presenting two additional possible approaches for clusters up to the first nn
shell.

The first one is similar to the v =1~ model in that the clusters are defined in the

same way, but an additional simplification is introduced. In this model, the mean field
acting on the central atom of a given cluster, H;,, is expressed as a function of the sample
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spin averages of the two types of atoms, i.e. the (§i )'s. This model does not take into

account the known information about the atomic environment of the first nn atoms of the
clusters. Instead of having equation 3.39, one now has

" o=—(e7, (8 )+(n-e)p(Ss)) .
His—guB( Via (Sa )+ (n-2)75 (55)) (3.52)

This mean field is inserted in equation 3.22 to obtain the {S;, )'s, which are in turn
used to obtain the (§i }'s. There results a system of only two equations with variables
(Sa) and (Sp). These equations are:

(5)= ip(i,s)SiBSi (paups;-(H+H,)), i=AorB. (3.53)

e=]

This model was the one used by Heron (1992) and Muller and Hesse (1983) in
their mean field treatment of fcc Fe-Ni alloys. The big advantage of this model is that one
only has two equations to solve, even if the atomic environment is taken into account to a
certain extent.

The second model is similar to the v =1 model, with clusters defined in the same
way. In this model however, we define a mean field for the atoms on the first nn shell of
the clusters, in analogy to what was done for the v =2 model. Equation 3.29 still holds,
but the (SL(,’§)>£i€'s are now defined in the following way:

(SL(!,F,)>“§ = SL(e,g)BSH,‘g) [BSL(g,g)(guB (ﬁ:ig +H))] (3.54)

where ﬁ;ig is given by
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1

Hig =2 o TueeSi) * ; JLU-@)L'“'@<S‘“'("'*‘=)>!'i§

nn of ! (3.55)

+ 2 (C(A)JAL(z,E,)(SA)zzmg+C(B)JBLu,m(SB)Ezmg) :
t"

nn of tig

The first two terms of this equation are identical to the first two terms of equation 3.35
and also correspond to the same contributions. The last term of equation 3.55 accounts
for all atoms that are first nn of the {i& - atom, but outside of the i§ - cluster. The
(Si)spr s are the thermally averaged spins of the > 2{"i§ - atoms, i.e. atoms in the

second or more nn shell of the central atom of the if - cluster. (" is the position of the
> 2¢"i£ - atoms with regards to the if - cluster. The <Si)azt" i&'s are defined in the same

way that the (S; ), 5, 'S were defined in equation 3.37.

The problem to solve is similar to the one which was obtained for the v =2 model
a system of N; equations for the (Sig)'s which can only be solved after the N sets of 1y

equations for the (SL( Lm)ﬁé's have been solved. Recall that N is the number of non

equivalent clusters for the model. Although the number of unknowns is the same as for
the v =1 model, there can be many more systems of equations to solve.

There is no general rule as to which approach should be adopted to solve a given
problem. We expect that a model which includes the maximum of details would be closer
to reality. However, the increase in the complexity of the problem to solve may render it
unmanageable. Anyhow, in the limit of large v, we expect that all approaches will be
equivalent.

In the work presented in the following chapter, we have chosen to use the v=1"

model, because it goes a step further than the model used by Heron (1992) and Muller and
Hesse (1983), with the number of equations to solve (26) remaining manageable.
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Composition-temperature magnetic phase diagrams for atomically
disordered 1D AB binary alloys with Sy = 0.5, S5 = 1.5, Jap =20K,

J g = 40 K and Jgg = 60 K, using the four models described in text (as
labeled).
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Sample average spin (ﬁ) versus temperature for atomically disordered 1D
binary alloy of A and B atoms with Sy = 0.5, S = 1.5, Jap = 20K,

Yop = 40K, Jgp = 60 K and c(A) = 90 at.%, using the four models
described in the text (as labeled).
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Figure 3.3:  Thermal average central spin of each cluster ((Sig>) versus temperature for

atomically disordered 1D binary alloy of A and B atoms with S, = 0.5,
Sp=15,Js4=20K, Jo5=40K, Jgp = 60 K and ¢(A) =90 at.%, using
the v=1 model.
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Figure 3.4:

Temperature (K)

Thermal average central spin of each cluster ((Sig)) versus temperature for

atomically disordered 1D binary alloy of A and B atoms with S, =0.5,
Sg=1.5,T44 = 20K, J4p = 40K, Jpp = 60 K and c(A) =90 at.%, using
the v =2 model. The lower curves correspond to the (S N;)'s and the

upper curves to the(SB§>'s. A horizontal line drawn at <S A?;) =0.45 or
(SBé) =1.4 intersects the (S A§>'s or the (SB§>'S respectively in the

sequence & =1,2,3,...10 for increasing temperature. Note that (S A4) and
(Sas), as well as (S ¢ ) and (S57), are almost indistinguishable.
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Figure 3.6:
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Sample average spin (@) for atomically disordered 1D binary alloy of A
and B atoms with S = 1.0, S5 =0.5,Jap = -20K, Jop = 40K, J;;p=80K
and c(A) = 50 at.%, using the four models described in the text (as
labeled).
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Figure 3.7:
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Thermal average spins of the two types of atoms ((Si)) versus temperature
using the v = 0 model, for atomically disordered 1D binary alloy of A and
B atoms with S, = 1.0, S5 =0.5, Jy4 =-20K, J 45 = 40 K, Jgg = 80 K and
c(A) = 50 at.%.
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Figure 3.8:  Thermal average central spin of each cluster ((Si&,)) for atomically

disordered 1D binary alloy of A and B atoms with S = 1.0, S=05,

Japn=-20K, Jag = 40K, Jpp = 80 K and ¢(A) = 50 at.%, using the v=1
model.
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Figure 3.9:
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Thermal average central spin of each cluster ((Sig )) for atomically

disordered 1D binary alloy of A and B atoms with S, = 1.0, Sg=0.5,
Jaa=-20K, I, =40 K, Jpp = 80 K and c¢(A) = 50 at.%, using the v=2
model. Only the (Sig )’s with interesting behavior are labeled on the graph.

Of the remaining curves, the upper ones correspond to the (S AL )'s and the

lower ones to the (SBg)'s.
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Figure 3.10: Tllustration of a 2D square lattice. All nn pairs of atoms including either
atom i or atom j are linked by a full line. It is clear that no first nn atoms of
i are also first nn atoms of j. Since i and j are first nn's of each other, we
have v = 0 for that particular lattice.

* k L

Figure 3.11: Illustration of a 2D triangle lattice. All nn pairs of atoms including either
atom i or atom j are linked by a full line. It is clear that atoms k and m are

first nn atoms of i and j. Since i and j are first nn's of each other, we have
v = 2 for that particular lattice.
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4.0 APPLICATION OF THE MGDEL TO A REAL SYSTEM: FCC
FE-NI ALLOYS.

41 REVIEW OF SOME CHARACTERISTICS OF FCC FE-NI ALLOYS.
4.1.1 Structural properties of the complete Fe-Ni alloy series.

An equilibrium structural phase diagram of the Fe-Ni alloy series based on
Rancourt et al. (1987) is presented in figure 4.1. It contains three different phases: the
o - phase which is an atomically disordered phase with bee structure, the y - phase which
is an atomically disordered phase with fcc structure and the vy - phase which is clustered

on the fcc FeNi; compound. In some regions, two of these phases coexist.

Figure 4.1 shows the equilibrium state that is expected for a given temperature and
concentration. This equilibrium state, however, may not be observed in real samples,
since these may be in one of several possible metastable states depending on the path that
was used to prepare the saiiples. In this work, we are only interested in the y - phase of
the Fe-Ni alloys. According to figure 4.1, a unique v - phase at equilibrium is only
possible at temperatures much higher than room temperatures, or at very large Ni
concentrations. However, if the alloys are quenched from the liquid state, a single
metastable y - phase can be obtained for Fe concentrations up to 65 at.% at temperatures
down to 4.2 K and up to 70 at.% at temperatures down to room temperatures (see
Rancourt et al, 1987). For Fe concentration around and higher than 70 at.%, some
amount of a - phase is present in the alloys at room temperatures. The scope of this work
is limited to quenched Fe-Ni alloys with less than 70 at.% of Fe and which contain only a
negligible amount of o - phase precipitates.

d.1.2 Magnetic properties of the fcc Fe-Ni alloys.

Almost all magnetic properties of the fcc Fe-Ni alloys show deviations from that of
a normal ferromagnetic magnetic alloy (i.e. one whose magnetic behavior can be
understood in terms of three exchange integrals Jj; that are positive) . These deviations
are usually found to be most pronounced for large Fe concentrations. In this section we
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describe and briefly discuss the experimental data for the properties which are relevant to
the present work: the composition-temperature magnetic phase diagram, the spontaneous
magnetization at zero temperature, the magnetization as a function of the temperature and
the magnetic susceptibility in high magnetic field at zero temperature. For a more
complete review of the magnetic and non magnetic properties of the fcc Fe-Ni alloys, see
Rancourt (1989), Nakamura (1976) and Window (1972).

The magnetic phase diagram of fcc Fe-Ni alloys is shown in figure 4.2, This
experimental data was taken from Crangle and Hallam (1962) who claim that their results
were obtained with an accuracy of 1 Kelvin . No other more recent published work
could be found which did not agree with this data. Earlier work from Kondorski and
Fetodov (1952) showed some differences in the high Fe concentration region. Most
likely, these differences are due to variations in the metallurgical factors of the samples
(impurities, o - phase precipitates), to which the Curie temperature is highly sensitive in
that region. Nevertheless, the trend of the data is the same. At high Ni concentration,
there is a linear increase of T, with decreasing Ni concentration. It should be noted that
due to the few number of data points in that region, it is not clear whether the increase is
really linear. The maximum T, of approximately 880 K is reached at a Ni concentration of
approximately 65 at.% . The left part of the diagram shows a drop of the T, down to
373 K at a Ni concentration of 31 at.%. If we extrapolate the curve in the low Ni
concentration region, the intersection of the curve with the T, = 0 K axis occurs at a Ni
concentration of approximately 18 at.%. Such an intersection with the T, = 0 K axis does
not occur in a normal ferromagnetic alloy. This magnetic diagram differs from that of a
typical ferromagnetic alloy in the high Fe concentration region.

The spontaneous (zero applied magnetic field) magnetization at T = 0 K is shown
in figure 4.3 in terms of the magnetic moment per atoms versus Ni atomic concentration,
This experimental data was taken from Crangle and Hallam (1962). If one agrees that a
magnetic moment can be associated to each magnetic atom (localized model), the
magnetic moment per Ni atom is 0.61 |1 at 100 at.% Ni. The Slater-Pauling line is also
shown on the graph (Pauling (1938) and Slater (1937)). This line is obtained by
extrapolating the linear part of the curve (at high Nickel concentration) towards pure Fe.
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The intersection of the Slater-Pauling line with the pure Fe axis occurs at 2.8 pg. This
linear variation of the magnetic moment with concentration suggests that throughout the

corresponding concentration range, the localized magnetic moment per atom is unchanged
and has a value of 0.61 ug for Ni atoms and 2.8 pg for Fe atoms.

In a typical ferromagnetic alloy, for example Ni-Co, a plot of the magnetic mement
per atom versus concentration follow'; the Slater-Pauling line very closely. For fce Fe-Ni,
deviation from the Slater-Pauling line occurs at Ni concentrations of approximately
55 at.% or less. The average magnetic moment per atom reaches a maximum value of
1.84 pnpat a Ni concentration of 60 at.% and then suddenly drops to reach 1.24 np at a Ni
concentration of 31 at.%. Once again, previous work from Kondorski and Fetodov
(1952) showed some differences in the high Fe concentration regions. In particular, they
only observed a deviation from the Slater-Pauling line for Ni concentrations lower than
44 at.%. The experimental methods for the specimen preparation and bulk magnetization
measurements of Crangle and Hallam (1962) being well documented, their results are
usually considered more reliable and are usually those used as a reference in more recent
literature.

Figure 4.4 is a graph of the reduced magnetization versus reduced temperature for
six different Fe-Ni alloys. It was reproduced from Crangle and Hallam (1962). The
flattening of the magnetization curve characteristic of disordered alloys is observed. It is
most pronounced for alloys at low Ni concentration.

Figure 4.5 shows a graph of the high field (paraprocess) susceptibility of the fcc
Fe-Ni alloys as a function of Ni concentration, at low temperature (4.2 K). This
experimental data was taken from Rancourt (1989). We are mainly interested in the trend
of the data and its order of magnitude. These measurements are performed at magnetic
fields large enough such that domain walls caused by dipole-dipole interactions have all
been removed (technical saturation). For a pure ferromagnetic substance, the high field
susceptibility at low temperature is always near zero since all magnetic moments are
already aligned parallel to the applied magnetic field. Antiferromagnetic substances
usually have large high field susceptibilities, and their true saturation (all magnetic
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moments completely aligned parallel to the magnetic field) is often not reached at the
largest attainable magnetic fields. The curve of figure 4.5 shows a deviation from the
normal ferromagnetic behavior for Ni concentrations lower than 70 at %,

The experimental data presented in this section indicates that when the
concentration of Fe in fec Fe-Ni is high enough, we are not dealing with a normal
ferromagnetic alloy. In fact, spin wave energy measuremeris using inelastic neutron
scattering have provided evidence that the magnetic interactions between Fe atoms on an
fce lattice are antiferromagnetic (Hatherly et al. (1964)). There is also evidence of
magnetic inhomogeneities in the form of antiferromagnetic clusters in Fe rich Fe-Ni alloys
(Menshikov et al. (1972), Komura et al.(1974)). Fe-Ni alloys wonld therefore be a mixed
exchange system where Jyi i > 0, Jgeny; > 0 and Jpe.p. <0 . In the following sections, we
apply our mean field theory of alloys to this mixed exchange system.

4.2  APPROXIMATIONS NEEDED IN ORDER TO APPLY OUR MODEL TO
FCC FE-NIL

In this section we list and discuss the various approximations that are intreduced
when applying our mean field theory of alloys to the fcc Fe-Ni alloy series.

One of the first approximations that we have introduced is that of assuming that a
local magnetic moment can be assigned to individual atoms. The debate opposing
partisans of the localized moment model and those of the itinerant electron model for
describing the magnetic properties of the transition metals is an old one which is not over
yet (see for example the panel discussion chaired by Wohlfarth et al. (1979)). Although
there is experimental evidence of localized magnetic moments in transition metals, some of
their properties are better explained by an itinerant electron model. For example, the fact
that we observed a non-integer number of contributing or unpaired magnetic electrons’
per Ni and per Fe atoms in Fe-Ni alloys is explained by the presence of itinerant electrons

SBecause we have assumed complete orbital quenching, the electronic g-factor is 2 and the number of

Bohr magneton per atom is the same as the number of unpaired magnetic electrons per atom.
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which contribute to the magnetic moment. The real picture is probably somewhere in
between the itinerant electron model and the local moment model. Since our mean field
theory is based on local moments, we have chosen to test the local moment model, but to
allow a non-integer number of contributing magnetic electrons per atom. This is
consistent with ab initio band calculations of pure transition metals which indicate that one
can associate a well defined magnetic moment with each atom (for example, see
Gunnarson and Lundquist (1976)).

This results in non-half-integer spin quantum numbers for the spin operators of the
Ni and Fe atoms: Sy; and Sg, have values of 0.3 and 1.4 respectively. Because the
derivation of the Brillouin function requires half integer spin values, Muller and Hesse
(1983) gave Sy; and Sg, the closest half-integer values (0.5 and 1.5 respectively) to do
their mean field calculations and then normalized their results to obtain the correct
saturation moments. Instead of doing that, Heron (1992} did her mean field calculations
for a combination of half integer spin values (g, = 1.0 and 1.5, and, Sj; =0 and 0.5) ina
proportion such that the resulting saturation moments were the correct ones.
Alternatively, we have chosen to insert the non-half-integer values of the spins in our
equations, which is a simpler procedure than the two previous ones. The Brillouin
function's behavior when spin values are non half-integer is somewhere in between its
behavior with the two surrounding half-integer spin values, which is satisfactory.

When treating systems with magnetic interactions using the Heisenberg model, one
should not forget that it is only a simplification of the real situation. However, this model
is supported by many sophisticated calculations and is believed to be the best simple local
model for such systems. It has also proven to be successful in many cases. One should
also note that we have not included any magnetocrystalline anisotropy in our model
because for fec Fe-Ni alloys, the anisotropy energy terms are much smaller than the
exchange terms (Kagawa, 1980).

For simplicity, we have assumed that the orbital moments of the atoms were

completely quenched, resulting in a magnetic moment only due to the total spin of the
atom. In reality, the orbital moments are not completely quenched and are responsible for
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a portion of the measured average magnetic moment. According to Crangle and Hallam
(1962), and based on experimental values of the g-factor summarized by Meyer and Asch
(1961), the ratio of Bohr magneton per atom to the number of magnetic electrons per
atom varies linearly with concentration, from 1.047 for pure Fe to 1.092 for pure Nickel.
This indicates that less then 10 % of the magnetic moment is due to orbital moments.

Because we are using a mean field theory approach, all approximations inherent to
mean field theory are present. For this reason, one cannot expect to obtain good
quantitative agreement for the variation of the magnetization with temperature in the low
temperature region or close to the critical temperature (see Smart, 1966). Itis also a fact
that for a pure ferromagnet with fcc structure, MFT overestimates T by approximately
25 at.% compared to the T, obtained numerically by extrapolation techniques. Therefore,
the exchange integral values that we use are only effective values which must be chosen to
fit experimental data.

In the present work, we have limited the range of the interactions to the nearest
neighbors only. Including second nearest neighbor interactions would have doubled the
number of parameters (J;; values) in our analysis. Furthermore, there is no experimental
data available regarding the sign of the second nn interactions such that these parameters
would have to be introduced with no restrictions. In the fcc structure, there are twelve
close packed atoms in the first nn shell and only six atoms in the second nn shell and
therefore, it is expected that the second nn interactions are screened to a certain extent.
We therefore feel it is a reasonable approximation to consider first nn interactions only.

There is evidence that the y - phase of fec Fe-Ni is not a completely atomically
disordered phase in the high iron concentration region. It is not clear whether this partial
ordering is towards clustering (Komura et al. (1985) and Chamberod et al. (1978)) or
towards anti-clustering (Menshikov et al. (1972)). For simplicity, and also because the
experimental evidence on this subject is not clear, we have chosen to neglect any chemical
correlations in the alloys.
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Inherent to our model, we introduce an approximation with regards to the atomic
environment by limiting the size of our clusters to only the first near neighbor shell of
atoms. We also assume that the atoms' positions in the first nn shell of a cluster is not
significant (v =17 model). The resulting number of non-equivalent clusters is 26.

Based on experimental data provided in figure 4.2, it is clear that the magnitudes
of the local magnetic moments are constant for Fe concentrations up to 45 at.%. For
higher Fe concentrations, there is conflicting information on the magnitude of the local
moments based on recent ab initio calculations. For example, Guenzberger and Ellis
(1986) and Akai (1991) obtain ab initio calculation results which indicate that the
magnitude of the local moments are almost constant throughout the full concentration
range, while Fruchtl {1991) obtains results which indicate that the magnitude of the local
moments of both Fe and Ni vary considerably with concentration. Since there is no
conclusive experimental data, ab initio calculations or reasonable explanation to support a
sudden drop in local moments, and since we believe that the antiferromagnetic interactions
may be the main cause of the average moment drop, we assume that the magnitude of the
magnetic moments are constant throughout the full concentration range.

In a simplified picture of magnetic interactions in transition metals, the variation of
the exchange integrals as a function of the lattice parameter can be visualized with the help
of the Bethe-Slater curve which is shown in figure 4.6. This curve indicates that we
should expect a change in the magnitude (and maybe in the sign) of the exchange integrals
when the lattice parameter is modified. In Fe-Ni alloys there is a change of lattice
parameter as the Fe concentration is increased, such that we expect that the values of the
J;; are not the same at all concentrations. In fact, the variation of the J;; values with the
lattice parameter is believed to be the source of interesting magnetocrystalline behavior in
some magnetic materials, including Fe-Ni alloys. We discuss this subject in more details in
chapter 5, but as a first approximation we neglect this variation on the basis that it is not
expected to be one of the main contributing factors to the magnetic behaviors described in
the previous section. We also neglect any variation of the J;; values which could be due to
a change in the electronic density or the electronic structure in the alloy due to
concentration changes. We prefer to de that than to allow the J;; values to vary freely
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with concentration as was done by Muller and Hesse (1983). This is discussed further in
section 4.8.2.

The idea, therefore, is to try out a simple local moment mean field model with only
three adjustable parameters (Jge.pe, Jrea 2nd Jyini ) and see if it can reproduce the
purely magnetic properties of fcc Fe-Ni.

43 MAGNFTIC COMPOSITION-TEMPERATURE PHASE DIAGRAM OF
FCC FE-NI ALLOYS.

In order to obtain the values of our three adjustable parameters (Jpe.pe, Jren; and
Jnii ), We have used the experimental magnetic phase diagram shown in figure 4.2. The
aim was to find the set of J. i values which provided the best fit to the experimental data,
when they were used with the v=1" model. The calculated T,'s were obtained using the
determinant method described in section 3.5.4. Program ABV1GTC.FOR was used and is
listed in Appendix C.

Because we have chosen to keep the J;; values constant throughout the full
concentration range, and because we have an experimental T, for pure Nickel, we can fix
one of the parameters, Jy; ;. We choose it to be the effective mean field value for pure
Nickel. By this, we mean that J;.\; is chosen such that when it is inserted in equation
3.15 (along with Sy;), the resulting T, is the same as the experimental T, for pure Nickel.
This ensures that the intersection with the ¢(Ni) = 100 at.% axis on the calculated phase
diagrams will always occur exactly at the experimental T, of pure Ni. This procedure
reduces the number of free parameters to two.

The first attempt to obtain Jg, ., and Jgen; consisted in finding the set of values
which minimized a standard chi squared function of the experimental and calculated data.
The chi squared function was defined such that a weight was allotted for the different
concentrations. Because of the greater uncertainty on the experimental points for large Fe
concentrations, the large Fe concentration data points were allotted a smaller weight. The
results of these calculations were not very satisfying. The agreement between the
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experimental and calculated phase diagram when using the set of J;; values that minimized
the chi squared function was not good enough that we could justify choosing a single set
of Jj; values. The resulting minimum chi squared function was so high that it did not have
any statistical meaning. This indicated that our model would not result in any quantitative
agreement with the T, experimental data.

The following procedure was therefore used to obtain an area in the Jg. g. = Jpey
plane for which some reasonable qualitative agreement could be obtained. First we have
used the fact that the initial slope on the right part of the phase diagram should only
depend on the values of Jy;3y; and Jg.y;. We have then limited the values of Jg, y; to
those which provided an initial slope which was in reasonable agreement with the initial
slope of figure 4.2. We found that J, ; values between 220 K and 300 K met that
criterion. Next, for a few of the Jg,; within that range, the full calculated phase diagram
(c(Ni) = 0 at.% to 100 at.%) was obtained for a wide range of Jp..p, values. Only the
Jpe.re values which provided some qualitative agreement with the experimental magnetic
phase diagram were retained.

Figures 4.7 to 4.11 show the calculated T_ versus composition graphs that were
obtained for Jg.; values of 220 K, 240 K, 260 K, 280 K and 300 K respectively. On
every plot, the experimental data of figure 4.2 is also shown for comparison. The
calculated T_'s are shown for the full concentration range, but the discontinuities that
occur at ¢(Ni) = 0 at.% for some cases are not shown. Since the behavior of the T, curves
is continuous with changes in J g, we are confident that we have covered every set of Jj;
values that could provide some sort of agreement.

It is obvious by looking at figures 4.7 to 4.11 that no agreement could be obtained
for the Fe rich regions. The sudden drop in experimental T, that is observed in the Fe rich
region was not reproduced in any of the calculated phase diagrams. Since we expect
Jre.Fe 10 be negative (see section 4.1), we know that our model will not provide good
results in the region of high Fe concentration. For that reason, we have chosen the Jp. g
and Jg, g values such that a reasonable agreement was obtained for Ni concentrations
between 55 at.% and 100 at.%. Even after limiting the concentration range to Ni rich
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regions, no reasonable agreement was obtained when Jg.; = 220 K or 240 K. The range
of acceptable J,; values is therefore reduced to values between 260 K and 300 K.

Table 4.1 provides the range of Jp, p, values which provide a reasonable agreement for the
three values of Jg,yy; covering that range.

Jreni=260K  Jpn; =280 K Jrei =300 K

Approximate lower

bound for Jy pe 0K 20K -60 K
Approximate upper
bound for Jp, ge 40K 20K -20K

Table 4.1:  Range of Jp. p. values which provide a reasonable qualitative agreement
between the calculated and experimental composition-temperature
magnetic phase diagram of fcc Fe-Ni alloys, for c(Ni) between 55 at.%
and 100 at.%.

Based on the magnetic phase diagrams, we have defined an area in the
Jrei - Jpere Plane for which some qualitative agreement exists between our v =17 model
and experimental data. However, we know that if all three J. jj are positive, the
spontaneous magnetization at T = 0 K will always follow the Slater-Pauling line for the
full concentration range. Since we know that the spontaneous magnetization of fcc Fe-Ni
alloys deviates from the Slater-Pauling line at some concentrations, we eliminate areas for
which Jp pe > 0 K. Based on these arguments, we have chosen 5 sets of J;; values which
we feel cover the area of valid J;; values:
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1) Jpeni =280K and Jpep =-10K
2) Jpeni=280K and Jpepe=-20K
3) Jpen; =300K and Jpeg =-20K
4) Jpey =300K and Jpep.=-40K

5) Jpe_ni =300K and Jpe g, =-60K.

These five sets of Jj; values will be used to calculate other magnetic properties of fcc
Fe-Ni alloys with the v =17 model.

Before we go further, it is interesting to compare our results for reproducing the
experimental magnetic phase diagram to the results that are obtained with the two lower
order models: the average-atom and the v =0 model.

Figures 4.12 to 4.15 show some of the phase diagrams that were obtained with the
average-atom model. It is clear that the average-atom model provides a much better fit to
the experimental data than the v=1" model. The sudden drop of T in the Fe rich region
is predicted, and an intersection with the T = 0 K axis is obtained for all sets of J;; values
for which Jg, p is negative. Note, however, that a very good fit is not obtained for both
the Fe rich and Ni rich regions simultaneously. The set of J;; values which minimized the
chi squared function is Jge pe = -23 K and Jpe; = 50 K, with Jyy; fixed at 405 K. In
order to get a better fit in the Fe rich region, one has to increase Jy.1y;, and in order to get
a better fit in the Ni rich region, one has to decrease Jge;. It is interesting to note that
the ratio of Jg.p; t0 Jyjy is much smaller for the average model than for the v=1"
model. It is clear that the success of the average-atom model to reproduce some features
of the fcc Fe-Ni magnetic phase diagram in the Fe rich region is artificial. Most other
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magnetic properties of foc Fe-Ni are very badly reproduced, especially in the Fe rich
region.

Figures 4.16 to 4.18 show some phase diagrams obtained for the v=0 model.
The agreement for this model is quite similar to that obtained with the v=1" model.
Since for all cases where Jp. p. is negative the T, curve converges to zero for pure Fe, the
agreement seems a little better in the Fe rich region. However, as for the v=1" model,
the sudden drop of T, is not predicted by this model. The range of Jj; values which provide
a reasonable qualitative fit in the Ni rich region is very similar to what was obtained for the
v =1" model.

Although the general equation for T, is the same for the v=0 model and for the
model used by Heron (1992), she obtains slightly different phase diagrams, even for
identical sets of J;; values. This is probably due to the different method she used to treat
non-integer spin quantum numbers. When she did the chi square fit of her model to
experimental data, she also allowed the value of Jy;.x; to vary freely. She obtains the
following set of Jj; values: Jp._pe = (—20 + 10) K, Jpeni = (280 +1 O) K and
INi-Ni = (345+5)K. The fit that she obtains is similar to what can be obtained with the
v =0 model. Note that her ratio of Jg; to Jyi.; is smaller than for any of the valid sets
of J;; values that we obtain with our v =1 model.

4.4 SPONTANEOQOUS MAGNETIZATIONATT=0K.

In this section, we present the calculated sample average spins of fcc Fe-Ni alloys
at T = 0 K and in zero applied magnetic field. In order to solve the relevant systems of
equations, two programs were used. Program ABV1G.FOR uses the simple iteration
method to solve the system of equations and it is listed in Appendix D. For large Fe
concentrations and large negative Jp g, program ABV1GBS FOR which uses the
bisection method had to be used. This program is listed Appendix E. The relevant
systems of equations were solved for T =1 x 107 K. In some cases, it was almost
impossible to reach self consistency at that temperature. Even if ali of the solutions
seemed to converge when increasing the number of iterations, the systems of equations
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were also solved at a slightly higher temperature (T = 1 K) to verify the stability of the
solutions. Also, to ensure that the solutions obtained were acceptable, some cases were
solved for the whole temperature range to verify that the solutions were continuous
throughout that range, and to ensure that all (Sis) vanished at the T_ obtained with the

determinant method.

Figures 4.19 and 4.20 show the results for the five sets of Jj; values chosen in
section 4.3. The experimental data from Crangle and Hallam (1963) and the Slater-
Pauling line are also shown on the graphs. In figure 4.19, a case with Jg.p. = 0 K is also
shown. In all cases, a deviation from the Slater-Pauling line is observed. For all cases
with [Jg._pe| 2 20K, the deviation starts more abruptly and at Ni concentrations higher
than for the experimental data in which the deviation starts at 55 at.% of Ni. Note that
any case for which all three Jj; values are positive would show no deviation from the
Slater-Pauling line.

The sudden drop of average spin which extrapolates to (S)= 0 for ¢(Ni) = 25 at.%

is not predicted by our model in any of the cases shown. This is not surprising since in
that region, the model had poor agreement with the experimental data for T;. In all cases
the calculated {S) reaches zero only for pure foc Fe. The best results are obtained for

Yreni = 280 K and Jg, g = -10 K. For that case, good agreement is obtained for Ni
concentrations from 100 at.% down to 40 at.% and deviation from the Slater-Pauling line
starts at the same concentration.

It is interesting to look at the behavior of the calculated thermal average central
spins (Sis) of the individual clusters .* T = 0 K. Here, ¢ is the number of Fe atoms in the

first nn shell of each cluster. In all cases treated, all of the (SNLS) are found to be positive
with a magnitude of Sy;, at ail compositions. The behavior of the (SFC’S>'S and of (SFe)

are shown for two of the cases with Jg, p; = 300 K in figures 4.21 and 4.22. Only the
(Spc,g\}'s which have a value different from Sg,, at some compositions are shown.

The first case considered is for Jg, g = -20 K. Figure 4.21 shows that for Ni
concentrations larger than 45 at.%, Fe atoms with ten or more Fe atoms in their first nn
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shell have a thermal average spin that is negative with a magnitude of Se. As the Ni
concentration is decreased, (SFe,a=]0) increases , followed by (S]?c’t;:] 1) and finally
(SFe,s=12)- Note that (SFc,E::ll) does not reach the value Sg,, but a smaller positive value.

Also (SFc,e—-lZ) only reaches zero, which results in a zero sample average spin for pure fcc

Fe. This simple behavior, where the central spins of clusters with many Fe atoms
successively go from negative to positive in order of increasing &, is characteristic of all
cases with Jg,_p negative and with a relatively small magnitude compared to Jp.; and

INiNi:

If the magnitude of Jz..p. is increased by a factor of two, the behavior is more
complicated. This is shown in figure 4.22. At large Ni concentrations, all Fe atoms with
eight or more Fe atoms in their first nn shell have a thermal average spin of -Sp,. As the
Ni concentration is decreased, the behavior of the (SFC’E) fore =8,9, 10 and 11 is similar
to what was observed in the previous case, i.e. (SF‘,,E,:g) increases first, followed by
(SFG,E=9> and so on. However, (SFc,s=12) starts to increase before (SFe,s=10) and
(SFe,s=11>= reaches the value Sg,, then drops to a negative value again and finally reaches

zero for pure fcc Fe.

For even larger | Jg.pe |, some Fe atoms with less than 12 Fe atoms in their first nn
shell also show such variations of the sign and magnitude of their thermal average spins
with concentration. This kind of behavior would not be obtained if there were no common
near neighbors in the structure, i.e. if y was equal to zero (see definition of v in section
3.5.3). Figure 4.23 illustrates this point. The (SFc’s)'s were calculated for the same J;;
values as in figure 4.22, but v was set to zero instead of four in all equations. There
results a behavior which is similar to the one observed in figure 4.21. The same
predictable behavior was obtained for Jg, pe = -60 K when y was set to zero.

Note that even in the Ni rich region where no deviation from the Siater-Pauling
line is visible, there are still some clusters with negative thermal average central spins.
However, these clusters are those with many Fe atoms, and consequently, they have a low
probability of occurrence in the Ni rich region. Their contributions to the sample spin
average are therefore not significant.
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Finally, it is interesting to note that with the average-atom model, one obtains a
spontaneous sample spin average that is exactly on the Slater-Pauling line when I1>0K,
and exactly zero when J <OK. For the best set of Jj; values, T=0KataNi
concentration of approximately 12 at.%. The average model therefore predicts no
deviation from the Slater-Pauling line for the whole stability range of fcc Fe-Ni alloys.

4.5 MAGNETIZATION VERSUS TEMPERATURE,

In order to see if our model could reproduce the variation of magnetization with
temperature, we have obtained plots of the reduced sample average spins ((S)T / (S)T=0)

versus reduced temperature (T/T,) for the five cases chosen in section 4.3. Those
calculations were done using programs ABV1G.FOR and ABV1GBS.FOR which are
listed in Appendix D and E respectively. These graphs are shown in figures 4.24 t0 4,28,
for the same six alloys as in figure 4.4 which contains the equivalent experimental data.

Figures 4.24 to 4.28 indicate that the model exaggerates the flattening of the
magnetization curve for all of the cases. This is particularly obvious at low temperatures,
where the model predicts that the magnetization decreases very rapidly for Ni
concentrations smaller than 50 at.%, for all of the cases. The model also predicts that in
some cases, the magnetization is not at its maximum at T=0XK, butat a small but non
zero temperature. This is not observed in the experimental data. Note however, that it is
not impossible that such a phenomenon exists, but cannot be detected with the usual bulk
magnetization measurement techniques. At temperatures close to T, the calculated
curves are much closer to the experimental data, except for c(Ni) = 79.7 at.% and
¢(Ni) = 50.0 at.%. Note however that in figure 4.4, the experimental curves for these two
concentrations join the pure Ni curve at temperatures close to T,. Since this occurs only
at concentrations close to the stochiometry of the compounds Fe3Ni and FeNi, it is
possible that this is due to some atomic ordering that occurs as the temperature is
increased. If that is the case, we should not expect any model based on complete disorder
to reproduce these characteristics.
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4.6 HIGH FIELD SUSCEPTIBILITY ATT=0K.

Tn this section, we consider the behavior of our modeled foc Fe-Ni alloys at low
temperature, in an applied magnetic field. Since we have not taken into account dipole-
dipole interactions, all calculations that we make in an applied field can be considered to
be in the paraprocess or high field region.

In order to calculate the sample average spins at T =0 K in an applied field H, we
have used program MVSH.FOR which is listed in Appendix F. This program uses the
bisection method to solve the relevant systems of equations. The average sample spins
were calculated at seven different concentrations for each of the five sets of J;; values
chosen in section 4.3. The results are shown in figures 4.29 to 4.33 in terms of the ratio
of the calculated sample average spin to the saturation spin versus the applied magnetic
field. The saturation spin is defined by

St = C(Ni)- Sy; +c(Fe)-Sg, - 4.1)

The calculations were done for fields large enough so that the true saturation was reached.
True saturation is reached when all of the (S;; } have reached a value of ;.

As in the case of the spontaneous magnetization, two different types of behaviors
are observed. For the cases with relatively small | Jpor | i.e. in figures 4.29 to 4.31, the
sample average spin varies in steps, and the variation is linear in some regions, and zero in
other regions. For the cases with relatively large | Jpe.pe i.e. in figures 4.32 and 4.33, the
sample average spin also varies in steps, but there are very few flat regions in the curve,
especially for Fe rich alloys. Interestingly, if we use the same Jj; values as in figure 4.32,
but set y, the number of common near neighbors (see definition of in section 3.5.3), to
zero, we obtained a behavior that is similar to the cases with smaller | Jpeye |- This is
shown in figure 4.34.
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In figures 4.35 to 4.39, the variations of the thermal average spins of the Fe atoms
which contribute to the sample average spin variation are shown as a function of the
applied field for some cases, at a selected composition. The average spin of Fe-atoms
((EFC—)) is also shown on these figures. Note in figure 4.38, the strange behaviors of
(SFG,E;:lz) and (SFc,e=1 1). They are positive in zero field and, as H increases, go to -Sg

before reaching saturation. This kind of behavior does not occur at lower concentrations
(see figure 4.37) or if y is set to zero (see figure 4.39) for the same set of J;; values.

We want to find a way of calculating the high field susceptibility at T = 0 K, such
that we can compare our results to the experimental data of figure 4.5. However, the
sample average spin does not vary smoothly with applied field variations. This is mainly
due to the limited number of clusters in our model. Consequently, it is not reasonable to
use any of the local slopes in figures 4.29 to 4.33 to calculate the magnetic susceptibility.
Instead, we have chosen to use the average susceptibility over the whole range of applied

fields, up to the applied field necessary to reach true saturation. The average susceptibility
%oat T = 0 K is therefore defined as

_ guB[Ssat - (@H:Oandl‘:o)]
He '

%o (4.2)

Figures 4.40 to 4.44 shows the resulting average susceptibilities versus Ni
concentration for the five usual sets of J; values, in the same units as those of figure 4.3.
The experimental data of figure 4.3 is also shown on these graphs. When these results are
compared to the experimental data, we see that not only is the trend of the data similar,
but also the order of magnitude is the same. The deviation from the %, = 0 line is
predicted for all cases, but usually starts at Ni composition smaler than for the

experimental data. Also, only the case with Jge.pe =-10 K and Jpep; = 280 K shows a
rapid increase of %, as the Ni concentration is decreased in the Fe rich region. All other

cases show a rather linear variation of io in that region. Note that at large Fe
concentrations, the calculated susceptibility does not reach values as high as the

experimental data for any of the cases. However, considering our loose definition of the
susceptibility, these results are encouraging.
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Although this is not obvious from figures 4.29 to 4.33, the field at which true
saturation is reached is independent of the alloy's composition in all of those cases. We
have tried several other sets of Jj; values, and found that in all cases, the saturation field
did not vary with concentration, for a given set of J;; values. Furthermore, Hg, is
independent of Jy;x; and Jpe; values and only depends on Jg..pe. Figure 4.45 shows a
graph of the saturation field versus Jg, pe. This figure indicates that there is a linear
relationship between Jg p. and Hyy for negative Jge.pe. In fact, we expect that the
magnitude of Hg,; would correspond exactly to the magnitude of the mean field felt by an
Fe atom which has 12 Fe atoms in its first nn shell, since (SFc,t:=12) is always the last

cluster to saturate. We should therefore have

1
Hy = 'g_u;(lz'SFelJFc-Fc‘)' (4.3)

That means that the magnitude of the slope of the linear portion of figure 445
should be 12- kg - Spe /i - This is exactly what we find.

47 CONCLUSIONS REGARDING THE APPLICATION OF THE MODEL
TO FE-NI ALLOYS.

It is interesting to compare our results to the results of Heron (1992), since she has
used a quite similar approach to ours, but of a lower order. For the magnetic phase
diagram and spontaneous magnetization, the resuits we have obtained are comparable to
what Heron (1992) obtained. Like us, she obtained reasonable agreement with
experimental data in Ni rich regions only, and although deviation from the Slater-Pauling
line was obtained, the extreme behavior of the Fe rich alloys was not reproduced. Since
Heron did not present any results for the temperature dependence of the magnetization
and since her resuits for the magnetic susceptibility are not clear, we cannot compare our
results to hers for these properties. Our model predicted exaggerated flattening of the
magnetization versus temperature curves, especially at low temperature and large Fe
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concentrations. However, it reproduced correctly the trend and the order of magnitude of
the experimental data for the susceptibility at T =0 K.

We cannot say that going one step further in the local moment MFT model of
alloys has provided any improvement to the agreement with experimental data for fcc
Fe-Ni alloys. Note that the only difference between the model used by Heron (1992) and
our v=1"model, is relative to the atomic environment. The fact that our results are not
better than hers could indicate that modifications to our model should be tried in aspects
other than the atomic environment to obtain better agreement with experimental data.

It is possible that the limitations of our model are mainly due to the approximations
inherent to mean field theory. However, unpublished work by Dang et al. (1993) seems to
indicate that this is not the case. They have performed some preliminary work on Monte-
Carlo energy minimizations for fcc Fe-Ni alloys, using a simple local moment model.

They only performed minimizations at T = 0 K and assumed that the spins of all Ni atoms
had a value of +Sy;, while the spins of Fe atoms could have values of +Sg, or -Spe. The
spontaneous magnetization at T = 0 K that they obtained for a given set of J;; values is
shown in figure 4.46, along with the resuits of our mean field v=1" model. The Monte-
Carlo resuits are quite similar to the mean field resuits, indicating that the mean field
approximations may not be mainly responsible for the lack of agreement with experimental
data.

The limited but real success that we obtained with our simple local moment model
also indicates that it is possible that a more realistic local moment model could reproduce
the magnetic behavior of fcc Fe-Ni alloys. One could therefore keep the simple local
moment MEFT model with v =17, but include more realistic features. Some suggestions in
that direction are presented in the following section.
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48 MORE REALISTIC FEATURES IN LOCAL MOMENT MFT MODELS
OF FCC FE-NL

In this section we introduce some suggestions of more realistic features that could
be added to our local moment MFT model for fcc Fe-Ni alloys.

4.8.1 Use of several sublattices for Fe rich regions.

Considering the results obtained for fcc Fe-Ni alloys using our v=1" model, we
have seen that the agreement in the Fe rich region is not good. We have stated earlier that
our model is not appropriate for alloys with a large number of antiferromagnetic bonds.
Since we expect the Fe rich region of fcc Fe-Ni alloys to have many antiferromagnetic
bonds, a logical way to improve the model in that region would be to adapt it to
antiferromagnetism. We have suggested in section 3.3.2.3 that one way to improve the
model in antiferromagnetic regions would be to divide the lattice into sublattices such that
atoms within a sublattice do not interact. For the fcc structure, with only first nn
interactions, four sublattices would have to be used. However, since the ground state of a
pure antiferromagnet with fcc structure and only first nn interactions is not well defined (a
stable mean field ground state cannot be found due to frustration), this approach is not
feasible.

One therefore has to introduce three new parameters, the J;; values for second nn
interactions. Introducing second nn interactions has a consequence: we now have to
divide the lattice into eight different sublattices if no interactions are to occur within each
of the sublattices. For the pure antiferromagnet treated this way, the type of ordering that
corresponds to the ground state depends on the sign and the relative magnitudes of the
exchange integrals for first and second nn interactions (Smart, 1966). This type of
ordering would be used as a starting point in the Fe rich region. Obviously, the new
problem to solve is much more complicated than the original one, since we now have a
system of 208 (26x8) equations to solve, and a large potential for multiple solutions.
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A simpler way to treat the problem would be to assume that the fcc structure can
be divided into only two sublattices within which atoms do not interact. This would
somehow be equivalent to treating a hypothetical bee lattice with 12 atoms in its first nn
shell instead of 8. This would allow us to consider only first nn interactions since the
mean field ground state of a pure antiferromagnet with such a structure is well defined (the
magnetizations of the twe sublattices have the same magnitude, but opposite signs). Of
course, this is not a good representation of antiferromagnetism on an fcc lattice, since it
completely ignores the frustration that occurs in such systems. However, it results in a
problem that is not much more complicated than the original one (system of 52 equations
to solve), and which could provide an insight on improvements that could be obtained
when using a more realistic but more complicated model for allowing antiferromagnetic
regions on the fcc lattice.

4.8.2 Variation of J; values with concentration.

It is generally accepted that the exchange integrals in magnetic alloys vary with the
alloys' composition. This variation may be attributed to at least two contributions. The
first one is the dependence of the exchange integrals on the electronic density and
electronic structure which varies with concentration. The second one is the dependence of
the exchange integrals with the lattice parameter, which also varies with alloy
composition. The variation of the exchange integrals with lattice parameter in metallic
alloys is often illustrated by the Bethe-Slater curve (see section 4.2 and figure 4.6). A
more general illustration of these two variations comes from the result of RKKY
calculations (Ruderman and Kittel (1954), Kayusa (1956) and Yosida 1957), which
provide an estimate of the variation of the exchange integral with the product of the lattice
parameter and the Fermi wave vector kz. These results can only be obtained at the price
of oversimplifications, and as such, are not reliable, but they provide a qualitative picture
of this variation.

In section 4.2, we have stated the reasons for neglecting this variation when

applying our model to fcc Fe-Ni alloys. Since the results obtained with a model which
keeps the J;; values constant are not so good, it may be a good idea to attempt to include a
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variation of the J;; values in our model. Recall that Muller and Hesse (1983) have allowed
the Jj; values to take a different value at each composition of the alloy series. This
procedure introduces three parameters for each data point. We would like to consider a
variation of the exchange integrals, without introducing so many parameters.

One simple way to do that is to allow the exchange integrals to vary, but to restrict
its variation to a linear dependence on the atomic concentration. It is clear that this
assumption is an oversimplification of the real situation. By doing this, we completely
ignore the lattice parameter contribution to the variation, and assume that the exchange
integral varies linearly with the number of electrons per atom in the alloy. Since we
neglect the lattice parameter contribution, we do not have to worry about the variation of
the J; values with temperature due to thermal expansion of the lattice. Using this
assumption, each Jj; values would be given by

¥(e(Ni)) =19 + C;;-(100 at.% - ¢(Ni)), (4.4)

where C;; is a coefficient which is independent of alloy composition. The J; values are

defined with six parameters: the three J g and the three C;;. Since the J g's are the J;; values

for the pure Ni region, we can use the same Jyy;_y; value that was used previously. This
leaves only five free parameters. Expression 4.4 for the J;; valuss can then be inserted into
the relevant sets of equations.

Although we do not know if a linear variation of the Jj; values with the atomic
concentration is closer to reality than constant Jj; values, it would be interesting to see if
allowing such a variation improves tlie ugreement with experimental data significantly.
Ideally, variations based on more realistic physical arguments should be developed in order
to obtain results that can be interpreted.

4.8.3 Introducing imperfect disorder in the alloy.

We have mentioned in section 4.2 that there is some experimental evidence of
some atomic ordering in y - phase fcc Fe-Ni alloys, especially at Fe rich compositions, It
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is possible that this crdering could be partly responsible for the extreme behaviors
encountered in the Fe rich region of fcc Fe-Ni alloys. Although we are not sure whether
the atomic ordering is of clustering or anti-clustering nature, and we do not know the
details of such ordering, it would be interesting to see how our results would change if one
of these two types of ordering was included in our simple model. Without going into
details, we describe a simple way of introducing partial ordering into our model.

We would like to find a parameter which could be included in our equations in a
simple manner, and which would describe the degree of clustering or anti-clustering in the

alloy. As a first try, we consider only correlations between first near neighbor pairs. In
order to do that, we introduce a new probability, p(i j), which is the conditional

probability that the second atom of a nn pair of atoms in the alloy is an i-atom, given that
the first one is a j-atom. For an AB binary alloy, i and j are either A or B. Fora
completely disordered alloy, we have p(i| j) = p(i), where p(i) is the probability of having
an i-atom on any site, which corresponds to the concentration of i atoms, c(1). If there is
clustering in the alloy, we expect

plili) > c(i)  i=j
4.5)
p(ilj) <ofi) i#j.

Similarly, if there is anti-clustering, we expect

plili) <cli) =] o
plili)> (i) i |

For an AB binary alloy, we have the following relationships:

o(BlA) =1~ p(A]A)
o{BIB) =1+ o(a)(p(A]a)-1) @7)
(AB) =1 p(BiE)
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where all probabilities and concentrations have a value between 0 and 1. Equation 4.7
indicates that only c{i) and one of the p(i] j) are required to obtain all other p(i] j).

Since we do not know the nature of the ordering that may be present in the alloys,
we do not want to elaborate in which way the p(i]j) could vary with alloy composition.

We just want to mention that one could use the familiar relationship which expresses p(ili)
as a function of c(i) and a correlation coefficient rj;,

plifi) = c(i) +-cr(‘—;) (4.38)

where r;; has a value between -1 and 1, but usually has a magnitude much smaller that 1 in
the case of a mostly disordered alloy with a small amount of ordering. Note that if r;; is
positive, it corresponds to atomic clustering and if it is negative, it corresponds to atomic
anti-clustering.

As a first attempt, one could try to express the relevant probabilities in the systems
of equations of our v =1~ model as a function of c(i) and of one of the probabilities
p(ilj). Then, for a few alloys, choose some values of p(Fe\Fe) which correspond to both

clustering and anti-clustering, and see how the results are affected. Note that the values of
p(Fe[Fe) cannot always take ail values between 0 and 1, since p(Ni|Ni) also has to be

between O and 1. p(Fe]Fe) is therefore limited by

< ] < p(Fe|Fe} < 1. (4.9)

p(Ni[Ni) is also limited by an equivalent relationship.

Expressing the relevant probabilities of our v=1" model as a function of c(i) and
of one of the probabilities p(i| j) would be quite simple if there were no common first near

neighbors in the structure (y equal to zero, as in the bce structure). For the fcc structure,
y = 4, and the problem is more complicated. In order to keep this simple, additional
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approximations have to be introduced. Here, we just suggest probabilities that could be
used as a first try, and state the approximations involved. All probabilities and variables
are defined in the same way as in chapter 3.

First, in order to express p(i, e), the probability of occurrence of an i€ - cluster, we

assume that the identity of a given atom in the first nn shell of the cluster is only affected
by the identity of the central atom. In other words, we neglect the correlations between

the given atom and the four atoms of the first nn shell which are also nn of that given
atom. The resulting p(i,e) is

(P(Feﬁ))s-(p(rqﬂﬂ)"_s~n!‘

gl(n-g)!

p(i, &) = cli)-

(4.10)

Note that unlike in the case of the completely disordered alloy, pli,e) = c(i) . p(e).

In order to obtain p"(y,n— vy -1 j), we use the same approximation. Note the

dependence of p”on j, the identity of the central atom which is not present for the
completely disordered alloys. The resulting p"(y,n -y -1, j) is

(p(Ee)))? (p(0[)™" ™ (m—y - 1)1
yl(n-y-1-y)! '

p"(y,n-v-1j)= @.11)

Since no simple way was found to include the correlations between atoms in
p'(x,y,a, j) , we chose to keep it the same as for the disordered alloy, i.e. as in equation

3.45.

Finally, p(jie,e’) is expressed as a function of p"(y,n—v —1,j) and p'{x,v,¢,j) in

the same way as in equation 3.47.

The procedure described above involves several approximations, but its results
might still provide some insight on the effects of atomic clustering and anti-clustering on
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the magnetic properties of fcc Fe-Ni alloys. More sophisticated approaches could be
designed as a next step.
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Figure 4.1 Temperature-composition equilibrium structural phase diagram of Fe-Ni
alloys reproduced (with modifications) from Rancourt et al. (1987).
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Figure 4.2:  Composition-temperature magnetic phase diagram of fcc Fe-Ni alloys.
Experimental data from Crangle and Hallam (1962).
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line.
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Figure 44:  Reduced magnetization versus reduced temperature for six different alloys.
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Figure4.7;  Calculated composition-temperature magnetic phase diagrams for fcc
Fe-Ni alloys using the v =1~ model with Jg. ; = 220 K, Jy;n; =405 K and

the J; pe as indicated on the graph. The circles are experimental data from
Crangle and Hallam (1962).
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Figure 4.8:  Calculated composition-temperature magnetic phase diagrams for fcc
Fe-Ni alloys using the v =1~ model with Jp.; = 240 K, Jyj =405 K and
the Jpe pe 's indicated on the graph. The circles are experimental data from
Crangle and Hallam (1962).
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Figure 4.9:  Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the v =1" model with Jg, 3 = 260 K, Jyj;; =405 K and the Jpe e s
indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Figure 4.10:  Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the v =1~ model with J. i = 280 K, Iy =405 K and the Jg,. g as

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Figure 4.11;  Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the v =1 model with JFe-Ni =300 K, JNi-Ni =405 K and the JFc-Fc as

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the average-atom model with Jg, 3 = 10 K, Jy;.0q =405 K and the Jpe ze a8

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Figure 4.13:  Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the average-atom model with Jp, 5 = 30 K, Jy;n; =405 K and the Jg, g, as

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Figure 4.14:  Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the average-atom model with Jg.q; = 50 K, Jy;y; =405 K and the Jp. g as

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the average-atom model with S5, i = 70 K, Jyini =405 K and the Jp,.p, as

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the v =0 model with JFe-Ni =260 K, JNi-Ni =405 K and the ]Fe-Fe as
indicated on the graph. The circles are experimental data from Crangle and

Hallam (1962).
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Figure 4.17:  Calculated composition-temperature diagrams for fcc Fe-Ni alloys using
the v = 0 model with Jg.; = 280 K, Jyi.n; = 405 K and the Jpe.p. a8

indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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indicated on the graph. The circles are experimental data from Crangle and
Hallam (1962).
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Calculated spontaneous sample average spin at T = 0 K for fcc Fe-Ni alloys
using the v=1" model with Jp. 3 = 280 K, Jy;.n; =405 K and the Jp. 5 as
indicated on the graph. Experimental data from Crangle and Hallam
(1962) and the Slater Pauling line are also shown.
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Calculated spontaneous sample average spin ({S)) at T = 0 K for fcc Fe-Ni

alloys using the v =17 model with Jpey; = 300 K, Jyjn; =405 K and the
Jre.pe 35 indicated on the graph. Experimental data from Crangle and
Hallam (1962) and the Slater Pauling line are also shown.
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Calculated spontaneous average central spins of some Fe centered clusters
((SFes )), and spontaneous average spin of Fe-atoms ((SFC)), atT=0K,

for fcc Fe-Ni alloys. € is the number of Fe atoms in the first nn shell of the
cluster. The v =1 model was used with Jge pe = -20 K, Jpe.n; = 300 K
and Jg; i = 405 K. Only the Fe-clusters which have an average central
spin which is different from Sg, at some concentrations are shown.
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Figure 4.22:

Calculated spontaneous average central spins of some Fe centered clusters,

((SFe 8)), and spontaneous average spin of Fe-atoms ((SFe )), atT=0K,

for fcc Fe-Ni alloys. € is the number of Fe atoms in the first nn shell of the
cluster. The v=1" model was used with Jgge = -40 K, Jpe; = 300K

and Jy; = 405 K. Only the Fe-clusters which have an average central
spin which is different from Sp, at some concentrations are shown.
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Calculated spontaneous average central spins of some Fe centered clusters
((SFe s;)) , and spontaneous average spin of Fe-atoms ((SFt= )), atT=0K,

for fcc Fe-Ni alloys. € is the number of Fe atoms in the first nn shell of the
cluster. The v=1" model was used with Jp. . = -40 K, Jg,n; = 300K
and Ty = 405 K, but v, the number of common near neighbors, was set

to zero. Only the Fe-clusters which have an average central spin which is
different from S, at some concentrations are shown.
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Figure 4.24: Calculated reduced sample average spins ({S(T)) / {S(0))) versus reduced
temperature (T/T,) for the six fcc Fe-Ni alloys indicated on graph, using
the v=1" model with Jz, p, = -10 K, Jpea; = 280 K and Jy; i =405 K.
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Figure 4.26: Calculated reduced sample average spins ({S(T)) / (S(0))) versus reduced

temperature (T/T,) for the six fcc Fe-Ni alloys indicated on graph, using
the v=1~ model with JFE-Fe =.20 K, ]Fe-Ni =300K and JNi-Ni =405 K.
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Figure 4.27: Calculated reduced sample average spins ({S(T)) / {S(0)}) versus reduced
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temperature (T/T,) for the six fcc Fe-Ni alloys indicated on graph, using
the v=1~ model with JFc-Fe = .60 K, JFE-Ni =300 K and JNi—Ni =405 K.
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Figure 4.29: Ratio of the calculated sample average spin and the saturation spin

((S(H))/ St ) versus applied magnetic field (H) at T = 0 K, for fcc Fe-Ni

alloys indicated on the graph. The v =17 model was used with
JFe_Fe =-10 K, JFc-Ni =280 K and JNi-Ni =405 K.
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Figure 4.30: Ratio of the calculated sample average spin and the saturation spin
((S(H))/ Sy ) versus applied magnetic field (H) at T = 0 K, for fec Fe-Ni

alloys indicated on the graph. The v=1" model was used with
Jgee = 20 K, Jpon; = 280 K and J; = 405 K.
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alloys indicated on the graph. The v =17 model was Hsed with
JFe-Fe =-20 K, JFe-Ni =300 K and JNi-Ni =405 K.
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Figure 4.32: Ratio of the calculated sample average spin and the saturation spin

((S(H)) / S, ) versus applied magnetic field (H) at T = 0 K, for fec Fe-Ni
alloys indicated on the graph. The v =1 model was used with

JFe—Fc =-40K, JFe-Ni =300 K and JNi-Ni =405 K.
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alloys indicated on the graph. The v =17 model was used with
Jrere = -60 K, Jreny = 300 K and Jyg;y = 405 K, but v, the number of

common near neighbors, was set to zero.
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Figure 4.35:  Calculated average central spins of some Fe centered clusters ((SFe e >, left

axis) and calculated average spin of Fe-atoms ((SFc), right axis) versus
magnetic applied field (H), for fcc Fe-Ni alloy with c¢(Ni) = 60 at.%, at
T =0K. g is the number of Fe atoms in the first nn shell of the cluster.
The v =1 model was used with Jgepe = -20 K, Jp.n; = 280 K and
Tyiai = 405 K. Only the Fe-clusters which have an average central spin

which is different from Sg, are shown.
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Figure 4.36: Calculated average central spins of some Fe centered clusters ((SFe E), left
axis) and calculated average spin of Fe-atoms ({Sg, ), right axis) versus

magnetic applied field (H), for fec Fe-Ni alloy with ¢(Ni) = 40 at.%, at
T =0K. eisthe number of Fe atoms in the first nn shell of the cluster.

The v=1" model was used with Jg, ge = -20 K, Jge ;=280 K and
Iniav; = 405 K. Only the Fe-clusters which have an average central spin

which is different from Sp, are shown.
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Figure 4.37: Calculated average central spins of some Fe centered clusters ((SFc e ) left

axis) and calculated average spin of Fe-atoms ((Sg ), right axis) versus
magnetic applied field (H), for fcc Fe-Ni alloy with ¢(Ni) = 80 at.%, at
T =0K. & is the number of Fe atoms in the first nn shell of the cluster.

The v =1" model was used with Jpe.p, = -60 K, Jp, n; = 300 K and

Tnini = 405 K. Only the Fe-clusters which have an average central which

is different from Sy, are shown.

112



1.5 ] l .I ' I - —
- i 1.4
P ! !
N | !
\ B | .
1.0 —‘,: ;::' '; :
H : 1 | -
! !
| 1 M
= : : : o
AR . bodiz |l
Sl I y I B
] !
-+ ' ' -+
o ' ! ©
0.0 \ ;o o~
! ] Q
P ' ; ot
o - Vi X ep)
== Vi e ! ~—
0w 1 ! —41.0
~ —0.5F - !
B !
:.‘| |
i !
P t ]
P |
- 1. .0 = ", || :' :
[ ! ; 1
B 1 t
- ‘ * : ! 0.8
S A ' oL
—_— 1‘5 I ] 1 l 1 ] 1
0 2000 4000 6000 8000
Applied magnetic field H (KOe)
Figure 4.38:  Calculated average central spins of some Fe centered clusters ((SFe E), left

axis) and calculated average spin of Fe-atoms ({S, ), right axis) versus
magnetic applied field (H), for fcc Fe-Ni alloy with c(Ni) = 40 at.%, at
T =0K. & is the number of Fe atoms in the first nn shell of the cluster.
The v =1 model was used with Jg, g, = -60 K, Jgey; =300 K and
Inini = 405 K. Only the Fe-clusters which have an average central spin
which is different from Sg,, are shown.
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Figure 4.39: Calculated average central spins of some Fe centered clusters ((Spc B), left

axis) and calculated average spin of Fe-atoms ({Sg, ), right axis) versus
magnetic applied field (H), for fcc Fe-Ni alloy with ¢(Ni) = 40 at.%, at
T=0K. &is the number of Fe atoms in the first nn sheli of the cluster.
The v =1~ model was used with Jze_p, = -60 K, Jgen; = 300 K and
Tnini = 405 K, but vy, the number of common near neighbors, was set to

zero. Only the Fe-clusters which have an average central spin which is
different from S, are shown.
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Figure 4.40: Calculated average susceptibility (io) for fcc Fe-Ni alloys at T =0K. The

v =17 model was used with Jg, . = -10 K, Jg 5 = 280 K and
Juini = 405 K. The circles are experimental data from Rancourt (1989).
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Figure 4.41: Calculated average susceptibility (io) for fcc Fe-Ni alloys at T=0K. The

v=1" model was used with Jg, g = -20 K, Jgey; = 280 K and
Taini = 405 K. The circles are experimental data from Rancourt (1989).
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Figure 4.42: Calculated average susceptibility (EO) for fcc Fe-Ni alloys at T =0 K. The

v=1" model was used with Jg, g, = -20 K, Jp.; = 300 K and
Jnini = 405 K. The circles are experimental data from Rancourt (1989).
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Figure 4.43:  Calculated average susceptibility (Eo) for fcc Fe-Ni alloys at T =0 K. The

v=1" model was used with Jg g, = -40 K, Jge.ni = 300 K and
Jnizi =405 K. The circles are experimental data from Rancourt (1989).
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Figure 4.44: Calculated average susceptibility (—io) for fcc Fe-Ni alloys at T=0K. The
v =1" model was used with Jp, . = -60 K, Jgeqq; =300 K and
Jyi; = 405 K. The circles are experimental data from Rancourt (1989).
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graph.
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5,0 FUTURE WORK: MAGNETOCRYSTALLINE COUPLING IN
FCC FE-NI ALLOYS AND INVAR BEHAVIOR.

In this chapter, we discuss the possibility of adding magnetocrystalline coupling
effects to our mean field theory of alloys in order to reproduce the Invar behavior
observed in fcc Fe-Ni alloys.

In chapter 1, we introduced the strange behavior of the thermal expansion of fco
Fe-Ni alloys. Several other thermal properties of these alloys show strange behavior. See
Menshikov (1977), for relevant experimental data of these properties. Here, we simply
state that the thermal expansion of fcc Fe-Ni alloys differs from the Gruenson's law for
normal metals. At several concentrations and temperatures, there is a negative
contribution to the thermal expansion which adds to the normal thermal expansion and
which is usually attributed to magnetic effects. This kind of behavior is called Invar
behavior after the FegsNiss alloy, for which the thermal expansion coefficient is almost
zero at rooin temperature.

In chapter 1, we also briefly described the three models which are the bases for
most other models in use today for explaining the Invar behavior of fcc Fe-Ni alloys: the
weak itinerant ferromagnetism model, the two ¥ - state model and the latent
antiferromagnetism model. The list of papers on the subject is quite lengthy. We suggest
the following papers which cover most views on the subject: on the two 7 - state model,
Moruzzi (1992) and Wasserman (1987); on the latent antiferromagnetism model,
Menshikov (1977) and Fugiki(1983); and the review papers by Nakamura (1976) and
Honda (1978). The latent antiferromagnetism model suggested by Kondorsky and Sedov
(1960) is widely accepted, and is also the most consistent with the local moment model
that we have used so far. Several other authors have used the latent antiferromagnetism
model to explain the Invar behavior of fcc Fe-Ni alloys (Menshikov (1977) and
Fugiki(1983) for example). Menshikov uses a mean field approach to the magnetic
interactions, while Fugiki uses the more sophisticated tetrahedron approximation.

In section 4.8.2, we introduced a variation of the exchange integrals J i with
concentration, assuming that the contribution due to the change of lattice parameter was
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negligible compared to the contribution due to the change of electronic density and
electronic structure. Even if the interdependence of the J;; values and the lattice parameter
do not significantly affect the purely magnetic behavior of the alloys, it can significantly
affect the equilibrium lattice parameter.

If we want to explain the anomalies in the thermal properties of the alloy in terms
of magnetism, we must consider the variation of the equilibrium lattice parameter (or
equilibrium sample volume V) with the magnetic energy of the system®. In order to do
that in a simple way, we use a procedure similar to what Fugiki (1983) used. We assume
that the total free energy of the system F,, can be expressed as a sum of two terms, the
structural (or lattice) free energy Fy,,. and the magnetic free energy Fy,,. We also
assume that the entropy term (ST, where S is the entropy) and the pressure term (PV,
where P is the pressure) in F,, are negligible, i.e. we only keep the potential energy term
of the lattice which we call U. The latter assumptions are equivalent, from a structural
point of view, to assuming T = 0 (T << Tp) and P = 0 such that the normal thermal
expansion cannot be calculated within these assumptions. U is then expressed as a Taylor
expansion around V, the equilibrium volume that would be obtained in the absence of
magnetic interactions and at T = 0 K. Keeping only the harmonic term of U, we obtain

Fioe (T, V) = U(Vg) + A(V = V) +F (T, V), (5.1)

where A is independent of V and is given by

2
A=l.[__5U ) . 5.2)
2 \oV vy,

6Note that since we are dealing with an alloy, the local interatomic distance and the exchange integral
between two nn atoms may differ from one nn pair of atoms to another, even if the identities of the two
atoms are the same. Furthermore, the relation between interatomic distance and J,-j values may also be
different. For simplicity, we assume that it is possible to treat this problem by considering the sample
volume, only three different J;; values and a unique relation between each J;; value and the sample

volume.
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Minimizing F,, with respect to the volume, we obtain

o=V '[aFmag) ’ (5.3)
T<<Tmc'll

Vo | 2AVp \ &V

where V is the new equilibrium volume in the presence of magnetic interactions. Since we
have only retained the harmonic term of the structural energy, the normal thermal
expansion is not considered, and (V - V) is the variation of the volume caused only by
magnetic interactions. If the applied magnetic field is set to zero, the left term of equation
5.3 is the spontaneous magnetostriction ®, i.e. the ratio of the change of volume caused
by the presence of magnetic interactions to the equilibrium volume without magnetic
interactions. Also, one could evaluate o, , the magnetic contribution to the linear thermal

expansion coefficient, in the following way

oF,
am:l'a(t)sz 1 i mag | (5.4)
3 0T 6AV, T\ oV

To evaluate © and o, we must obtain the derivative of Fy,,,, with respect to V.

According to Chandler (1987), in the case of a pure ferromagnet treated in the simple
MFT context, Fp,,; can be expressed as

BguB(S+%)[E&;—nJ(S)+HJ —ngB(S+%)[$nJ(S)+HJ

-

Finag = ~kpTN-In| = (5.5)

1 1
%BBPB[gTB'TIJ(S)'*H] —%BSPB[ETIJ(S)*‘H]

< +e

This is similar to the free energy of a paramagnet (chapter 3, equation 3.3 and 3.5
combined), but the applied magnetic field has been replaced by the total effective field.

Note that in their mean field treatment of magnetovolume effect of a pure Ising
ferromagnet with §= 0.5, Bean and Rodbell (1962) obtained an expression for the
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magnetic free energy which is not equivalent to equation 5.5. In order to obtain the
expression for the magnetic free energy, they considered two energy terms, one for the
interaction of the spins with the external magnetic field, and one for the interaction
between the spins, and an entropy term which they expressed in terms of the mean field
magnetization, The resulting free energy is similar to equation 5.5 (with §= 0.5), but with
an additional term which corresponds to the interaction energy term with the opposite
sign. It is interesting to compare the resulting magnetic energies Ep,, that are obtained

when using

OBE
Emag - aglag

(5.6)

with Fp,, of equation 5.5 and Fy,, of Bean and Rodbell (1962). When using F,, of
equation 5.5, we obtain

Eonag = N-(gp (S)E+In(S)?). (5.7)

Note that the interaction energy term is twice as big as the usually accepted mean field
value, and does not lead to the exact result at T =0 K. If we use the F,, of Bean and
Rodbell (1962), we obtain

Emgg = N- (guB(S)H+ %Jn(s)z), (5.8)

which leads to the exact result at T = 0 K. This indicates that equation 5.5 may not be a
good approximation of the magnetic free energy. However, the method used by Bean and
Rodbell to obtain Fy,,, cannot be easily adapted to the Heisenberg model with spins
greater than 0.5, and certainly not to the case of disordered alloys. For this reason, we
choose to use an expression similar to equation 5.5 for the case of disordered alloys.
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In the case of an fcc Fe-Ni magnetic binary alloy with complete atomic disorder
treated with the v=1" model, we obtain

pens(s; +%)(ﬁie +H) _ e“BSPB (s, +‘§)(Hiﬂ +H)

F, ., = ~kgTN: (i,e)-In = —
mag B i=ENip ) e‘gﬁgua(HiHH) _e—‘ngua(Hin)

e=0,m

(5.9)

Equation 5.9 is an average over the free energies of the 2(n +1) hypothetical systems
consisting of a central atom of type i in an effective field given by (Hic +H). Note that
the same result is obtained if the average is performed over the partition functions of those

systems. The mean fields Hie are defined by equation 3.39. Since the main dependence of
Finag OV is through the J;; values, we use

OFmag _ Ope-re . Finag + Freni | Frnag L+ nini 0 Fnag
ov ov N pe-pe OV Vgeni OV OINi-Ni

(5.10)

As a first approximation, and based on the fact the we do not expect the J;; values to
change dramatically, we assume that the derivatives of the Jij values with respect to the
volume are constant, such that a Taylor expansion of the J;; values around V = V, gives

0T
Jij(v)=-]ij|v:vo +(V—‘~fo)-3\-/i : (5.11)
V=V,

o]

The problem to solve is not a simple one, since we have magnetic exchange
integrals J;; which depend on the equilibrium volume, which in turn depends on the size of
the J;; values. Even if we do not expect the variation of the J;; values to be significant, we
would like to be able to solve this problem self consistently. Bean and Rodbell (1962)
have solved the problem for the pure Ising ferromagnet with S = 0.5. They obtained w, in
terms of the magnetization, and then reinserted it in the expression for the total free
energy. They then minimized the free energy with respect to the magnetization and
obtained an equilibrium magnetization versus temperature which did not depend explicitly
on the volume. We tried to use a similar procedure for the pure Ising ferromagnet with
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$ = 0.5 using Chandler’s version of the free energy (equation 5.5), but unsuccessfully. At
some point, all terms cancel out except one term containing the magnetization, resulting in
the trivial solution of zero magnetization. It appears that the additional term in Bean and
Rodbell's expression for the free energy is essential for such an analytical procedure to be
feasible. Therefore, we do not expect such an analytic procedure to be successful for the
case of a binary alloy with the free energy of equation 5.9.

Instead, we suggest the following procedure. First assume initial Jj; values, and
obtain the new equilibrium volume from equation 5.3 and 5.10. Note that when doing the
partial _gerivation of Fpaq, We only take into account the direct dependence of the mean
fields Hic on the J;; values. We consider the (Sie)'s to be constants (see equation 3.29 and
3.30). Using this new equilibrium volume, we obtain new Jj; values using equation 5.11.
We then obtain a new equilibrium volume with the new J;; values. We repeat this

procedure until self consistency is reached. Note that in equation 5.11, Jj lv v is always
=Vp

the initial J;j value. For the initial set of J;; values, we would use the best set of Jj; values
for the purely magnetic properties of Fe-Ni alloys. Since A in equation 5.1 and the

volume derivatives of the J;; values are not known, we choose them to obtain the best fit
of o, measurements’.

Given that Chandier's expression for F,p,, did not provide an analytic solution to
the pure Ising ferromagnet, it is not clear whether this procedure will provide self
consistent results. However, a single iteration may be sufficient to obtain some agreement
with experimental data, especially if the volume derivatives of the Jj; values required to fit
the experimental values of @ ; versus composition are small enough to justify that the

magnetic properties are mostly independent of the thermal properties.

TThe spontaneous magnetic contribution of the thermal expansion cannot be measured directly. It is
obtained by subtracting the normal thermal expansion contribution calculated with Gruenson's law from

the measured thermal expansion,
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6.0 CONCLUSION.

We have presented a local moment mean field model for atomically disordered
magnetic alloys.

When applied to 1D alloys, we have observed that the results of the sample
average spins get closer to each other as the level of approximation regarding the atomic
environment is decreased (increasing v). We also saw that one has to be careful when
treating dilute alloys (possible tails in the magnetization curve) and mixed exchange alloys
(possibility of multiple solutions at low temperatures) with the model.

When we applied our model to the fcc Fe-Ni alloy series, we were not able to
reproduce the most extreme behavior of the purely magnetic properties of Fe rich alloys.
However, the mode! predicted deviation from the behavior of a normal magnetic alloy
(deviation from Slater-Pauling line, non-zero paraprocess susceptibility) and also predicted
susceptibility values of the same order of magnitude as the experimental data.
Comparison with the results obtained with other models indicated that the approximation
regarding to the atomic environment and approximations inherent to mean field theory are
not the main causes of the lack of agreement with experimental data. The relative success
obtained with our simple local moment model indicates that it is possible that a more
realistic local moment model could reproduce the magnetic behavior of fcc Fe-Ni alloys.
More extensive Monte-Carlo simulations would be a useful tool to either validate or
invalidate the local moment model.

Finally, considering the complexity of the real alloy that we have chosen to test our
model, it would be a good idea to try out the model on a simpler alloy (for example, a
normal ferromagnetic alloy). This would allow us to see if the differences between
experimental data and calculated results for fcc Fe-Ni were due to the weakness of the
model or to the complexity of the Fe-Ni system.
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APPENDIX A: LIST OF SYMBOLS, VARIABLES AND

fec

bee

ABBREVIATIONS.

Hamiltonian

Exchange integral between the it atom and the j atom. It can also mean
exchange integral between two nearest neighbor atoms of iypeiandjinan
alloy.

Total spin operator of the ih atom

Quantum number for the total spin operator of the ith atom

Z component of the spin operator for the i atom. If the axis is not
indicated and the variable is not a vector (not bold), the z component is
implied.

Quantum number for the z component of the spin operator of the ih atom
Electronic g-factor.

Bohr magneton.

Applied magnetic field.

Mean field theory.

Critical temperature.

Curie temperature.

Number of magnetic atoms in the sample.

Face centered cubic.

Base centered cubic.

Energy eigenstates.

Al



Z Partition function

B Boltzman factor.

kg Boltzman constant.

T Temperature.

M Magnetization,

A% Volume of the sample,

F Free energy.

B.(x) Brillouin function defined in equation 3.7.

n Number of first near neighbors.

n Number of second near neighbors.

Hey Effective field in the MFT context.

(X) Thermal average of property X.

X Average of property X over all magnetic atoms of the crystal or over all
atomic environments of the model used (spatial average).

i-atom Atom with identity {or of type) i.

c(i) Concentration of i-atoms in the alloy. Unless specified otherwise,
concentrations are in at.%,/100.

p(ij) Probability of an ij first near neighbor pair in the alloy.

nn Near neighbor. If no shell is specified, it means first near neighbor (or
nearest neighbor).

v Number of nn shells of atoms included in the clusters of the v model. Is
212% ;lSﬁd to designate a variation of a given model (for example, the v=1~



i€ - cluster

£ - cluster

p(i.8)

(Si)

Hj:
E,ﬂ',f" ori™"

nfi§ - atom

> nfi€ - atom

p(niig;€")
p(z niig;€’)

L{ &) or
L'¢.8)

L”(E” ,&)

<SL("§))1H§

Number of non equivalent clusters for the v model.

Label used to define the configuration of the atoms around the central atom
within a cluster.

Cluster with an i-atom at its center and with surrounding atoms in a
configuration &,

Used to designate only the atoms surrounding the central atom within an
i€ - cluster .

Probability of occurrence of the if - cluster in the alloy.

Thermally averaged spin of the central atom (or thermal average central
spin) of an i& - cluster .

Mean field acting on the central atom of an i€ - cluster.

Position of an atom within a cluster or outside of a cluster.

Atom at position { in the n™® near neighbor shell of an i& - cluster. If the
shell is not indicated, the first nn shell is implied.

Atom at position { outside of an i€ - cluster. The "> n" is there to
emphasize that the atom is in the n or more nn shell of the central atom of

an i€ - cluster which includes only (n-1) nn shells,

Probability for the nli€ - atomto be at the center of a &' - cluster .

Probability for the > /i€ - atomto be at the center of a &’ - cluster.

Identity of the 1/ - atom.

Identity of the 2{"i§ - atom.

Thermal average spin of the /i€ - atom.



(SL..( ‘"’5))21'%5 Thermal average spin of the 2{"i§ - atom.

(SJ' >2n!iE_,

ig - cluster

£ - cluster
p(i,e)
(Sis )

ﬁie
jie-atom
y

p(iie;e")

P'(X,7:8.))

p’(y,n-v-1)

n(i)

a(ie,i'e’)

Thermal average spin of 2 2 nfi€ - atom with identity j.

Number of A-atoms in the first nn shell of a cluster for the v=1" model
(for a binary alloy of A and B atoms).

Cluster with an i-atom at its center and with € A atoms in its first nn shell
(v=1" model).

Used to designate only the atoms in the first nn shell of an ig - cluster.

Probability of occurrence of the ig - cluster in the alloy.

Thermally averaged spin of the central atom (or thermal average central
spin) of an i€ - cluster .

Mean field acting on the central atom of an ig - cluster.

Any j-atom in the first nn shell of an i - cluster.

In a Bravais lattice, number of sites which can be near neighbor sites of two
near neighbor sites simultaneously.

Probability for any jig-atom within an i - cluster to be at the center of a
g’ - cluster,

Probability of finding x atoms of type A on the y sites which are first nn of
the central atom of the ie-cluster and also first nn of one of the jie-atoms.

Probability of finding y atoms of type A on the n-y-1 first nn sites of a jie-
atom, which are not within the ie-cluster.

Counting variable: n(i) = 0 or 1, ifi = B or A respectively.

Coefficient in front of (S;.) in the equation for (S; ), for the system of

equations obtained after using the low argument expansion of equation
3.41.
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Saturation spin.

Minimum applied magnetic field required for the sample average spin to be
equal the saturation spin.

Calculated average susceptibility at T =0 K.

Conditional probability that the second atom of a nn pair of atoms in the
alloy is an i-atom, given that the first one is a j-atom.

Spontaneous magnetostriction, i.e. the ratio of the change of volume
caused by the presence of magnetic interactions to the equilibrium volume

without magnetic interactions, in zero applied magnetic field.

Magnetic contribution to the linear thermal expansion coefficient.

Sample equilibrium volume that would be obtained in the absence of
magnetic interactions and at T =0 K.



APPENDIX B: PARAMETERS FOR A 1D BINARY ALLOY
TREATED WITH THE v =2" AND v =2 MODELS.

This appendix contains tables of the parameters required for treating a 1D binary
alloy of A and B atoms with the v=2" model and the v=2 model. The various variables
are defined in chapter 3.

The identities of the atoms on the first and second near neighbor shell of all
possible i - clusters, L({.E) and L"({” &), are given in table B1.

L{=1¢) L{=2¢) L"{" = 1,E) L({" = 2,E)
E=1 A A A A
E=2 A A A B
£=3 A A B B
E=4 A B A A
E=5 A B B A
E=6 A B A B
£E=17 A B B B
£=8 B B A A
£E=9 B B A B
E=10 B B B B

Table B1: Identities of first and second near neighbor atoms for all cluster types.
(1D binary alloy, v=2 and v =27 models)
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The values of p(lii€;€’) are summarized in tables B2 and B3. The probabilities
p(lii&; £’} can only take value c¢(A) or ¢(B), and for given values of i, f, and &, p(I4i€;&")
is non zero for only two values of £'. Therefore, for given values of i, {, and &, p(l{i;&")
is c(A) for one value of £’ and p(1ii&;&") is c(B) for the other value of £'. Table B2 gives
the values of £' for which p(11i€;£') = c(A) and table B3 gives the values of £’ for which
p(liig;E") = c(B).

g’ for which g’ for which &’ for which &' for which
p(11AEE") = c(A) | p(12AE,E) = c(A) | p(11BE:E") = c(A) | p(1ZBEL) = c(A)
E=1 1 1 4 4
£=2 1 4 4 8
£=3 4 4 8 8
E=4 2 1 6 4
£=5 5 1 9 4
£=6 2 4 6 8
£=17 5 4 9 8
E=8 2 2 6 6
£=9 2 5 6 9
£=10 5 5 9 9

Table B2: Values of &' for which p(11i&;£’) = ¢(A) (1D binary alloy, v =2" model).
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g for which E' for which £’ for which £’ for which
p(11AEE) = c(B) | p(12A%E") = c(B) | p(11BEE") =c(B) | p(12BLL) = c(B)
£=1 2 2 5 5
£E=2 2 6 5 9
£=3 6 6 9 9
E=4 3 2 7 5
E=5 7 2 10 5
£=6 3 6 7 9
£=7 7 6 10 9
E=8 3 3 7 7
£=9 3 7 7 10
£=10 7 7 10 10

Table B3: Values of &’ for which p(l{i&;£") = ¢(B) (1D binary alloy, v=2" model).

The probabilities p(2(i&;E’) can only take one of the three values c(A)?, o(B)? and
c(A)-c(B). We define a and b such that :

2=clA) (Al.1)
b = c¢(B). '

Tables B4 to B7 provide the values of p(2{i&;£") in terms of a and b.
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g | 1 2 3 4 5 6 7 8 9 10
Ed

1 >  ab 0 b? 0 b? 0 0 0 0

2 a’ ab 0 b? 0 b? 0 0 0 0

3 a? ab 0 b2 0 b2 0 0 0 0

4 a’ ab 0 b 0 b? 0 0 0 0

5 a’ ab 0 b? 0 b? 0 0 0 0

6 a’ ab 0 b? 0 b2 0 0 0 0

7 a’ ab 0 b? 0 b? 0 0 0 0

8 0 0 0 a’ a-b 0 0 ab b 0

9 0 0 0 a>  ab 0 0 ab b 0

10 0 0 0 a>  ab 0 0 ab  b? 0

Table B4: Values of p(2(i£;€") fort =1 and i = A (1D binary alloy, v=2 model).
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E— | 1 2 3 4 5 6 7 8 o 10
£l
1 a2 ab 0 a-b 0 b? 0 0 0 0
2 a’ ab 0 ab 0 b® 0 0 0 0
3 a>  ab 0 ab 0 b? 0 0 0 0
4 0 0 0 a’ ab 0 0 ab b 0
5 0 0 0 a>  ab 0 0 ab b 0
6 0 0 0 a2 ab 0 0 ab b 0
7 0 0 0 a’ ab 0 0 ab b2 0
8 0 0 0 a2  ab 0 0 ab b? 0
9 0 0 0 a®  ab 0 0 ab b 0
10 0 0 0 a? ab 0 0 ab b? 0
Table BS: Values of p(24€;£") for{ =2 and i = A (1D binary alloy, v =2 model).
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£ | 1 2 3 4 5 6 7 8 9 10
£d
1 0 a’ ab 0 ab 0 b? 0 0 0
2 0 a>  ab 0 ab 0 b? 0 0 0
3 0 a>  ab 0 a-b 0 b? 0 0 0
4 0 a’ ab 0 ab 0 b? 0 0 0
5 0 a®  ab 0 a-b 0 b? 0 0 0
6 0 a2  ab 0 a-b 0 b? 0 0 0
7 0 a>  ab 0 ab 0 b? 0 0 0
8 0 0 0 0 0 a’ ab 0 ab b
9 0 0 0 0 0 a>  ab 0 ab b’
10 0 0 0 0 0 a’ ab 0 ab b
Table Bé: Values of p(2!i&;£") for{ =1 and i = B (1D binary alloy, v =2 model).
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g | 1 2 3 4 5 6 7 8 9 10
£y
1 0 > ab 0 ab 0 1% 0 0 0
2 0 a* ab 0 ab 0 b? 0 0 0
3 0 a’ a-b 0 ab 0 p? 0 0 0
4 0 0 0 0 0 a2 ab 0 ab b
5 0 0 0 0 0 a? ab 0 a-b b
6 0 0 0 0 0 a>  ab 0 ab b
7 0 0 0 0 0 a4 ab 0 ab b?
8 0 0 0 0 0 a2 ab 0 ab b
9 0 0 0 0 0 a?  ab 0 ab b
10 0 0 0 0 0 a>  ab 0 ab b
Table B7:  Values of p(2!i¢;¢') for{ =2 and i = B (1D binary alloy, v =2 model).
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APPENDIX C: SAMPLE PROGRAMS TO CALCULATE THE
CRITICAL TEMPERATURE.

This appendix contains the listings of two sample Fortran programs used to calculate the
critical temperatures of atomically disordered magnetic binary alloys. They use the
determinant method described in section 3.3.2.1. This appendix also contains the listings
of some of the functions and subroutines called from these programs. A short description
of each of the listed programs, functions and subroutines is first provided in the same
order as they are listed.

Program ABTCV1G

This program was used to obtain the critical temperatures for any atomically
disordered magnetic binary alloy with no more than 12 first near neighbors, treated with
the v=1" model. Since the v=1" model and the v=1 model are equivalent for 1D
alloys, it was also used for the 1D alloys treated with the v=1 model. The following
functions and subroutines are called from this program.

Function DET (for ABTCV1G)

This function includes the temperature dependence of the coefficients of the
N;- x Nj- matrix (for N;- < 26) and adds the unity term to the diagonal coefficients. It

then calculates the determinant of that matrix using subroutine DPLUDCMP (Press et al.,
1988). This function is also used with programs ABV1G (appendix D), program
ABVI1GBS (appendix E) and program MVSH (appendix F).

Subroutine PROBV1

This subroutine is used to calculate the probabilities pljie;’) as defined in section

3.5.2. This subroutine is also used with programs ABV1G (appendix D), program
ABV1GBS (appendix E) and program MVSH {appendix F).
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Function FACT

This function calculates the factorial of its argument. This function is also used
with programs ABV1G (appendix D), ABV1GBS (appendix E) and MVSH (appendix F).

Program AB1DV2TC

This program was used to obtain the critical temperatures for an atomically
disordered binary 1D alloys treated with the v =2 model. The following function is called
from this program.

Function DET (for ABIDV2TC)

This function includes the temperature dependence of the coefficients of the 20 x 20
matrix (1D alloy, v =2 model), adds the unity term to the diagonal coefficients and then
calculates the determinant of that matrix using subroutine DPLUDCMP (Press et al,,
1988).
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PROGRAM ABTCV1G
PROGRAM ABTCV1G.FOR
LAST MODIFIED 13 JANUARY 1993

THIS PROGRAM FINDS THE CRITICAL TEMPERATURE FOR ANY BINARY
ALLOY SOLVED USING THE V=1- METHOD. IT USES SUBROUTINE PROBV1
TO FIND THE REQUIRED PROBABILITIES. SUBROUTINE DPLUDCMP IS USED
WITHIN FUNCTION DET TO FIND THE DETERMINANT OF THE MATRIX
RESULTING FROM LINEARIZING THE SYSTEM OF EQUATIONS. THE
MAXIMUM NUMBER OF NEAREST NEIGHBOURS ALLOWED IS 12,

sXekeleRe vl ReRe i RY

PROGRAM ABTCVIG

REAL JK(2,2),5(2), TEMP,CA,CAMIN,CAMAX,CASTEP, TSTEP,TC,TD,T1,T2
CHARACTER ANS*1

INTEGER E,LEP,N(2).]MAX

REAL TMIN, TMAX, TACCRTBIS,CACNT

DOUBLE FRECISION COEF(26,26),D,PREVD,F,FMID,DET,P

WRITE (6,'(1X,A15,/)) ' PROGRAM ABTCV1G '
C OPENOUTPUT FILE

OPEN(2, FILE="C:\MYRIAM\TCWORK\ABTCV1G.DAT",STATUS="0LD")
C WRITE HEADING TO QUTPUT FILE

WRITE (2,'(1X,A15,/)") PROGRAM ABTCVIG '
WRITE(2,'(1X,A30,/Y)BINARY ALLOY, v=1- MODEL '

C OBTAIN RELEVANT PARAMETERS

1  WRITE (6,(/,1X,A40)") 'PLEASE ENTER THE FOLLOWING VALUES: !
WRITE (6,'(/,1X,A20)") MINIMUM C(A) AT %? '
READ (5,*) CAMIN
WRITE (6,'(/,1X,A20)) MAXIMUM C(A) AT %? '
READ (5,*) CAMAX
WRITE (6,'(/,1X,A22)"} INCREMENT C(A) AT % ? '
READ (5,*) CASTEP

C VERIFY THAT MAX C(A) IS BETWEEN 0 AND 100

I[F(CAMAX LT.0.0R.CAMAX GT.100)THEN
WRITE (6,'(1X,A30,/)") 'C{A) RANGE IS NOT VALID '
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GOTO !
ENDIF

WRITE (6,'(/,1X,A20)") 'JAA/KB INKELVIN ? '
READ (5,%)JK(1,1)

WRITE (6,'(/,1X,A20)") 'TAB/KB INKELVIN ? '
READ (5,*)JK(1,2)

JK(2,1)=JK(1,2)

WRITE (6,'(/,1X,A20)") 'JBB/KB IN KELVIN ? '
READ (5,%)JK(2,2)

WRITE (6,'(/,1X,A25)) 'SPIN OF ATOMS A (SA) ? '
READ (5,*}S(1)

WRITE (6,'(/,1X,A25)") 'SPIN OF ATOMS B (8§B) ? '
READ (5,%)5(2)

7 WRITE (6,'(/,1X,A32)") 'NUMBER OF NEAREST NEIGHBOURS? '
READ (5,*)NN
IF(NN.GT.12)THEN
WRITE(6,'(/,1X,A37)") 'THE NUMBER CANNOT BE GREATER THAN 13!
GOTO 7
ENDIF
8  WRITE (6,'(/,1X,A36)") 'NUMBER OF COMMON NEAREST NEIGNBOURS?"
READ(5,*)NNCOM
IF(NNCOM.GE.NN)THEN
WRITE(6,'(/,1X,A34,12)") 'THE NUMBER CANNOT BE GREATER THAN ' NN
GOTO 8
ENDIF

C OBTAIN THE TEMPERATURE RANGE TO BE CONSIDERED

WRITE(6,'(//,1X,A40,/yYPLEASE ENTER THE FOLLOWING INFORMATION '
WRITE(6,'(/,1X,A20))'TMIN IN KELVIN?

READ(S,*)TMIN

WRITE(6,'(/,1X,A20Y) TMAX INKELVIN? '

READ(5,")TMAX

WRITE(6,'(/,1X,A20))INITIAL TSTEP IN KELVIN? '

READ(5,*)TSTEP

WRITE(2,%)
WRITE(2, 101)JK(1,1),K(1,2),K(2,2),5(1),S(2),NN,NNCOM, TMIN,
@ TMAX, TSTEP

101 FORMAT(1X,JAA="F6.1 JAB="F6.1, JBB=F6.1,/,1X'SA=,
@  F4.1 SB="F4.1,/) NN="12,3X,
@ 'NNCOM='12,, TMIN=F6.1,3X, TMAX="F6.1,3X, TSTEP=',
@ F6.1,)

N(1)=0
N{2)=1



IMAX =100
TACC = 1.0E-8

C START CONCENTRATION LOOP
WRITE(Q2,'(/,1X,A15/)'Y C(A) TC'
DO 100 CACNT=CAMIN,CAMAX,CASTEP

CA=CACNT/100.0
CB=1.0-CA

C INITIALIZE THE MATRIX ELEMENTS

DO 25 K=1,2*%(NN+1)
DO 20 KP=1,2*(NN+1)

COEF(X,KP)=0.0
20 CONTINUE
25 CONTINUE

C DEFINE MATRIX ELEMENTS WITHOUT TEMPERATURE DEPENDANCE
DO 40 E=0,NN
DO 35 EP=0,NN
DO 30 I=1,2
CALL PROBV1(CA,P,NN,NNCOM, 1E,L EP)
COEF(E+1+N(I)*(NN+1),EP+1)=S(D)*(S(D)+1)*E*IK(I, 1)*P/3.
CALL PROBVI(CA,P,NN,NNCOM,2,E,L EP)
COEF(E+1-+N(D)* (NN+1),EP+1+(NN+1))=S(D*(S(D+ 1) *(NN-E)*
@ TK(1,2)*P/3.
30  CONTINUE
35 CONTINUE
40 CONTINUE
C FIND DETERMINANT FOR FIRST TEMPERATURE STEP
PREVD = DET(COEF,TMAX,NN)
C START TEMPERATURE LOOP
TMAX = TMAX
DO 50 TEMP = TMAX-TSTEP, TMIN,-TSTEP
D = DET(COEF,TEMP,NN)

C  CHECK IF THERE IS A CHANGE OF SIGN OF THE DETERMINANT
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IF(D*PREVD.LE.0.0)GOTO 75
PREVD=D
50 CONTINUE
C IF NO CHANGE OF SIGN IS FOUND, QUIT PROGRAM

WRITE(2,*)'NO TC WERE FOUND IN THIS TEMPERATURE RANGE'
WRITE(2,*)CA

WRITE(6,*)'NO TC WERE FOUND IN THIS TEMPERATURE RANGE'
GOTO 90

C WHEN A CHANGE OF SIGN IS FOUND, USE BISECTION METHOD BETWEEN D AND
C PREVD

75 TI=TEMP
T2=TEMP+TSTEP

FMID = DET(COEF,T2,NN)
F = DET(COEF,T1,NN)
IF(F*FMID.LT.0.)THEN
RTBIS=T1
DT =T2-T1
ELSE
RTBIS=T2
DT =TI1-T2
ENDIF

DO 80 J=1,IMAX
DT=DT*.5
TMID=RTBIS+DT
FMID=DET(COEF,TMID,NN)
IF(FMID.LE.0.)RTBIS=TMID
IF(ABS(DT).LT. TACC.OR.FMID.EQ.0.)GOTO 85
80 CONTINUE

WRITE(2,%)'TACC NOT REACHED'

85 TC=RTBIS
WRITE(2,'(1X,F6.4,2X,F12.6))CA,TC
WRITE(6,'(1X,F6.4,2X,F12.6))CA,TC

90 CONTINUE

100 CONTINUE

WRITE(6,*)
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WRITE(6,*)'DO YOU WANT TO DO ANOTHER CASE ? (Y/N)'
READ(3,'(A1))ANS
[F(ANS.NE.'N'.AND.ANS.NE."n")GOTO 1

CLOSE(2)
STOP
END

FUNCTION DET (FOR ABV1GTC)

aaOan

10

DOUBLE PRECISION FUNCTION DET(COEF,T,NN)

THIS FUNCTION INCLUDES THE TEMPERATURE DEPENDANCE OF ALL
COEFFICIENTS OF MATRIX COEF, ADDS THE UNITY TERM TO THE
DIAGONAL COEFFICIENTS AND THEN CALCULATES THE
DETERMINANT OF THAT MATRICE USING SUBROUTINE DPLUDCMP

DOUBLE PRECISION COEF(26,26),D,FCOEF(26,26)
REAL INDX(26),T
INTEGER K,KP,NN

INCLUDE TEMPERATURE DEPENDANCE OF COEFFICIENT

DO 4 K=1,2%(NN+1)

DO 2 KP=1,2*(NN+1)
FCOEF(K,KP)=COEF(K.KP)T
CONTINUE

FCOEF(K,K)=FCOEF(K K)-1.0

CONTINUE

FIND THE DETERMINANT OF MATRIX
CALL DPLUDCMP(FCOEF,2*(NN+1),26,INDX,D)
DO 10 K=1,2*(NN+1)
D=D*FCOEF(K.K)
CONTINUE
DET =D

RETURN
END

SUBROUTINE PROBV1

C SUBROUTINE FROBVI FORTRAN
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THIS SUBPROGRAM CALCULATES THE CONDITIONAL PROBABILITY P(JLE,LEF)
AS DEFINED IN NOTES ON APPLICATION OF MFT TO FE-NI FCC ALLOY
THIS ROUTINE CAN BE USED FOR ANY STRUCTURE SINCE THE NUMBER OF
NEAREST NEIGHBOURS (NN) AND THE NUMBER OF COMMON NN (NNCOM IN
SUBROUTINE AND GAMMA IN NOTES) MUST BE PROVIDED BY THE USER.
1 AND I MUST BE PROVIDED IN A NUMERICAL FORM, USING THE FOLLOWING
RELATION:

A-1

B-2

oXeleXeRe i e Ee RR AR RS

SUBROUTINE PROBV1(CA,P,NN,NNCOM,J.E,LEP)

INTEGER NN,NNCOM,J,LE,EP,IX IXMIN,IXMAX,IY,IYMIN,TYMAX N(2)
INTEGER*4 FACT

DOUBLE PRECISION P,PP,PPP,NUM,DEN

REAL CA

P=0.0

N(1)=1

N(2)=0

IARG = NN-NNCOM-1

C DEFINE BOUNDARIES FOR IX AND IY
IXMIN = MAX0(0,E+NNCOM-NN+1-N(I))
IXMAX = MINO(E-N(J),NNCOM)
IF(IXMAX.LT.IXMIN)RETURN
TYMIN =0
TYMAX = MINO(NN-NNCOM-1,EP-N(I))
IFIYMAX LT.IYMIN)RETURN
C SUMMATION OVER ALL ALLOWABLE VALUES OF IX AND IY
DO 100 IX=IXMIN,IXMAX
DO 90 [Y=IYMIN,IYMAX
IF(IX-+1Y-+N(I).EQ EP)THEN
NUM=(CA*IY)*((1.0-CA)*(IARG-IY))*FLOAT(FACT(IARG))
DEN=FLOAT(FACT(IY))*FLOAT(FACT(IARG-IY))
PPP=NUM/DEN
NUM=FLOAT(FACT(NNCOM)*FLOAT(FACT(IARG))
@ *FLOAT(FACT(E-N()))*FLOAT(FACT(NN-1-E+N(I)))

DEN=FLOAT(FACT(IX))*FLOATFACT(NNCOM-1X))
@ *FLOAT(FACT(E-IX-N))*FLOAT(FACTIARG-E+IX+N())
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@ *FLOAT(FACT(NN-1))
PP=NUM/DEN

P=P+PP*PPP
ENDIF

90 CONTINUE
100 CONTINUE

RETURN
END

FUNCTION FACT
FUNCTION FACT

THIS FUNCTION CALCULATES THE FACTORIAL OF A POSITIVE INTEGER

oNeNOR@!

INTEGER*4 FUNCTION FACT(IARG)
INTEGER IARG,I
FACT=1

IF(IARG.LT.0)THEN
WRITE(6,*) ARGUMENT OF FACTORIAL NEGATIVE'
FACT=0
STOP

ENDIF

IFIARG.EQ.0)THEN
FACT=1
RETURN

ENDIF

DO 10 I=IARG,1,-1
FACT=FACT*]
10 CONTINUE

RETURN
END
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PROGRAM AB1DV2TC
C PROGRAM ABIDV2TC.FOR

C
C  THIS PROGRAM FINDS THE CRITICAL TEMPERATURE FOR A 1D BINARY
C ALLOY SOLVED USING THE V=2 METHOD AND PRODUCES PHASE DIAGRAMS.

PROGRAM ABIDV2FD

REAL JK(2,2),5(2), TEMP,CA, TSTEP,TC,DT,T1,T2
CHARACTER TITLE1*25,ANS*1
INTEGER E.LEP,L(2,10),LP(2,10),K,EE,I,N(2),LLKP,]MAX
REAL P2(2,10,2,10),TMIN,TMAX, TACC RTBIS,CAMIN,CAMAX,CASTEP
DOUBLE PRECISION D,PREVD,F,FMID,DET,COEF(20,20)
DATA ((L(ILEE),EE=1,10),lI=1,2) / 7%1,3%2,3%1,7%2/
DATA ((LP(ILEE),EE=1,10),1I=1,2) / 2¥1,2,2#1,2,2,1,1,2,1,2.2.1,
@ 2,1,2,1,2,2/

WRITE (6,'(1X,A15,/)) PROGRAM ABIDV2TC '
C OPEN OUTPUT FILE

OPEN(2,FILE="C:\MYRIAM\TCWORK\AB 1DV2PD.DAT",STATUS="0LD")
C DEFINE TITLE

TITLE1= 1D BINARY ALLOY, V=2'
WRITE(2,'(1X,A30,/))'1D BINARY ALLOY, V=2 '

C OBTAIN RELEVANT PARAMETERS

1 WRITE (6,'¢,1X,A40)") 'PLEASE ENTER THE FOLLOWING VALUES: '
WRITE (6,'(/,1X,A20)") 'MINIMUM C(A) AT % ? '
READ (5,*) CAMIN
WRITE (6,'(/,1X,A20)) 'MAXIMUM C(A) AT %7 '
READ (5,*) CAMAX
WRITE (6,'(/,1X,A22)") 'INCREMENT C(A) AT %? '
READ (5,*) CASTEP

C VERIFY THAT MAX C(A) IS BETWEEN 0 AND 100
IF(CAMAX.LT.0.OR.CAMAX.GT.100)THEN
WRITE (6,'(1X,A30,/)") 'C(A) RANGE IS NOT VALID '
GOTO 1
ENDIF

CAMAX=CAMAX/100.
CAMIN=CAMIN/100.
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CASTEP=CASTEP/100.

WRITE (6,'(/,1X,A20)") 'TAA/KB IN KELVIN 7 '
READ (5,%)JK(1,1)

WRITE (6,'(/,1X,A20)) 'TAB/KB IN KELVIN ?
READ (5,¥)JK(1,2)

JKQ2,1)=TK(1,2)

WRITE (6,'(/,1X,A20)") 'TBB/KB IN KELVIN ?
READ (5,%JK(2,2)

WRITE (6,'(/,1X,A25)) 'SPIN OF ATOMS A (SA)? '
READ (5,%)S(1)

WRITE (6,'(/,1X,A25)) 'SPIN OF ATOMS B (SB) 7 '
READ (5,*)8(2)

C OBTAIN THE TEMPERATURE RANGE TO BE CONSIDERED

WRITE(S,'(//,1X,A40,/)")PLEASE ENTER THE FOLLOWING INFORMATION '
WRITE(®,'(/,1X,A20))TMIN IN KELVIN? '

READ(5,*)TMIN

WRITE(6,'(/,1X,A20)')TMAX IN KELVIN? '

READ(5,*)TMAX

WRITE(®,'(/,1X,A20)")'INITIAL TSTEP IN KELVIN? '

READ(5,*)TSTEP

WRITE(2,*)
WRITE(2,101)JK(1,1),JK(1,2),JK(2,2),5(1),5(2), TMIN,TMAX, TSTEP

101 FORMAT(1X,'JAA="F6.1,! JAB="F6.1,' JBB="F6.1,/,1X,'SA=,
@ F4.1, SB=F4.1,/,
@ ' TMIN="F6.1,3X,' TMAX="F6.1,3X,'TSTEP=,
@ FeL)
N(1)=0
N@2)=1
IMAX = 100
TACC = 1.0E-8
WRITE(2,'(/,1X,A15,)'Y C(A) TC'
DO 100 CA=CAMIN,CAMAX CASTEP
CB=1.0-CA
C DEFINE P2
DO R’K=1,2

DO 6 EE=1,10
DO 411=1,2
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DO 2 EP=1,10
P2(K EE,ILEP)=0.0
CONTINUE
CONTINUE
CONTINUE
CONTINUE

PO 10 EE=1,7
P2(L,EE,1,1)=CA**2
P2(1,EE,1,2)=CA*(1.0-CA)
P2(1,EE, 1,4)=CA*(1.0-CA)
P2(1,EE,1,5)=(1.0-CA)**2
P2(2,11-EE,1,4)=CA**2
P2(2,11-EE,1,6)=CA*(1.0-CA)
P2(2,11-EE,1,2)=CA*(1.0-CA)
P2(2,11-EE, 1,9)=(1,0-CA)**2
P2(1,EE,2,2)=CA**2
P2(1,EE,2,3)=CA*(1.0-CA)
P2(1,EE,2,6)=CA*(1.0-CA)
P2(1,EE,2,7)=(1.0-CA)**2
P2(2,11-EE,2,5)=CA**2
P2(2,11-EE,2,7)=CA*(1.0-CA)
P2(2,11-EE,2,9)=CA*(1.0-CA)
P2(2,11-EE,2,10)=(1.0-CA)**2

10 CONTINUE

DO 12 EE=1,3
P2(1,11-EE, 1,4)=CA**2
P2(1,11-EE, 1,6)=CA*(1.0-CA)
P2(1,11-EE, 1,8)=CA*(1.0-CA)
P2(1,11-EE, 1,9)=(1.0-CA)**2
P2(2,EE,1,1)=CA**2
P2(2,EE,1,2)=CA*(1.0-CA)
P2(2,EE,1,4)=CA*(1.0-CA)
P2(2,EE, 1,5)=(1.0-CA)y**2
P2(1,11-EE,2,5)=CA**2
P2(1,11-EE,2,7)=CA*(1.0-CA)
P2(1,11-EE,2,9)=CA*(1.0-CA)
P2(1,11-EE,2,10)=(1.0-CA)**2
P2(2,EE,2,2)=CA**2
P2(2,EE,2,3)=CA*(1.0-CA)
P2(2,EE,2,6)=CA*(1.0-CA)
P2(2,EE,2,7)=(1.0-CA)**2

12 CONTINUE

C [INITIALIZE THE MATRIX ELEMENTS

DO 25 K=1,20
DO 20 KP=1,20
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COEF(K KP)=0.0
20 CONTINUE
25 CONTINUE

DO 38 1=1,2
DO 36 E=1,10

K=E+10*N()
DO 34 LL=1,2
W = JK(L L(LL,E))*S(L(LL,E)*(SL(LL,E))+ 1)*S(*(S(+1)/9.
COEF(K,K) = COEF(K,K) + W*IK(LL(LL,E))
DO 32 EP=1,10
KP = EP + 10*N(LP(LL,E))
COEF(K, KP)y=COEF(K KP)+W*JK(L(LL,E),LP(LL,E))*P2(LL.E,LEP)
32 CONTINUE
34  CONTINUE
36 CONTINUE
38 CONTINUE
C FIND DETERMINANT FOR FIRST TEMPERATURE STEP
PREVD = DET(COEF,TMAX)
C START TEMPERATURE LOOP
TMAX = TMAX - TSTEP
DO 50 TEMP = TMAX, TMIN,-TSTEP
D = DET(COEF,TEMP)
C  CHECK IF THERE IS A CHANGE OF SIGN OF THE DETERMINANT
IF(D*PREVD LT.0.0)GOTO 75
PREVD=D
50 CONTINUE

C IF NO CHANGE OF SIGN IS FOUND, QUIT PROGRAM

WRITE(2,*YNO TC WERE FOUND IN THIS TEMPERATURE RANGE'
WRITE(6,*)'NO TC WERE FOUND IN THIS TEMPERATURE RANGE'
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GOTO 90

C WHEN A CHANGE OF SIGN IS FOUND, USE BISECTION METHOD BETWEEN D AND PREV

75 TI=TEMP
T2=TEMP+TSTEP

FMID = DET(COEF,T2)
F = DET(COEF,T1)
IF(F*FMID.LT.0.)THEN
RTBIS=TI
DT = T2-Tl
ELSE
RTBIS=T2
DT =TI-T2
ENDIF

DO 80 J=1,]MAX
DT=DT*.5
TMID=RTBIS+DT
FMID=DET(COEF,TMID)
IF(FMID.LE.0.)RTBIS=TMID
IF(ABS(DT).LT. TACC.OR.FMID.EQ.0.)GOTO 85
80 CONTINUE

WRITE(2,*)TACC NOT REACHED'
85 TC=RTBIS

90  WRITE(2,99)CA,TC
99 FORMAT(1X,F6.4,2X F12.6)
100 CONTINUE
WRITE(6,*)
WRITE(6,*)'DO YOU WANT TO DO ANOTHER CASE ? (Y/N)'
READ(5,(A1))ANS
IF(ANS.NE.'N)GOTO 1

CLOSE(2)
STOP
END

FUNCTION DET (FOR AB1DV2TC)

DOUBLE PRECISION FUNCTION DET(COEF,T)
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REAL INDX(20),T,N(2)
DOUBLE PRECISION COEF(20,20),((20,20),D
INTEGER LE K. KP

N{1=0
NQ2)y=1

C INCLUDE TEMPERATURE DEPENDANCE OF COEFFICIENTS

DO2I=1,2
DO 4E=1,10

K=E+10*N(I)

DO 6 KP=1,20
C(K,KP) = COEF(K,KP)/T**2
6 CONTINUE
C(K,K)=C(KXK)-1.0
4 CONTINUE
2 CONTINUE

C  FIND THE DETERMINANT OF MATRIX
CALL DPLUDCMP{(C,20,20,INDX.D)
DO 10 J=1,20
C WRITE(2,%*)C(3,]}
D=D*C(J,])
10 CONTINUE
DET=D

RETURN
END
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APPENDIX D: SAMPLE PROGRAMS TO CALCULATE THE
AVERAGE SPINS USING A SIMPLE ITERATION
METHOD.

This appendix contains the listings of two sample Fortran programs used to
calculate the average spin of atomically disordered magnetic binary alloys. Both programs
use a simple iteration method to solve the system of non-linear equations. This appendix
also contains the listings of some of the functions and subroutines called from these
programs. A short description of each of the listed programs, functions and subroutines is
first provided in the same order as they are listed.

Program ABV1G

This program was used to obtain the average spin for any atomically disordered
magnetic binary alloy with no more than 12 first near neighbors treated with the v=1"
model. Since the v=1" model and the v =1 model are equivalent for 1D alloys, it was
also used for the 1D alloys treated with the v =1 model. Function DET (the same one as
for program ABTCV1G), subroutine PROBV1 and function FACT are called from this
program or one of its subprograms, but are described and listed in appendix C. In
addition, the following functions and subroutines are called from this program.

Function SPEQNV1

This function returns the value of the central average spin of a given cluster type
based on the input arguments, for an atomically disordered magnetic binary alloy treated
with the v =17 model.

Function BRIL

This function returns the value of the Brillouin function defined by equation 3.7.

This function is also called from programs ABIDV2OR (present appendix), ABV1GBS
(appendix E), AB1DV2 (appendix E) and MVSH (appendix F).
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Subroutine TCVIMOD

This subroutine calculates the critical temperature of the atomically disordered
magnetic binary alloy treated with the v=1" model. This function is also called from
program ABV1GBS (appendix E).

Program ABIDV2OR

This program was used to obtain the average spin for an atomically disordered
binary 1D alloy treated with the v=2 model. Note that the definition of the cluster types
for a 1D binary alloys treated with the v =2 model given in table 3.4 differs from the
definition used in the program. The clusters with & =S in table 3.4 correspond to clusters
with & = 6 in the program, and the cluster with £ = 6 in table 3.4 correspond to clusters
with & = 5 in the program. Note that E = £ in the program listing. Function BRIL
described above and listed with program ABV1G is called from this program. In addition,
the following function is called from this program.

Function SPINEQN
This function returns the value of the central average spin of a given cluster type

based on the input arguments, for a 1D binary alloy using the v=2 model. This function is
also called from program ABIDV2 (appendix E).
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PROGRAM ABVIG

Cy

O O0o00n

PROGRAM ABV1G FORTRAN

THIS PROGRAM CALCULATES THE AVERAGE SPIN PER ATOM OF
ANY BINARY ALLOY, USING THE V=1- METHOD.

THE AVERAGE SPIN IS CALCULATED FOR A TEMPERATURE RANGE
PROVIDED BY THE USER. AN ITERATIVE METHOD IS USED.

LAST MODIFIED 15 SEPT 1993
PROGRAM ABVI1G

INTEGER E,EP,LJIVALUE,IMAIMA X, IMINMAX,NN,NNCOM

INTEGER*4 FACT

REAL JK(2,2),8(2), TEMP,CA, TMIN, TMAX, TSTEP,TEMPAR(205)

REAL AVSPINO(2,0:12),PC(0:12),CRIT,TC

DOUBLE PRECISION AVSPIN(2,0:12),AVSPINJ(2,0:12),AVSPINAJ, AVSPINBJ
DOUBLE PRECISION SPEQNV1,AVSPINA,AVSPINB,AVSPINT(205),P
DOUBLE PRECISION AVSPINTI(205), TOVERTC M,PV1(2,0:12,2,0:12)
CHARACTER TITLE1*25,TITLE2*25

WRITE (6,'(1X,A15./)) 'PROGRAM ABV1G '
OPEN OUTPUT FILE

OPEN(2 FILE="C:\MYRIAM\IDWORK\ABV1G.DAT" STATUS="0LD")
OPEN(3,FILE="C:\MYRIAM\IDWORK\ABV1G.PDA",STATUS="0OLD")
OPEN(4,FILE="C:\MYRIAM\IDWORK\ABV1G.CHE",STATUS="OLD")

DEFINE TITLES
TITLEI= BINARY ALLOY, V=I-'
TITLE2=' AVERAGE SPIN PER ATOM'

WRITE (6,'(/,1X,A40)") PLEASE ENTER THE FOLLOWING VALUES: '
WRITE (6,'(/,1X,A12)) 'C(A) AT % ? '
READ (5,*) CA

VERIFY THAT C(A) IS BETWEEN 0 AND 100
IF(CA.LT.0.OR.CA GT.100)THEN
WRITE (6,'(1X,A30,/)"} 'VALUE ENTERED IS NOT VALID '
GOTO 5
ENDIF

WRITE (6,'(/,1X,A20)") TAA/KB INKELVIN 7 '

READ (5,*)JK(1,1)
WRITE (6,'(/,1X,A20)) 'JAB/KB IN KELVIN ? '
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READ (5,%)JK(1,2)

TK(2,1)=JK(1,2)

WRITE (6,'(/,1X,A20)") 'TBB/KB IN KELVIN ? °

READ (5,9)JK(2,2)

WRITE (6,'(/,1X,A25)) 'SPIN OF ATOMS A (SA) ? *

READ (5,4)S(1)

WRITE (6,'(/,1X,A25)") 'SPIN OF ATOMS B (SB)? '

READ (5,*)5(2)

WRITE (6,'(/,1X,A39)") 'NUMBER OF NEAREST NEIGHBOURS 7 (MAX 12)
READ (5,%)NN

WRITE (6,'(/,1X,A37))NUMBER OF COMMON NEAREST NEIGHBOURS 7'
READ (5,*)NNCOM

WRITE (6,'(/,1X,A30)") ' SELF CONSISTENCY CRITERION '

READ (5,%)CRIT

WRITE (6,'(/,1X,A35)") MAX # OF ITERATIONS IN MAJOR LOOP? °
READ (5,%)IMAIMAX

WRITE (6,'(/.1X,A40)) 'MAX # OF ITERATIONS IN MINOR LOOPS ?
READ (5,9)IMINMAX

WRITE(2,'(1X,A30,/)' 1D BINARY ALLOY, V=1- '
WRITE(2, 101)JK(1, 1), JK(1,2),JK(2,2),5(1),5(2),CA,NN,NNCOM,CRIT,
@ IMATMAX,IMINMAX
WRITE(3,'(1X,A30,/))' 1D BINARY ALLOY, V=1- '
WRITE(3, 101)JK (1, 1),JK(1,2),JK(2,2),5(1),5(2),CA,NN,NNCOM,CRIT,
IMAIMAYX,IMINMAX
WRITE(4,'(1X,A30,/)'1D BINARY ALLOY, V=1- '
WRITE(4, 101)JK(1,1),JK(1,2),7K(2,2),5(1),5(2),CA,NN,NNCOM, CRIT,
IMAJMAX,IMINMAX
101 FORMAT(1X,JAA="F5.1,' JAB="F5.1,' JBB="F5.1/,1X,'SA=",
@  F4.1 SB='F4.1, C(A) AT % ='F4.1,,
@ 'NN="123X,'NNCOM =12/,
@ 'SELF CONSISTENCY CRITERION ="E8.1,,
@ 'MAX # OF ITERATIONS IN MAJOR LOOP: ' 15,/
@ 'MAX # OF ITERATIONS IN MINOR LOOPS: 15,/)

CA=CA/100.0
C INITIALIZE ARRAYS

DO 10 E=0,NN
AVSPING(1,E)=5(1)
AVSPINO(2,E)=5(2)

10 CONTINUE

WRITE(3,*)' INITIAL SPIN VALUES:'
WRITE(,*)
WRITE(2,*)' INITIAL SPIN VALUES:'
WRITE(2,*)
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WRITE(4,*) INITIAL SPIN VALUES:'
WRITE(4,%)

WRITE(4, 176)((AVSPINO(LE),E=0,NN),I=1,2)

WRITE(2, 176)((AVSPINO(E),E=0,NN),I=1,2)

WRITE(3, 176)((AVSPINO(IE),E=0,NN),I=1,2)
176 FORMAT(1X,13(1X,F7.4))

WRITE(2,*)
WRITE(3,*)
WRITE(4,*)

C PROVIDE CLUSTER PROBABILITIES

DO 15 E=0,NN
PC(E) = (CA**E)*((1.-CA)**(NN-E))*FLOAT(FACT(NN))
PC(E) = PC(E)(FLOAT(FACT(E)*FLOAT(FACT(NN-E)))
15 CONTINUE

C PROVIDE CONDITIONAL PROBABILITIES

DO 201=1,2

DO 19 E=(,12
DO 18 J=1,2
DO 17 EP=0,12

CALL PROBV1(CA,P,NN,NNCOM,JE,LEP)
PV1(J.E.LEP)=P

17  CONTINUE
18  CONTINUE
19 CONTINUE
20 CONTINUE

C OBTAIN THE TEMPERATURE RANGE TO BE CONSIDERED

WRITE(6,'(//,1X,A40,/)) PLEASE ENTER THE FOLLOWING INFORMATION '
WRITE(6,'(/,1X,A20)) TMIN IN KELVIN? '

READ(5,*)TMIN :

WRITE(6,'(/,1X,A20))TMAX IN KELVIN? '

READ(5,)TMAX

WRITE(6,'(/,1X,A20))TSTEP INKELVIN?

READ(5,*)TSTEP

TEMP=TMIN

WRITE(2,'(A40,)YTEMPERATURE SA SB s !

DO 25 E=0,NN
AVSPIN(1,E)=AVSPINO(1,E)
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AVSPIN(2,E)=AVSPINO(2,E)
25 CONTINUE

C START TEMPERATURE LOOP
IVALUE=0
DO 80 TEMP=TMIN, TMAX TSTEP

IVALUE=IVALUE+1
T=TEMP
TEMPAR(IVALUE)=TEMP
IF(T.LE.0.0)THEN
T=1.0E-7
TEMPAR(IVALUE)=T
ENDIF

C ENTER MAJOR ITERATION LOOP
DO 70 IMAJOR=1,IMAIMAX
C  ENTER MINOR ITERATION LOOPS
DO 60 E=0,NN
DO 50 I=1,2
DO 30 j=1,IMINMAX
AVSPINK(I,E)=SPEQNVI1(PV1,LE,S,JK,AVSPIN,T,NN)
TF(ABS(AVSPINJ(,E)-AVSPIN(L,E}).LT.CRIT)THEN
GOTO 35
ELSE
AVSPIN(I,E)=AVSPINJ(LE)
ENDIF
30 CONTINUE
35  AVSPIN(LE)=AVSPINJ(LE)

50 CONTINUE
60 CONTINUE

C CHECK IF SELF CONSISTENCY HAS BEEN REACHED FOR ALL EQNS
DO 6311=1,2
PO 66 J=0,NN
AVSPINJ(ILI=SPEQNV}(PVLILIL,S,JK,AVSPIN,T,NN)
IF(ABS(AVSPINJ(LT)-AVSPIN(ILY)).GT.CRIT)GO TO 69

66 CONTINUE
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68

69
70

72

74
76

CONTINUE
GO TO 72
IF SELF CONSISTENCY HAS NOT BEEN REACHED, CONTINUE

CONTINUE
CONTINUE

WRITE(2,*)'SELF CONSISTENCY NOT REACHED'
WRITE(6,*)'SELF CONSISTENCY NOT REACHED'
WRITE(3,*)'SELF CONSISTENCY NOT REACHED'
WRITE(4,*)'SELF CONSISTENCY NOT REACHED'

WRITE(6,“)T

DO 76 1=1,2

DO 74 E=0,NN
AVSPINJ(LE) = SPEQNV1(PV],LE,S JK, AVSPIN,T,NN)
CONTINUE

CONTINUE

WRITE LOCAL SPINS TC FILE ABV1G.CHE

WRITE(4,177)T,((AVSPIN(LE),E=0,NN),I=1,2)
WRITE(4, 177)T,((AVSPINJ(LE),E=0,NN),I=1,2)

177 FORMAT(1X,F5.1,3X,20(1X,F11.8))

C

73

CALCULATE OVERALL SPINS

AVSPINA = 0.0
AVSPINB =0.0
AVSPINAT=0.0
AVSPINBJ = 0.0

DO 78 E=0,NN
AVSPINA = AVSPINA + PC(E)*AVSPIN(1,E)
AVSPINB = AVSPINB + PC(E)*AVSPIN(2.E)
AVSPINAJ = AVSPINAJ + PC(E)*AVSPINJ(LE)
AVSPINBIJ = AVSPINB] + PC(Ey*AVSPINI(2,E)
CONTINUE

AVSPINT(IVALUE) = CA*AVSPINA + (1.0-CA)*AVSPINB
AVSPINTI(IVALUE) = CA*AVSPINAJ + (1.0-CA)*AVSPINBJ

WRITE(2,'(2X,F5.1,3(3X,F11.8)))T,AVSPINA,AVSPINB,

@ AVSPINT(IVALUE)
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WRITE(2,'(2X,F5.1,3(3X.F11.8)))T,AVSPINAJ,AVSPINBJ,
@ AVSPINTY(IVALUE)

80 CONTINUE
C USE SUBROUTINE TCVIMOD TO FIND TC
CALL TCVIMOD(CA,JK,S,NN.NNCOM,TC)

100  WRITE(2,110)TC
WRITE(3,110)TC
WRITE(6,110)TC

110 FORMAT(/,' Te ="F6.2,/)

WRITE(3,(A41,h) T ST T/TC S(T)S(T=0)'
C GET TOTAL SPIN AT T=0

IF{TEMPAR(IVALUE).LE.1.0E-7)THEN
TOTSPINO=AVSPINT(IVALUE)

ELSE
TOTSPINO=AVSPINT(1)

ENDIF

DO 120 J=1,IVALUE
IF(TC.EQ.0.0)TC=1.0
TOVERTC = TEMPAR(J)/TC
SOVERS0 = AVSPINT(J)/TOTSPINO
WRITE(3,'3X,F5.1,3(3X F8.4))Y TEMPAR(J), AVSPINT()),
TOVERTC,SOVERS0
120 CONTINUE

CLOSE(2)
CLOSE(3)
CLOSE4)
C CALL GRAPHICS SUBROUTINE
CALL GRAPHI(TEMPAR,AVSPINT, TITLEI, TITLE2,IVALUE)

END
C

FUNCTION SPEQNV1

DOUBLE PRECISION FUNCTION SPEQNVL(PV1,LE,S,JK,AVSPIN, TEMP,NN)
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C  THIS FUNCTION RETURNS THE AVERAGE SPIN OF A BINARY ALLOY
C USING THE V=1- MODEL,

INTEGER E,ILEP
DOUBLE PRECISION AVSPIN(2,0:12),W,BRIL,W1,W2,PV1(2,0:12,2,0:12}
REAL S(2).JK(2,2), TEMP

Wi=0.0
W2=0.0

DO 10 EP=0,NN
Wi = W1 + PV1(1,E,LEPy* AVSPIN(1,EP)
10 CONTINUE
W1 = WI*IK(,1)*E

DO 20 EP = 0,NN
w2 = W2 + PVI1(2,E,LEP)y*AVSPIN(2,EP)
20 CONTINUE
W2 = W2*JK(1,2)*(NN-E)

W = S([)*(W1+W2)TEMP
SPEQNV1=8(I)*BRIL(5(I),W)

END

FUNCTION BRIL
DOUBLE PRECISION FUNCTION BRIL(S,X)

DOUBLE PRECISION X,S8,855
REAL §

88 = (2*§+1)/(2*S)

S88 = 142./8+1.5/(S*5)+.5/(5*5*5)

IF(DABS(X).LT.1.0E-3)THEN
BRIL=((S+1)*X)/(3*8) +(X**3)*555/43.
GOTO10

ENDIF

[F(ABS(X).GT.200)THEN
BRIL=DSIGN(1.,X)
GO TO 10

ENDIF

BRIL = (SS/ADTANH(S5*X))) -1./(DTANH(X/(2*S8))*2*S)

10 CONTINUE
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END

SUBROUTINE TCVIMOD

oo 0

C

1

20

SUBROUTINE TCVIMOD(CA,JK,S,NN,NNCOM,TC})

THIS SUBROUTINE CALCULATES THE CRITICAL TEMPERARURE OF A AB
BINARY ALLQY USING THE V=1- MFT MODEL. IT USES SUBROUTINE PROBV1
TO COMPUTE THE CONDITIONNAL CLUSTERS PROBABILITIES NESSARY TO
OBTAIN THE COEFFICIENTS OF THE HIGH TEMPERATURE MATRIX.
SUBROUTINE DET IS CALLED TO INCLUDE THE TEMPERATURE DEPENDANCE
OF THE MATRIX COEFFICIENT, TO ADD THE UNITY TERM TO THE DIAGONAL
COEFFICIENTS AND TO COMPUTE THE DETERMINANT OF THE MATRIX.

THE ONLY RETURN VARIABLE IS TC.

SUBROUTINE TCVIMOD(CA,JK,S,NN,NNCOM,TC)

REAL JK(2,2),5(2),TEMP,CA, TSTEP, TMAX, TMIN,TACC,TC,TD,T1,T2,RTBIS
INTEGER E,IEP,N(2),KMAX,NN,.NNCOM
DOUBLE PRECISION COEF(26,26),D,PREVD,F,FMID,DET,P

PROVIDE RELEVANT INFORMATION

SS1=S(1)*(S(L)+1)

SS2=S(2)*(S(2)+1)

N(1)=0

N(2)=1

KMAX = 100

TACC = 1.0E-2

CB=1.0-CA

TMIN=1.0

TSTEP=50.
TMAX=(FLOAT(NN)/3)*MAX(SS1*ABS(JK(1,1)),
@  ((SS1%SS2)**.5)*ABS(JK(1,2)),552* ABS(K(2,2)))

INITIALIZE THE MATRIX ELEMENTS

DO 25 K=1,2*(NN+1)

DO 20 KP=1,2¥(NN+1)
COEF(K,KP)=0.0
CONTINUE

25 CONTINUE

C DEFINE MATRIX ELEMENTS WITHOUT TEMPERATURE DEPENDANCE
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DO 40 E=0,NN
DO 35 EP=0,NN
DO 30 [=1,2

CALL PROBV1{CA,P,NN,NNCOM, 1,E,LEP)
COEF(E-+1+N(Iy*(NN+1),EP+1)=S(I)*(S(Iy+ 1 *E*JK (L 1)*P/3.
CALL PROBV1(CA,P,NN,NNCOM,2,E,LEP)
COEF(E+1+N(I*(NN+1),EP+1+(NN+1)=S(*(S(D+1)*(NN-E)*
@ JK(1,2)*P/3.
30  CONTINUE
35 CONTINUE
40 CONTINUE
C FIND DETERMINANT FOR FIRST TEMPERATURE STEP
PREVD = DET(COEF, TMAX,NN)
C START TEMPERATURE LOOP
DO 50 TEMP = TMAX-TSTEP, TMIN,-TSTEP
D = DET(COEF, TEMP NN)
C  CHECK IF THERE IS A CHANGE OF SIGN OF THE DETERMINANT
IF(D*PREVD.LE.0.0)GOTO 75
PREVD=D
50 CONTINUE
C IF NO CHANGE OF SIGN IS FOUND, TRY AGAIN WITH SMALLER TSTEP
WRITE(2,*NO TC WERE FOUND IN THIS TEMPERATURE RANGE'
WRITE(2,%)CA,JK(1,1),JK(1,2), TMAX, TSTEP
WRITE(6,*)NO TC WERE FOUND IN THIS TEMPERATURE RANGE'
WRITE(6,*)CA,JK{1,1),JK(1,2), TMAX, TSTEP
TSTEP=TSTEP/5.
IF(TSTEP.LT.1)THEN
WRITE(2,*y'STILL NO TCI!!'
TC=1.E5
ENDIF
GOTO1

C WHEN A CHANGE OF SIGN IS FOUND, USE BISECTION METHOD BETWEEN D AND
PREVD

75 TI=TEMP
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T2=TEMP+TSTEP

FMID = DET(COEF,T2,NN)
F = DET(COEF,T1,NN)
JF(F*FMID.LT.0.)THEN
RTBIS=T1
DT =T2-T1
ELSE
RTBIS=T2
DT =TI-T2
ENDIF

DO 80 K=1, KMAX
DT=DT*.5
TMID=RTBIS+DT
FMID=DET(COEF,TMID,NN)
IF(FMID.LE.0.)RTBIS=TMID
IF(ABS(DT).LT.TACC.OR FMID.EQ.0.)GOTO 85
CONTINUE

WRITE(2,*)TACC NOT REACHED'

TC = RTBIS
WRITE(6,*)TC

RETURN
END
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PROGRAM AB1DV20R

o o000 O

PROGRAM ABIDV20R FORTRAN

THIS PROGRAM CALCULATES THE AVERAGE SPIN PER ATOM OF A
UNIDIMENSIONAL BINARY ALLOY, USING THE V=2 METHOD.

THE AVERAGE SPIN IS CALCULATED FOR A TEMPERATURE RANGE
PROVIDED BY THE USER. AN ITERATIVE METHOD

IS USED TO SOLVE THE SYSTEM OF EQNS.

LAST MODIFIED 15 sept 1993
PROGRAM AB1DV20R

INTEGER E,LJ,IVALUE,IMAIMAX, IMINMAX

REAL JK(2,2),5(2),TEMP,CA, TMIN, TMAX, TSTEP, TEMPAR(205)

REAL AVSPINO(2,10),P(10),CRIT,TC

DOUBLE PRECISION AVSPIN(2,10),AVSPINI(2,10),AVSPINAJ,AVSPINB]
DOUBLE PRECISION SPINEQN, AVSPINA, AVSPINB, AVSPINT(205)
DOUBLE PRECISION AVSPINTJ(205),TOVERTC,M

DOUBLE PRECISION RTBIS,X1,X2,F, FMID, DX, XMID

CHARACTER TITLE1*25, TITLE2*25

WRITE (6,(1X,A15,/)) 'PROGRAM ABIDV20R '’
OPEN OUTPUT FILE

OPEN(2,FILE="C:\MYRIAM\IDWORK\AB1DV20R. DAT",STATUS="OLD")
OPEN(3,FILE="C:\MYRIAM\IDWORK\ABIDV20R PDA",STATUS="OLD"}
OPEN(4, FILE="C:\MYRIAM\IDWORK\AB1DV20OR.CHE", STATUS="OLD")

DEFINE TITLES
TITLE1=' 1D BINARY ALLOY, V=2'
TITLE2=' AVERAGE SPIN PER ATOM'

WRITE (6,'(/,1X,A40)") 'PLEASE ENTER THE FOLLOWING VALUES: '
WRITE (6,'(/,1X,A12)) 'C(A) AT % ? '
READ (5,%) CA

VERIFY THAT C(A) IS BETWEEN 0 AND 100
IF(CA.LT.0.0R.CA . GT.100)THEN
WRITE (6,'(1X,A30,/y) 'VALUE ENTERED IS NOT VALID '
GOTO 5
ENDIF

WRITE (6,'(/,1X,A20)") 'JAA/KB IN KELVIN ? '

READ (5,%)JK(L,1)
WRITE (6,'(/,1X,A20)") 'JAB/KB INKELVIN ? '
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READ (5,%)JK(1,2)

JK(2,1)=JK(1,2)

WRITE (6,/,1X,A20)') JBB/KB IN KELVIN ? *

READ (5,%)JK(2,2)

WRITE (6,'(/,1X,A25)") 'SPIN OF ATOMS A (SA) ? '

READ (5,%)S(1)

WRITE (6,'(/,1X,A25)") 'SPIN OF ATOMS B (SB) ? '

READ (5,%)5(2)

WRITE (6,/,1X,A30)") ' SELF CONSISTENCY CRITERION 7'

READ (5,*)CRIT

WRITE (6,'/,1X,A35)") 'MAX # OF ITERATIONS IN MAJORLOOP ?
READ (5,*)IMAIMAX

WRITE (6,'(/,1X,A40)") MAX # OF ITERATIONS IN MINOR LOOPS ?
READ (5,*)IMINMAX

WRITE(2,'(1X,A30,/)')'1D BINARY ALLOY, V=2 '
WRITE(2,101)JK(1,1),JK(1,2),JK(2,2),5(1),5(2),CA,CRIT,IMAIMAX,
@ IMINMAX
WRITE(3,(1X,A30,/)'1D BINARY ALLOY, V=2 '
WRITE(3, 101)JK(1,1),7K(1,2).JK(2,2),5(1),5(2),CA,CRIT,IMAIMAX,
@ IMINMAX
WRITE(4,(1X,A30,))'1D BINARY ALLOY, V=2 '
WRITE(4, 101)JK(1,1),7K(1,2),TK(2,2),5(1),5(2),CA,CRIT,IMAIMAX,
@ IMINMAX
101 FORMAT(IX,JAA='F5.1' JAB='F5.1, JBB='F5.1,/,1X 'SA=,
F4.1 SB="F4.1, C(A) AT % ="F4.1/,
'SELF CONSISTENCY CRITERION = "E8.1,/,
'MAX # OF ITERATIONS IN MAJOR LOOP: ',I5,/
'MAX # OF ITERATIONS IN MINOR LOOPS: 15,/

PEE®

CA=CA/100.0

XACC=1.0E-12
X1=-10
X2=10

C INITIALIZE ARRAYS

DO 10 E=1,10
AVSPINO(1,E}=58(1)
AVSPINO(2,E)=5(2)

10 CONTINUE

P(1)=CA**4
P(2)=2*(CA**3)*(1.0-CA)
P3)=(CA**2)%((1.0-CA)**2)
P(4)=P(2)

P(5)=2*P(3)

P(6)=P(5)
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P(7)=2*CA*(1.0-CA)**3
P(8)=P(3)

P(9)=P(7)
P(10)=(1.0-CA)**4

C OBTAIN THE TEMPERATURE RANGE TO BE CONSIDERED

WRITE(6,'(//,1X,A40,/))PLEASE ENTER THE FOLLOWING INFORMATION °
WRITE(6,'(/,1X,A20)YTMIN IN KELVIN? '

READ(S,*)TMIN

WRITE(6,'(/,1X,A20)"Y TMAX IN KELVIN?

READ(5,*)TMAX

WRITE(6,'(/,1X,A20)YTSTEP IN KELVIN? '

READ(S,*)TSTEP

TEMP=TMIN

WRITE(2,'(A40,))'YTEMPERATURE SA SB s !
DO 25 E=1,10
AVSPIN(1,E)=AVSPINO(1,E)
AVSPIN(2,E)=AVSPINO(2,E)
25 CONTINUE
C START TEMPERATURE LOOP
IVALUE=0
DO 80 TEMP=TMIN, TMAX, TSTEP

IVALUE=IVALUE+1
TEMPAR(IVALUE=TEMP

C ENTER MAJOR ITERATION LOOP
DO 70 IMAJOR=1,IMAJTMAX
C ENTER MINOR ITERATION LOOPS
DO 60 E=1,10
DO 501=12
DO 30 J=1,IMINMAX
AVSPINI(LE)=SPINEQN(LE,S,JK,CA,AVSPIN,TEMP)
IF(ABS(AVSPINY(ILE)-AVSPIN(LE)).LT.CRIT)THEN
GOTO 35

ELSE
AVSPIN(IE)=AVSPINKLE)



ENDIF
30 CONTINUE

35 AVSPIN(I,E)=AVSPINJ(LE)

50 CONTINUE
60 CONTINUE

C CHECK IF SELF CONSISTENCY HAS BEEN REACHED FOR ALL EQNS

DO 68 11=1,2
DO 66 1=1,10
AVSPINI(IL))=SPINEQN(L),S,JK,CA,AVSPIN, TEMP)
IF(ABS(AVSPINJ(ILT)-AVSPIN(ILJ)).GT.CRIT)GO TO 69

66 CONTINUE
68 CONTINUE

GO TO 72
C IF SELF CONSISTENCY HAS NOT BEEN REACHED, CONTINUE

69 CONTINUE
70 CONTINUE

WRITE(2,*)'SELF CONSISTENCY NOT REACHED'
WRITE(6,*)'SELF CONSISTENCY NOT REACHED'
WRITE(3,*)'SELF CONSISTENCY NOT REACHED'
WRITE(4,*)'SELF CONSISTENCY NCT REACHED'

72 DO761=1,2
DO 74 E=1,10
AVSPINJ(I,E) = SPINEQN(LE,S,JK,CA,AVSPIN, TEMP)
74 CONTINUE
76  CONTINUE

C WRITE LOCAL SPINS TO FILE ABIDV20R.CHE
WRITE(, 17N TEMP,((AVSPIN(LE),E=1,10),I=1,2)
WRITE(4,177)TEMP,((AVSPINJ(I,E),E=1,10),I=1,2)

177 FORMAT(1X,F6.2,3X,20(1X,F7.4))

C CALCULATE OVERALL SPINS
AVSPINA =0.0
AVSPINB =0.0

AVSPINATI =0.0
AVSPINBI = 0.0
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DO 78 E=1,10
AVSPINA = AVSPINA + P(E)*AVSPIN(1,E)
AVSPINB = AVSPINB + P(E)*AVSPIN(2,E)
AVSPINAJ = AVSPINAJ + P(E)*AVSPINJ(1,E)
AVSPINBEJ = AVSPINBJ + P(E)*AVSPINJ(2.E)
78 CONTINUE
AVSPINT(IVALUE) = CA*AVSPINA + (1.0-CA)*AVSPINB
AVSPINTI(IVALUE) = CA*AVSPINAJ + (1.0-CAY*AVSPINBJ

WRITE(2,'(2X.F6.2,3(3X,F8.5))" TEMP,AVSPINA AVSPINE,

@ AVSPINT(IVALUE)
WRITE(2,'(2X,F6.2,3(3X,F8.5)))TEMP,AVSPINAJ AVSPINBJ,
@ AVSPINTI(IVALUE)

80 CONTINUE

DO 90 J=1,IVALUE

TF(ABS(AVSPINT(J)).LT.L.E-8) THEN
M=(AVSPINT(J-2)-AVSPINT(J-1))/(TEMPAR(J-2}-TEMPAR(J-1))
TC=TEMPAR(J-1) - AVSPINT(J-1yM
IF(TC.GT.TEMPAR(J)TC=TEMPAR(J)

GOTO 100

ENDIF

90 CONTINUE

100 WRITE(2,110)TC
WRITE(3,110)TC

110 FORMAT(/, Tc ="F6.2.))
WRITE(3,'(A30,)Y T T/TC §

C TEMPORARY LINE INSERTED TO PREVENT RUN TIME ERROR
IF(TC.EQ.0.0)TC=1.0

DO 120 I=1,IVALUE
TOVERTC = TEMPAR(J)/TC

WRITE(3,'(3X,F6.2,3X,F8.4,3X F8.4)"YTEMPAR(J), TOVERTC,AVSPINT(J)
120 CONTINUE

CLOSE(2)
CLOSE(3)
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CLOSE4)
C CALL GRAPHICS SUBROUTINE

CALL GRAPHI(TEMPAR, AVSPINT, TITLE], TITLE2,IVALUE)
END

FUNCTION SPINEQN
DOUBLE PRECISION FUNCTION SPINEQN(LE.S,JK,CA,AVSPIN, TEMP)

¢ THIS FUNCTION RETURNS THE AVERAGE SPIN OF A BINARY ALLOY
C USING THE V=2 MODEL.

INTEGER E,LEP.L(2,10),LP(2,10) K,EE,II
DOUEBLE PRECISION AVSPIN(2,10),W BRIL,H
REAL S(2),JK(2,2), TEMP,P2(2,10,2,10),CA

DATA ((L(ILEE),EE=1,10),II=1,2) / 7¥1,3%2,3%1,7%2/
DATA ((LPULEE),EE=1,10),1I=1,2) / 2*1,2,2¥1,2,2,1,1,2,1,2,2.1,
@ 2,1,2,1,2,2/

C CHECK TEMPERATURE TO AVOID A DIVISION BY ZERO
IF{TEMP.EQ.0.0)TEMP=1.0E-7
C DEFINEP2

DO 8 K=1,2
DO 6 EE=1,10
DO 41IF1,2
DO 2 EP=1,10
P2(K,EE,ILEP)=0.0
CONTINUE
CONTINUE
CONTINUE
CONTINUE

00 G M

DO 10 EE=1,7
P2(L,EE,1,1)=CA**2
P2(1,EE, 1,2)=CA*(1.0-CA)
P2(1,EE,1,4)=CA*(1.0-CA)
P2(1,EE, 1,5)=(1.0-CA)**2
P2(2,11-EE, 1,4)=CA**2
P2(2,11-EE,1,6)=CA*(1.0-CA)
P2(2,11-EE, 1,8)=CA*(1.0-CA)
P2(2,11-EE, 1,9)=(1.0-CAy**2
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P2(1,EE,2,2)=CA**2
P2(1,EE,2,3)=CA*(1.0-CA)
P2(1,EE,2,6)=CA*(1.0-CA)
P2(1.EE,2,7)=(1.0-CA)**2
P2(2,11-EE,2,5)=CA**2
P2(2,11-EE,2,)=CA*(1.0-CA)
P2(2,11-EE,2,9)=CA*(1.0-CA)
P2(2,11-EE,2,10)=(1.0-CA)**2
10 CONTINUE

DO 12 EE=1,3

P2(L,11-EE, 1,4)=CA**2
P2(1,11-EE, 1,6)=CA*(1.0-CA)
P2(1,11-EE,1,8)=CA*(1.0-CA)
P2(1,11-EE,1,9)=(1.0-CA)**2
P2(2,EE, 1,1)=CA**2
P2(2,EE,1,2)=CA*(1.0-CA)
P2(2,EE, 1,4)=CA*(1.0-CA)
P2(2,EE, 1,5)=(1.0-CA)**2
P2(1,11-EE,2,5)=CA**2
P2(1,11-EE,2,7)=CA*(1.0-CA)
P2(1,11-EE,2,9)=CA*(1.0-CA)
P2(1,11-EE,2,10)=(1.0-CA)**2
P2(2,EE,2,2)=CA**2
P2(2,EE,2,3)=CA*(1.0-CA)
P2(2,EE,2,6)=CA*(1.0-CA)
P2(2,EE.2,7)=(1.0-CA)**2

12 CONTINUE

Ww=0.0
DO 20 K=1,2
H=JK(L(K,E),[)* AVSPIN(LE)
DO 16 EP=1,10
H =H + JK(LEK,E),LPK E))*P2(K,E,L EP)* AVSPIN(LP(K,E),EP)
16 CONTINUE

H = S(LK,E)*H/TEMP
W =W + JK(LLK E)P*SL(K,E)*BRIL(S(L(K,E)),H)

20 CONTINUE
W = S(I)*W/TEMP
SPINEQN=S(I)*BRIL{S(I),W)

END
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APPENDIX E: SAMPLE PROGRAMS TO CALCULATE THE
AVERAGE SPINS WITH THE BISECTION
METHOD.

This appendix contains the listings of two sample Fortran prograras used to
calculate the average spin of atomically disordered magnetic binary alloys. Both programs
use the bisection method to solve the system of non-linear equations. A short description
of each of the listed programs is first provided in the same order as they are listed.

Program ABV1GBS

This program was used to obtain the average spin for any atomically disordered
magnetic binary alloy (with no more than 12 first near neiythbors) treated with the v=1"
model. Since the v =1" model and the v =1 modei are equivalent for 1D alloys, it was
also used for the 1D alloys treated with the v =1 model. Function DET (the same one as
for program ABTCV1G), subroutine PROBV1 and function FACT are called from this
program or one of its subprograms, but are described and listed in appendix C. Function
SPEQNV]1, function BRIL and subroutine TCVIMOD are called from this program or
one of its subprograms, but are described and listed in appendix D.

Program AB1DV2

This program was used to obtain the average spin for an atomically disordered 1D
binary alloy treated with the v =2 model. Note that the definition of the cluster types for
a 1D binary alloys treated with the v =2 model given in table 3.4 differs from the
definition used in the program. The cluster with & =5 in table 3.4 correspond to clusters
with £ = 6 in the program, and the cluster with § =6 in table 3.4 correspond to clusters
with £ = 5 in the program. Note that E = £ in the program listing. Functions BRIL and
SPINEQN are called from this program or one of its subprograms, but are described and
listed in appendix D.
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PROGRAM ABV1GBS

!

o o000

PROGRAM ABV1GBS FORTRAN

THIS PROGRAM CALCULATES THE AVERAGE SPIN PER ATOM OF
ANY BINARY ALLOY, USING THE V=1- METHOD.

THE AVERAGE SPIN 1S CALCULATED FOR A TEMPERATURE RANGE
PROVIDED BY THE USER. AN ITERATIVE METHOD COMBINED WITH A
BISECTION METHOD IS USED.

LAST MODIFIED 16 sept 1993
PROGRAM ABV1GBS

INTEGER E.LEP,J,IVALUE,IMAJMAX, IMINMAX,NN,NNCOM

INTEGER*4 FACT

REAL JK(2,2),5(2), TEMP,CA, TMIN, TMAX, TSTEP, TEMPAR(205),T

REAL AVSPINO(2,0:12),PC(0:12),CRIT,TC, XACC

DOUBLE PRECISION AVSPIN(2,0:12), AVSPINI(2,0:12),AVSPINAJ, AVSPINB]
DOUBLE PRECISION SPEQNV1,AVSPINA,AVSPINB,AVSPINT(205)
DOUBLE PRECISION AVSPINTJ(205), TOVERTC,M,P,PV1(2,0:12,2,0:12)
DOUBLE PRECISION RTBIS, X1(2),X2(2),DX, XMID,F,FMID

CHARACTER TITLE1*25 TITLE2*25

WRITE (6, (1X,A15,))") 'PROGRAM ABVIGBS '
OPEN QUTPUT FILE

0PEN(2,FILE="C:\MYRIAM\IDWORK\ABVIGBS.DAT",STATUS="OLD")
OPEN(3,F1LE="C:\MYR.IAM\IDWORK\ABVIGBS.PDA",STATUS="OLD")
OPEN(4,FILE="C:\MYRIAM\IDWORK\ABVIGBS.CI-IE“,STATUS="OLD")

DEFINE TITLES
TITLE1=' BINARY ALLOY, V=1-'
TITLE2=' AVERAGE SPIN PER ATOM'

WRITE (6,'(/,1X,A40)) 'PLEASE ENTER THE FOLLOWING VALUES: '
WRITE (6,'(/,1X,A12)) 'C(A) AT %? '
READ (5,*) CA

VERIFY THAT C(A) IS BETWEEN 0 AND 100
IF(CA.LT.0.0R.CA GT.100)THEN
WRITE (6,'(1X,A30,/)") 'VALUE ENTERED IS NOT VALID '
GOTO 5
ENDIF

WRITE (6,'(/,1X,A20)") JAA/KB INKELVIN ? *
READ (5,%)JK(1.1)
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WRITE (6,¢/,1X,A20)") TAB/KB IN KELVIN 7 *

READ (5,%)JK(1,2)

JK(2,1)=JK(1,2)

WRITE (6,(/,1X,A20)") TBB/KB IN KELVIN 7 '

READ (5,%)JK(2,2)

WRITE (6,'(/,1X,A25)) 'SPIN OF ATOMS A (SA)? '

READ (5,%)S(1)

WRITE (6,'(/,1X,A25)) 'SPIN OF ATOMS B (SB) ? '

READ (5,%)5(2)

WRITE (6,(/,1X,A39)) NUMBER OF NEAREST NEIGHBOURS ? (MAX 12)
READ (5,)NN

WRITE (6,(/,1X,A37)YNUMBER OF COMMON NEAREST NEIGHBOURS 7
READ (5,*)NNCOM

WRITE (6.'(/,1X,A30)") ' SELF CONSISTENCY CRITERION 7'

READ (5,*)CRIT

WRITE (6,'(/,1X,A35)") 'MAX # OF ITERATIONS IN MAJORLOOP? '
READ (5,¥)IMAIMAX

WRITE(2,(1X,A30,/) 1D BINARY ALLOY, V=1- '
WRITE(2, 101)JK(1, 1),JK(1,2),7K(2,2),S(1),5(2),CA,NN,NNCOM,CRIT,
@ IMAJMAX
WRITE(3,(1X,A30,/)Y1D BINARY ALLOY, V=1- '
WRITE(Q, 101)JK(1,1),JK(1,2),JK(2,2),5(1),5(2), CA,NN,NNCOM,CRIT,
@ IMATMAX
WRITE(4,(1X,A30,/y)' 1D BINARY ALLOY, V=1- '
WRITE(4, 10 )JK(1, 1),JK(1,2),7K(2,2),5( 1),5(2),CA,NN,NNCOM,CRIT,
@ IMATMAX
101 FORMAT(1X,JAA="F5.1, JAB='F5.1,' JBB='F5.1,/,1X,'SA=,
@ F4.1' SB='F41’' C(A)AT%=F4.1/,
@ 'NN='I2,3X, NNCOM="12,/,
@ 'SELF CONSISTENCY CRITERION ='E8.1/,
@ 'MAX # OF ITERATIONS IN MAJOR LOOP: I5,/)

CA=CA/100.0
C SET LIMITS FOR BISECTION METHOD
XACC=CRIT/10.
X1(1) =-8(1)
X2(1y=38(1)
X1(2)=-8Q2)
X2(2)=8(2)
C USE SUBROUTINE TCVIMOD TO FIND TC
CALL TCVIMOD(CA,JK,SNN,NNCOM, TC)

C INITIALIZE ARRAYS
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DO 10 E=0,NN
AVSPINCG(1,E)=5(1)
AVSPINO(2,E)=8(2)

10 CONTINUE

C PROVIDE CLUSTER PROBABILITIES

DO 15 E=0,NN
PC(E) = (CA**E)*((1.-CAY**(NN-E))*FLOAT(FACT(NN))
PC(E) = PC(E)/(FLOAT(FACT(E))*FLOAT(FACT(NN-E)))
15 CONTINUE

C PROVIDE CONDITIONAL PROBABILITIES

DO 201=1,2

DO 19 E=0,12
DO 18 J=1,2
DO 17 EP=0,12

CALL PROBV1(CA,P,NN,NNCOM,JE,LEP)
PV1{J.E,LEP)=P

17 CONTINUE
18 CONTINUE
19 CONTINUE
20 CONTINUE

C OBTAIN THE TEMPERATURE RANGE TO BE CONSIDERED

WRITE(S,'(/,1X,A40,/)YPLEASE ENTER THE FOLLOWING INFORMATION ‘
WRITE(6,'(/,1X,A20)"Y TMIN IN KELVIN?
READ(5,*TMIN
WRITE(6,'(/,1X,A20))' TMAX IN KELVIN? '
READ(5,*)TMAX
_WRITE(6,'(/,1X,A20)) TSTEP INKELVIN? '
"READ(5,)TSTEP
TEMP=TMIN

WRITE(2,'(A40,)YTEMPERATURE SA SB s !
DO 25 E=0,NN
AVSPIN(1,E)=AVSPINO(1,E)
AVSPIN(2,E)=AVSPINO(2,E)
25 CONTINUE
C START TEMPERATURE LOOP

IVALUE=0
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30

DO 80 TEMP=TMIN, TMAX, TSTEF

IVALUE=IVALUE+I
T=TEMP
TEMPAR(IVALUE)=TEMP
IF(T.LE.0.)THEN
T=1.0E-7
TEMPAR(IVALUE)=T
ENDIF

ENTER MAJOR ITERATION LOOP
DO 70 IMAJOR=1,IMAJMAX

INSTEAD OF USING ITERATION METHOD, USE THE BISECTION METHOD
IN THE MINOR LOOPS.

DO 60 E=0,NN
DO 501=1,2

AVSPIN(LE) = X2(I)

FMID = AVSPIN(LE) - SPEQNV1(PVL,LE,S,/K,AVSPIN,T,NN)

IF(FMID.EQ.0.0) GO TO 36

AVSPIN(LE) = X1(I)

F= AVSPIN(LE) - SPEQNVI(PVLIE,S,JK,AVSPIN,T,NN)

IF(F.EQ.0.0)GO TO 36

[F(F*FMID.GT.0.0)THEN
WRITE(6,*)'LIMITS OF FUNCTION DO NOT INDICATE PRESENCE OF SOLN'
WRITE(4,*YLIMITS OF FUNCTION DO NOT INDICATE PRESENCE OF SOLN'

GOTO 36
ENDIF
IF(F.LT.0.0)THEN
RTBIS = X1{I)
DX=X2(I)-X ()
ELSE
RTBIS=X2(I)
DX=X1(I)-X2(I)
ENDIF
DO 30 J=1,50
CX=DX*5
XMID=RTBIS+DX
AVSPIN(I,E)=XMID
FMID=AVSPIN(L,E)-SPEQNV1(PV1,LE,S,JK, AVSPIN,T,NN)
IF(FMID.LE.0.0)RTBIS=XMID
IF(ABS(DX).LT.XACC.OR.FMID.EQ.0.0)GO TC 35
CONTINUE

ES



35

36

37

38

40

C

AVSPIN(LE)y=XMID
IF(AVSPIN(LE).NE.0.0)GO TO 45

AVSPIN(LE) = X1(I)
F= AVSPIN(LE) - SPEQNV1(PV1,LE,S,JK, AVSPIN,T,NN)
IF(F.EQ.0.0)GO TO 45
AVSPIN(LE) = 0.0
FMID = AVSPIN(,E) - SPEQNV1(PV1,LE,S,JK, AVSPIN, T,NN)
IF(F*FMID.GE.0.0)THEN
GO TO 40
ENDIF
IF(F.LT.0.0)THEN
RTBIS = X1(T)
DX=0.0-X1(I)
ELSE
RTBIS=0.0
DX=X1(1)-0.0
ENDIF
DO 37 J=1,50
DX =DX *.5
XMID=RTBIS+DX
AVSPIN(I,E)=XMID
FMID=AVSPIN(LE)-SPEQNV1(PV],LE,S,JK,AVSPIN,T,NN)
IF(EMID.LE.0.0)RTBIS=XMID
IF(ABS(DX).LT.XACC.OR.FMID EQ.0.0)GO TO 38
CONTINUE

AVSPIN(LE) = XMID
IF(AVSPIN(LE).GT.0.0)GO TO 45

AVSPIN(LE) = 0.0
F= AVSPIN(LE) - SPEQNVI(PVL,LE,S,JK,AVSPIN, T,NN)
AVSPIN(LE) = X2()
FMID = AVSPIN(LE) - SPEQNV1(PV1,LE,S,JK,AVSPIN,T,NN)
IF(FMID.EQ.0.0) GO TO 45
IF(F*FMID.GE.0.0)THEN

THERE IS NO SOLN OTHER THAN X=0

AVSPIN(LE) =0.0
GOTO 45
ENDIF
IF(F.LT.0.0)THEN
RTBIS = 0.0
DX=X2(I)-0.0
ELSE
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42
44
45
50
60

C

66
68

69

70

72

74
76

C

RTBIS=X2(])

DX=0.0-X2(I)

ENDIF

DO 42 J=1,50

DX =DX *.5

XMID=RTBIS+DX

AVSPIN(I,E)=XMID
FMID=AVSPIN(I,E)-SPEQNV1(PV1,LE,S,JK,AVSPIN,T,NN)
IF(FMID.LE.0.0)RTBIS=XMID

IF(ABS(DX).LT.XACC.OR. FMID.EQ.0.0)GO TO 44

CONTINUE

AVSPIN(LE)=XMID

CONTINUE
CONTINUE
CONTINUE

CHECK. IF SELF CONSISTENCY HAS BEEN REACHED FOR ALL EQNS
DO 68 1I=1,2
DO 66 J=0,NN
AVSPINKIL)=SPEQNVI(PV1,ILJ.S JK, AVSPIN,T,NN)
IF(ABS(AVSPINJ(ILT)-AVSPIN(ILY)).GT.CRIT)GO TO 69

CONTINUE
CONTINUE

GO TO 72

IF SELF CONSISTENCY HAS NOT BEEN REACHED, CONTINUE
CONTINUE

CONTINUE
WRITE(2,*)'SELF CONSISTENCY NOT REACHED'
WRITE(6,*)'SELF CONSISTENCY NOT REACHED'
WRITE(3,*)'SELF CONSISTENCY NOT REACHED'
WRITE(4,*ySELF CONSISTENCY NOT REACHED'
WRITE(6,)T

DO 76 1=1,2

DO 74 E=0,NN

AVSPINKLE} = SPEQNV1{FPV1,LE,S,JK,AVSPIN,T,NN)
CONTINUE
CONTINUE

WRITE LOCAL SPINS TO FILE ABVIGBS.CHE
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WRITE(4,177)T.((AVSPIN(LE),E=0,NN).I=1,2)
WRITE(4,177)T,((AVSPINJ(LE),E=0,NN) I=1,2)
177 FORMAT(1X,F5.1,3X,20(1X,F7.4))

C CALCULATE OVERALL SPINS
AVSPINA =0.0
AVSPINE = 0.0
AVSPINAJ=0.0
AVSPINB] = 0.0
DO 78 E=0,NN
AMGPINA = AVSPINA + PC(E)*AVSPIN(1,E)
AVSPINB = AVSPINE + PC(E)*AVSPIN(2,E)
AVSPINAJ = AVSPINAJ + PC(E)*AVSPINI(1,E)
AVSPINBJ = AVSPINB] + PC(Ey*AVSPINI(2,E)
78 CONTINUE

AVSPINTIVALUE) = CA*AVSPINA + (1.0-CA)*AVSPINB
AVSPINTJIVALUE) = CA*AVSPINAJ + (1.0-CAy*AVSPINBJ

WRITE(2,'(2X,F5.1,3(3X,F8.4))")T,AVSPINA AVSPINB,

@ AVSPINT(AVALUE)
WRITE(Q2,"(2X,F5.1,3(3X,F8.4))YT,AVSPINAJ,AVSPINE],
@ AVEPINTKIVALUE)

80 CONTINUE

100 WRITE(2,110)TC
WRITE(3,110)TC
WRITE(6,110)TC

110 FORMAT(, Tc="'F6.2,/)

WRITE(3,'(A41,))Y T  S(T) T/TC S(T)/S(T=0)"
C GET TOTAL SPIN AT T=0

IF(TEMPAR(IVALUE).LE.1.0E-7)THEN

TOTSPINO=AVSPINT(IVALUE)

ELSE

TOTSPINO=AVSPINT(1)

ENDIF

DO 120 J=1,IVALUE
F(TC.EQ.0.0)TC=1.0
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TOVERTC = TEMPAR(J)/TC
SOVERSO = AVSPINT(J)/TOTSPINO
WRITE(3,'(3X,F5.1,3(3X,F8.4)))TEMPAR(J), AVSPINT(J),
@ TOVERTC,SOVERS0
120 CONTINUE

CLOSE(2)
CLOSE(3)
CLOSE)
C CALL GRAPHICS SUBROUTINE

CALL GRAPHI{TEMPAR,AVSPINT,TITLEL, TITLE2,IVALUE)
END
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PROGRAM AB1L/V2
PROGRAM AB1DV2 FORTRAN

THIS PROGRAM CALCULATES THE AVERAGE SPIN PER ATOM OF A
UNIDIMENSIONAL BINARY ALLOY, USING THE V=2 METHOD.

THE AVERAGE SPIN IS CALCULATED FOR A TEMPERATURE RANGE
PROVIDED BY THE USER. AN ITERATIVE METHOD COMBINED WITH
WITH THE BISECTION METHOD IS USED TO SOLVE THE SYSTEM OF EQNS.

o oo O

LAST MODIFIED 135 sept 1993
PROGRAM AB1DV2

INTEGER E.IJ,IVALUE,IMATMAX, IMINMAX

REAL JK(2,2),8(2), TEMP,CA, TMIN, TMAX, TSTEP, TEMPAR(205)

REAL AVSPINO(2,10),P(10),CRIT,TC

DOUBLE PRECISION AVSPIN(2,10), AVSPINI(2,10), AVSPINAJ,AVSPINBJ
DOUBLE PRECISION SPINEQN,AVSPINA,AVSPINB,AVSPINT(205)
DOUBLE PRECISION AVSPINTJ(205),TOVERTC,M,AVSPINPR(2,10)
DOUBLE PRECISION RTBIS, X1(2),X2(2),F,FMID DX, XMID
CHARACTER TITLE1*25,TITLE2*25

WRITE (6,'(1X,A15,/)) 'PROGRAM ABIDV2 '
C OPENOUTPUT FILE

OPEN(2,FILE="c:\myriam\1dwork\AB1D V2. DAT",STATUS="0LD")
OPEN(3,FILE="c:\myriam\1dwork\AB1DV2 PDA",STATUS="0LD")
OPEN(4,FILE="c:\myriam\1dwork\AB1DV2.CHE",STATUS="0LD")

C DEFINE TITLES
TITLE1=' 1D BINARY ALLOY, V=2'
TITLE2=' AVERAGE SPIN PER ATOM'

WRITE (6,'(/,1X,A40)") 'PLEASE ENTER THE FOLLOWING VALUES: '
5 WRITE(6,'(/,1,A12)) 'C(A) AT % ? '
READ (5,%) CA

C VERIFY THAT C(A) IS BETWEEN 0 AND 100
IF(CA LT.0.OR.CA GT.100)THEN
WRITE (6,'(1X,A30,/)) 'VALUE ENTERED IS NOT VALID '
GOTO 5
ENDIF

WRITE (6,'(/,1X,A20)") 'JAA/KB INXELVIN ? '

READ (5,*)JK(1,1)
WRITE (6,'(/,1X,A20)") 'JAB/KB IN KELVIN ?
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READ (5,*)JK(1,2)

JK(2,1)=JK(1,2)

WRITE (6,'(/,1X,A20)") ‘JBB/KB IN KELVIN ?

READ (5,9)JK(2,2)

WRITE (6,'(/,1X,A25)") 'SPIN OF ATOMS A (SA)? '

READ (5,%)8(1)

WRITE (6,(/,1X,A25)) 'SPIN OF ATOMS B (SB) ? '

READ (5,%)S(2)

WRITE (6,'(/,1X,A30)) ' SELF CONSISTENCY CRITERION ?'

READ (5,*)CRIT

WRITE (6,'(/,1X,A35)") MAX # OF ITERATIONS IN MAJORLCOP ?
READ (5,%)IMAJIMAX

WRITE (6,'(/,1X,A40)") 'MAX # OF ITERATIONS IN MINOR LOOPS ? °
READ (5,%)IMINMAX

WRITE(2,'(1X,A30,/)'1D BINARY ALLOY. V=2 '
WRITE(2, 101)JK(1,1),JK(1,2),7K(2,2),5(1),5(2),CA,CRIT,IMATMAX,
@ IMINMAX
WRITE(3,(1X,A30,/)")'1D BINARY ALLOY, V=2 '
WRITE(, 101)JK(1,1),JK(1,2),JK(2,2),5(1),5(2),CA,CRIT, IMAIMAX,
IMINMAX
WRITE(4,(1X,A30,/y)' 1D BINARY ALLOY, V=2 '
WRITE(4,101)JK(1,1),JK(1,2).JK(2,2),5(1),5(2),CA,CRIT,IMAIMAX,
IMINMAX
101 FORMAT(IX,JAA=F5.1,' JAB='F5.1,' JBB='F5.1,/,1X,SA=
F4.1; SB="F4.1! C(A) AT %='F4.1/,
'SELF CONSISTENCY CRITERION ="E8.1,/,
'MAX # OF ITERATIONS IN MAJOR LOOP: 15,/
'MAX # OF ITERATIONS IN MINOR LOOPS: '15,/)

®ee®

CA=CA/100.0

XACC=1.0E-12
X1(1) = -5(1)
X2(1) = S(1)
X1(2) =-5(2)
X2(2) =8(2)

C INITIALIZE ARRAYS

DO 10 E=1,10
AVSPINO(1,E)=5(1)
AVSPINO(2,E)=5(2)

10 CONTINUE

P(1)=CA**4
P(2)=2*(CA**3)*(1.0-CA)
P(3)=(CA**2)*((1.0-CA)**2)
P(4)=P(2}
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P(5)=2*P(3)

P(6)=P(5)
P(T)=2*CA*(1.0-CAY**3
P(8)=P(3)

P(9)=P(7)
P(10)=(1.0-CA)**4

C OBTAIN THE TEMPERATURE RANGE TO BE CONSIDERED
WRITE(6,'(/,1X,A40,/YYPLEASE ENTER THE FOLLOWING INFORMATION *
WRITE(6,'(/,1X,A20)'Y TMIN IN KELVIN?

READ(5,*)TMIN
WRITE(6,'(/,1X,A20))TMAX IN KELVIN? '
READ(5,*)TMAX
WRITE(S,'(/,1X,A20)'Y TSTEP IN KELVIN? '
READ(5,*)TSTEP
TEMP=TMIN
WRITE(2,'(A40,)) TEMPERATURE SA  SB s
DO 25 E=1,10
AVSPIN(1,E)=AVSPINO(LE)
AVSPINPR(1,E)=AVSPINO(1,E)
AVSPIN(2,E)=AVSPINO(2,E)
AVSPINPR(Z,E)=AVSPINO(2,E)
25 CONTINUE
C START TEMPERATURE LOOP

IVALUE=0
DO 80 TEMP=TMIN,TMAX, TSTEP

IVALUE=IVALUE+1
TEMPAR(IVALUE)=TEMP

C ENTER MAJOR ITERATION LOOP
DO 70 IMAJOR=1,IMAIMAX
C ENTER MINOR ITERATION LOOPS
DO 60 E=1,10
DO 50 1=1,2

C INSTEAD OF USING ITERATION METHOD, USE THE BISECTION METHOD
C IN THE MINOR LOOP.

AVSPIN(LE) = XX(I)
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30

35

36

FMID = AVSPIN(LE) - SPINEQN(LE,S,JK,CA,AVSPIN,TEMP)
IF(FMID.EQ.0.0)GO TO 36
AVSPIN(,E) = X1(I)
F= AVSPIN(,E) - SPINEQN(LE,§,JK,CA,AVSPIN, TEMP)
[F(FMID.EQ.0.0) GO TO 36
IF(F*FMID.GT.0.0)THEN
WRITE(6,*)LIMITS OF FUNCTION DO NOT INDICATE PRESENCE OF SOLN'
WRITE(4, *YLIMITS OF FUNCTION DO NOT INDICATE PRESENCE OF SOLN'
AVSPIN(LE) = AVSPINPR(LE)
GO TO 36
ENDIF
IF(F.LT.0.0)THEN
RTBIS = X1(I)
DX=X2(1)-X1(])
ELSE
RTBIS=X2(I)
DX=X1(I)-X2(1)
ENDIF
DO 30 J=1,50
DX =DX*5
XMID=RTBIS+DX
AVSPIN(I,E)=XMID
FMID=AVSPIN(LE)-SPINEQN(LE,$,JK,CA,AVSPIN, TEMP)
IF(FMID.LE.0.0)RTBIS=XMID
IF(ABS(DX).LT.XACC.OR FMID EQ.0.0)GO TO 35
CONTINUE

AVSPIN(IL,LE)=XMID
IF(AVSPIN(L,E).NE.0.0)GO TO 45

AVSPIN(LE) = X1(T)
F= AVSPIN(LE) - SPINEQN(LE, S,JK,CA,AVSPIN,TEMP)
IF(F.EQ.0.0)GO TO 45
AVSPIN(LE) = 0.0
FMID = AVSPIN(LE) - SPINEQN(LE,S,JK,CA,AVSPIN, TEMP)
[F(F*FMID.GE.0.0)THEN
GO TO 40
ENDIF
IF(F.LT.0.0)THEN
RTRIS = X1(I)
DX=0.0-X1()
ELSE
RTBIS=0.0
DX=X1(1)-0.0
ENDIF
DO 37 J=1,50
DX =DX*5
XMID=RTBIS+DX
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AVSPIN(LE)=XMID
FMID=AVSPIN(],E)-SPINEQN(LE,S,JK,CA AVSPIN, TEMP)
IF(FMID.LE.0.0)RTBIS=XMID
IF(ABS(DX).LT.XACC.OR.FMID.EQ.0.0)GO TO 38

37 CONTINUE

38 AVSPIN(LE) = XMID
IF(AVSPIN(ILE).GT.0.0)GO TO 45

40 AVSPIN(LE)=0.0
F= AVSPIN(LE) - SPINEQN(LE,S,JK,CA, AVSPIN, TEMP)
AVSPIN(LE) = X2(I)
FMID = AVSPIN(,E) - SPINEQN(LE. S,JK,CA,AVSPIN, TEMP)
IF(FMID.EQ.0.0) GO TO 45
IF(F*FMID.GE.0.0)THEN
C  THERE IS NO SOLN OTHER THAN X=0
AVSPIN(LE) = 0.0
GO TO 45
ENDIF
IF(F.LT.0.0)THEN
RTBIS = 0.0
DX=X2(1)-0.0
ELSE
RTBIS=X2(I)
DX=0.0-X2(])
ENDIF
DO 42 J=1,50
DX =DX*.5
XMID=RTBIS+DX
AVSPIN(LE)=XMID
FMID=AVSPIN(,E)-SPINEQN(LE,S,JK,CA, AVSPIN, TEMP)
IF(FMID.LE 0.0)RTBIS=XMID
IF(ABS(DX).LT. XACC.OR FMIDEQ.0.0)GO TO 44
42 CCNTINUE
44  AVSPIN(,E)=XMID
45 CONTINUE
50  CONTINUE
60 CONTINUE

C CHECK IF SELF CONSISTENCY HAS BEEN REACHED FOR ALL EQNS
DO 68 I1=1,2
DO 66 J=1,10
AVSPINKILL))=SPINEQN(ILJ,S,JK,CA,AVSPIN, TEMP)
IF(ABS(AVSPINJ(IL}-AVSPIN(ILT)).GT.CRIT)GO TO 69

66 CONTINUE
68 CONTINUE
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69

70

T2

74
76

GO TO 72
IF SELF CONSISTENCY HAS NOT BEEN REACHED, CONTINUE

CONTINUE
CONTINUE

WRITE(2,*)'SELF CONSISTENCY NOT REACHED'
WRITE(6,*)'SELF CONSISTENCY NOT REACHED'
WRITE(3,*)'SELF CONSISTENCY NOT REACHED'
WRITE(4,*)'SELF CONSISTENCY NOT REACHED'

DO 76 1=1,2

DO 74 E=1,10
AVSPINI(LE) = SPINEQN(LE,S,JK,CA AVSPIN,TEMP)
AVSPINPR(L,E) = AVSPIN(LE)
CONTINUE

CONTINUE

WRITE LOCAL SPINS TO FILE AB1DV2.CHE

WRITE(4,1 77 TEMP,((AVSPIN(LE),E=1,10),1=1,2)
WRITE(#4,177YTEMP,((AVSPINJ(LE),E=1,10),I=1,2)

177 FORMAT(1X,F5.1,3X,20(1X,F7.4))

&

78

CALCULATE OVERALL SPINS

AVSPINA = 0.0
AVSPINB=0.0
AVSPINAJ =0.0
AVSPINBJ = 0.0

DO 78 E=1,10
AVSPINA = AVSPINA + P(Ey*AVSPIN(LE)
AVSPINB = AYSPINB + P(E)*AVSPIN(2,E}
AVSPINAJ) = AVSPINAJ + P(EY*AVSPINJ(1,E)
AVSPINBJ = AVSPINBJ + P(Ey*AVSPINI(2,E)
CONTINUE

AVSPINT(IVALUE) = CA*AVSPINA + (1.0-CAY*AVSPINB
AVSPINTJ(IVALUE) = CA*AVSPINAJ + (1.0-CAy*AVSPINBJ

WRITE(2,'(2X.F5.1,3(3X,F8.4))Y TEMP,AVSPINA,AVSPINB,

@ AVSPINT(IVALUE)

WRITE(2,'(2X,F5.1,3(3X,F8.4)))TEMP,AVSPINAJ, AVSPINBJ,
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@ AVSPINTXIVALUE)
80 CONTINUE
DO 90 J=1,IVALUE

IF{ABS(AVSPINT(I)).LT.1.E-4} THEN
M=(AVSPINT(J-2)-AVSPINT(J-1))/(TEMPAR(J-2)-TEMPAR(J-1))
TC=TEMPAR(J-1) - AVSPINT(J-1)/M
IF(TC.GT. TEMPAR(J)TC=TEMPAR(])

GOTO 100

ENDIF

90 CONTINUE
100 WRITE(2,110)TC
WRITE(3,110)TC
110 FORMAT(, Tc="F6.2,/)
WRITE(3,(A30,)Y T T/7¢  §
DO 120 J=1,IVALUE
TOVERTC = TEMPAR(J)/TC
WRITE(3,'(3X,F5.1,3X,F8.4,3X,F8.4))TEMPAR(J), TOVERTC,AVSPINT(J)
120 CONTINUE
CLOSE(Q2)
CLOSE(3)
CLOSE(4)
C CALL GRAPHICS SUBROUTINE

CALL GRAPHI(TEMPAR,AVSPINT, TITLEL,TITLE2,]IVALUE)
END
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APPENDIX F;: SAMPLE PROGRAM TO CALCULATE THE
AVERAGE SPINS WITH AN APPLIED
MAGNETIC FIELD.

This appendix contains the listing of a sample Fortran program used to calculate
the average spin of atomically disordered magnetic binary alloys in an applied magnetic
field. The program uses the bisection method to solve the system of non-linear equations.

Program ABViGBS

This program was used to obtain the average spin for any atomically disordered
magnetic binary alloy (with no more than 12 first near neighbors) treated with the v=1"
model, in an applied magnetic field. Function DET (the same one as for program
ABTCV1G), subroutine PROBV1 and function FACT are called from this program or
one of its subprograms, but are described and listed in appendix C. Functions SPEQNV1
and BRIL are called from this program or one of its subprograms, but are described and
listed in appendix D.
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PROGRAM MVSH

O0nNO oo 0

PROGRAM MVSH FORTRAN

THIS PROGRAM CALCULATES THE AVERAGE SPIN PER ATOM OF

ANY BINARY ALLOY, USING THE V=1- METHOD.

THE AVERAGE SPIN IS CALCU LATED FOR A GIVEN TEMPERATURE AND
AN APPLIED FIELD RANGES PROVIDED BY THE USER. AN ITERATIVE
METHOD COMBINED WITH A BISECTION METHQD IS USED.

LAST MODIFIED 13 may 1993

CHANGE MADE ON THE 13 MAY 1993:

SPEQN1H WAS MODIFIED SO THAT S(I) MULTIPLIES THE APPLIED
FIELD AS WELL.

PROGRAM MVSH

INTEGER E,LEP,J,IVALUE IMAJMAX NN.NNCOM

INTEGER*4 FACT

REAL JX(2,2),5(2),CA,CB, HMIN HMAX HSTEP,HAR(405),T

REAL AVSPINO(2,0:12),PC(0:12),CRIT, XACC,CAAR(10)

DOUBLE PRECISION AVSPIN(2,0:12),AVSPINJ(2,0:12),AVSPINAJ AVSPINBJ
DOUBLE PRECISION SPEQNV11{ AVSPINA, AVSPINB,AVSPINT(405),SOVERSAT
DOUBLE PRECISION AVSPINTI(405),P,PV1(2,0:12,2,0:12),SATSPIN
DOUBLE PRECISION RTBIS, X1(2),X2(2),DX, XMID,F,FMID

CHARACTER TITLE1*25, TITLE2*25,CASE*3 FNAME*8

CHARACTER*1 CNO(10)

PARAMETER (ICTOT=8)

DATA (CAAR(D),I=1,ICTOT) /20.,40.,50.,55.,60.,65.,70.,75./
DATA (CNO(),I=1ICTOT) /'1','2",'3",'4','5"'6",'T",'8"/

WRITE (6,'(1X,Al5,/)) PROGRAM MVSH '
DEFINE TITLES

TITLE1=' BINARY ALLOY, V=1-'
TITLE2=' AVERAGE SPIN PER ATOM'

OBTAIN RELEVANT INFORMATION FOR

WRITE (6,'(/,1X,A20)") 'TAA/KB IN KELVIN ? *
READ (5,%)JK(1,1)

WRITE (6,'(/,1X,A20)") JAB/KB IN KELVIN 7
READ (5,%)JK(1,2)

TK(2,1)=JK(1,2)

WRITE (6,'(,1X,A20)") TBB/KB IN KELVIN ? '
READ (5,9)JK(2,2)
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WRITE (6,(/,1X,A25)") 'SPIN OF ATOMS A (SA}? '

READ (5,%)S(1)

WRITE (6.,'(/,1X,A25Y) 'SPIN OF ATOMS B (SB) ?

READ (5,)S(2)

WRITE (6,'/,1X,A39)") 'NUMBER OF NEAREST NEIGHBOURS ? (MAX 12)
READ (5,%)NN

WRITE (6,'(/,1X,A37)')NUMBER OF COMMON NEAREST NEIGHBOURS ?
READ (5,*)NNCOM

WRITE (6,'(/,1X,A30)) TEMPERATURE (INKELVIN) ? '
READ (5,%)T

WRITE (6,'(/,1X,A39)"YCASE NUMBER? (C##, WHERE ##IS A NUMEER)'
READ (5,'(A3))CASE

WRITE (6,'(/,1X,A30)"} ' SELF CONSISTENCY CRITERION 7'

READ (5.,*)CRIT

WRITE (6,'(/,1X,A35)") 'MAX # OF ITERATIONS INMAJORLOOP 7
READ (5, IMAIMAX

OBTAIN THE APPLIED FIELD RANGE TO BE CONSIDERED

WRITE(6,'(//,1X,A40,/)") PLEASE ENTER THE FOLLOWING INFORMATION '
WRITE(6,'(/,1X,A20)")HMIN IN KOE? '

READ(S,*)HMIN

WRITE(6,(/,1X,A20yYHMAX INKOE?

READ(5,*)HMAX

WRITE(6,'(/,1X,A20)YHSTEP INKOE?

READ(5,*)HSTEP

START CONCENTRATION LOOP
DO 130 IC=1,ICTOT

CA=CAAR(IC)
WRITE(6,*)CA

OPEN OUTPUT FILE

FNAME="MVSHY/CASE//CNO(IC)
WRITE(S,'(A8)FNAME

OPEN(2,FILE="C:\MYRIAMMYVSTHR"//FNAME//" DAT",STATUS="NEW"}

OPEN(3 FILE="C:\MYRIAM\MVSTHF\"//FNAME//" PDA",STATUS="NEW")
OPEN(4,FILE="C:MYRIAMWMVSTHR"//FNAME//".CHE",STATUS="NEW")

WRITE(2.'(1X,A30,/))'1D BINARY ALLOY, V=1- '
WRITE(2,101)JK(1.1),JK(1,2),7K(2,2),5(1),5(2), CANN,NNCOM, T,CRIT,
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@ IMAIMAX
WRITE(3,(1X,A30,))'1D BINARY ALLOY, V=1- ‘
WRITE(3,101)JK(1, 1),JK(1,2).JK(2,2),5(1),5(2),CANN,NNCOM,T.CRIT,
IMAIMAX
WRITE(4,'(1X,A30,)'Y' 1D BINARY ALLOY, V=i- '
WRITE(4,101)JK(1,1),JK(1,2),7K(2,2),5(1),5(2),CA,NN,NNCOM, T.CRIT,
IMATMAX
101 FORMAT(1X,JAA='F5.1, JAB="F5.1; JBB='F5.1/1X'SA=,
@ F4.1' SB=F41' C(A)AT%=F4.1/,
NN =',12,3X,' NNCOM =",12,/, TEMPERATURE ="E8.1/,
@ 'SELF CONSISTENCY CRITERION = 'E8.1/,
@ 'MAX # OF ITERATIONS IN MAJOR LOOP: '15.)

CA=CA/100.0
C SET LIMITS FOR BISECTION METHOD

XACC=CRIT/10.
X1(1) = -S(1)
X2(1) = 5(1)
X1(2) = -5(2)
X2(2) =5(2)

C INITIALIZE ARRAYS

DO 10 E=0,NN
AVSPINO(1,E)=5(1)
AVSPINO(2,E)=5(2)

10 CONTINUE

C PROVIDE CLUSTER PROBABILITIES

DO 15 E=0,NN
PC(E) = (CA**E)*((1.-CA)**(NN-E))*FLOAT(FACT(NN))
PC(E) = PC(E)/(FLOAT(FACT(E)*FLOAT(FACT(NN-E)))
15 CONTINUE

C PROVIDE CONDITIONAL PROBABILITIES
DO 20=1,2
DO 19 E=0,12
DO 18 I=1,2
DO 17 EP=0,12

CALL PROBVL(CA,P,NN,NNCOM,J.E,LEP)
PVI1{JE,LEP)=F

17 CONTINUE
18 CONTINUE

F4



19 CONTINUE
20 CONTINUE

WRITE(2,'(A40,/)'Y H(APPLIED) SA SB s
WRITE(3,(A35,/)") H(APPLIED) <8> <8>/<S>SAT '

DO 25 E=0,NN
AVSPIN(1,E)=AVSPINO(1,E)
AVSPIN(2,E)=AVSPINO(2,E)

25 CONTINUE

C START APPLIED FIELD LOOP
IVALUE=0
DO 80 H=HMIN,HMAX HSTEP

IVALUE=IVALUE+]
HAR(IVALUE)=H
WRITE(6,*)H

C ENTER MAJOR ITERATION LOOP
DO 70 IMAJOR=1,IMAIMAX

C INSTEAD OF USING ITERATION METHOD, USE THE BISECTION METHOD
C IN THE MINOR LOOPS.

DO 60 E=0,NN
DO 50 I=1,2

AVSPIN(LE) = X2()

FMID = AVSPIN(LE) - SPEQNV1H(H,PV1,LE,S,JK,AVSPIN,T,NN)

IF(FMID.EQ.0.0) GO TO 36

AVSPIN(LE) = X1(])

F= AVSPIN(LE) - SPEQNV1H(H,PV1,LE,$,JK,AVSPIN,T,NN)

IF(F.EQ.0.0)GO TO 36

TF(F*FMID.GT.0.0)THEN
WRITE(6,*)'LIMITS OF FUNCTION DO NOT INDICATE PRESENCE OF SOLN'
WRITE(4,*)LIMITS OF FUNCTION DO NOT INDICATE PRESENCE OF SOLN'

GO TO 36
ENDIF
IF(F.LT.0.0yTHEN

RTBIS = X1(I)

DX=X2()-X1()
ELSE

RTBIS=X2(I)
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30
35
36

37

38

40

DX=X1(1)-X2(T)
ENDIF

DO 30 J=1,50
DX=DX*5
XMID=RTBIS+DX
AVSPIN(I,E)=XMID
FMID=AVSPIN(L,E)-SPEQNVIH(H,PV1,LE.S,JK, AVSPIN,T,NN)
IF(FMID.LE.0.0)RTBIS=XMID
IF(ABS(DX).LT.XACC.OR.FMID.EQ.0.0)GO TO 35

CONTINUE
AVSPIN(LE)y=XMID
IF{AVSPIN(LE).NE.0.0)GO TO 45

AVSPIN(LE) = X1(I)
F= AVSPIN(LE) - SPEQNVIH(H,PV1,LE,S,JK,AVSPIN,T,NN)
IF(F.EQ.0.0)GO TO 45
AVSPIN(LE) = 0.0
FMID = AVSPIN(LE) - SPEQNVIH(H,PV1,LE,S,JK, AVSPIN,T,NN)
IF(F*FMID.GE.0.0)THEN

GO TO 40
ENDIF
IF(F.LT.0.0)THEN

RTBIS = X1(I)

DX=0.0-X1(I)
ELSE

RTBIS=0.0

DX=X1()-0.0
ENDIF
DO 37 J=1,50

DX =DX *.5

XMID=RTBIS+DX

AVSPIN(,E)=XMID
FMID=AVSPIN(LE)-SPEQNVIH(H,PV1,LE,S,JK, AVSPIN,T,NN})
IF(FMID.LE.0.0)RTBIS=XMID
[F(ABS(DX).LT.XACC.OR.FMID.EQ.0.0)GO TO 38

CONTINUE

AVSPIN(LE) = XMID
IF(AVSPIN(LE).GT.0.0)GO TO 45

AVSPIN(LE)=0.0
F= AVSPIN(L,E) - SPEQNVIH(H,PV1,LE S JK,AVSPIN,T,NN)
AVSPIN(LE) = X2(T)
FMID = AVSPIN(LE) - SPEQNV1H(H,PV1,LE S JK, AVSPIN,T,NN)
IF(FMID.EQ.0.0) GO TO 45
IF(F*FMID.GE.0.0)THEN
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C  THERE IS NO SOLN OTHER THAN X=0

AVSPIN(LE) = 0.0

GO TO 45

ENDIF

IF(F.LT.0.0)THEN

RTBIS = 0.0

DX=X2(1)-0.0

ELSE

RTBIS=X2(I)

DX=0.0-X2(I)

ENDIF

DO 42 J=1,50

DX =DX*5

XMID=RTBIS+DX

AVSPIN(LE)=XMID

FMID=AVSPIN(,E)-SPEQNV1H(H,PV1,LE,S JK,AVSPIN,T,NN)

IF(FMID.LE.0.0)RTBIS=XMID

IF(ABS(DX).LT.XACC.OR FMID EQ.0.0)GO TO 44
42 CONTINUE
44 AVSPIN(I,E)=XMID
45 CONTINUE
50  CONTINUE
60  CONTINUE

C CHECK IF SELF CONSISTENCY HAS BEEN REACHED FOR ALL EQNS
DO 68 II=1,2
DO 66 J=0,NN
AVSPINJ(ILD=SPEQNVIH(H,PVLILJ,S JK,AVSPIN,T,NN)
IF(ABS(AVSPINKILI)-AVSPIN(ILY)).GT.CRIT)GO TO 69

66 CONTINUE
68  CONTINUE

GO TO 12
C IF SELF CONSISTENCY HAS NOT BEEN REACHED, CONTINUE
69  CONTINUE
70 CONTINUE
WRITE(2,*)'SELF CONSISTENCY NOT REACHED'
WRITE(6,*)'SELF CONSISTENCY NOT REACHED'
WRITE(4,*yYSELF CONSISTENCY NOT REACHED'

WRITE(6,%)H
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72 DO761=12
DO 74 E=0,NN
AVSPINJ(LE) = SPEQNVIH(H,PV1,LE,S,JK, AVSPIN,T,NN)
74  CONTINUE
76  CONTINUE

C CALCULATE OVERALL SPINS

AVSFINA =0.0
AVSPINB = 0.0
AVSPINAJ=0.0
AVSPINB] =0.0

DO 78 E=0,NN

AVSPINA = AVSPINA + PC(E)y*AVSPIN(1,E)
AVSPINB = AVSPINB + PC(E)*AVSPIN(2,E)
AVSPINAJ = AVSPINAJ + PC(E)*AVSPINJ(1.E)
AVSPINBJ = AVSPINBJ + PC(E)*AVSPINJ(2,E)

78 CONTINUE

AVSPINT(IVALUE) = CA*AVSPINA + (1.0-CA)*AVSPINB
AVSPINTI(IVALUE) = CA*AVSPINATJ + (1.0-CAY*AVSPINB]

C IF THE SOLUTION IS NEGATIVE, CHANGE THE SIGN OF ALL SPINS
IF(AVSPINT(IVALUE).LT.0)THEN

AVSPINT(IVALUE)=-AVSPINT(IVALUE)
AVSPINTJ(IVALUE)=-AVSPINTHIVALUE)
AVSPINA = -AVSPINA
AVSPINB = -AVSPINB
AVSPINAJ = -AVSPINAJ
AVSPINBJ = -AVSPINBJ
DO81I=12
DO 83 E=0,NN

AVSPIN(L,E)=-AVSPIN(LE)
83 CONTINUE
81 CONTINUE
ENDIF
C WRITE LOCAL SPINS TO FILE MVSH.CHE
WRITE(4,177)H,((AVSPIN(LE),E=0,NN),I=1,2)

WRITE(4,177)H,((AVSPINI(LE),E=0,NN),I=1,2)
177 FORMAT(1X,F7.1,3X,20(1X,F7.4))
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C WRITE SPINS TO FILE MVSH.DAT

WRITE(2,'(2X,F7.1,3(3X,F8.4)))H,AVSPINA,AVSPINB,
@ AVSPINT(IVALUE)

WRITE(2,'(2X,F7.1,3(3X,F8.4)))H,AVSPINAJ,AVSPINB],
@ AVSPINTI(IVALUE)

C CHECK IF SATURATION SPIN HAS BEEN REACHED
SATSPIN = §(1)*CA+5(2)*(1.0-CA)
IF(ABS(AVSPINT(IVALUE)-SATSPIN).LT.1.0E-7)THEN

C CHECK INDIVIDUAL CLUSTERS
DO 871=1,2

DO 85 E=0,NN
IF(ABS(AVSPIN(LE)-S(I)).GT.1.0E-7)GOTO 88

85 CONTINUE

87 CONTINUE
GOTO 90
ENDIF

88 CONTINUE

80 CONTINUE

90 DO 120 J=1,IVALUE

SOVERSAT=AVSPINT(JYSATSPIN
WRITE(3,'(3X,F7.1,2(3X,F8.4)) HAR(J), AVSPINT(J), SOVERSAT

120 CONTINUE
CLOSE(2)
CLOSE@3)
CLOSE(4)
C CALL GRAPHICS SUBROUTINE
C CALL GRAPHI{(HAR,AVSPINT,TITLEI,TITLE2,IVALUE)

130 CONTINUE
WRITE(6,*)PROGRAM COMPLETED'

STOP
END
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