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Abstract. In the context of a modified thermodynamic perturbation theory within the grand
canonical ensemble, by the use of the thermodynamic fluctuation method, a number of new
analytical approximations for calculations of the grand thermodynamic potential as well as of
the short-range order parameters and their Fourier transform in disordered binary alloys with a
Bravais crystal lattice are elaborated. An alloy of an arbitrary composition is considered in the
framework of the lattice gas model with pair atomic interactions of arbitrary effective radius
of action. The inverse effective number of atoms interacting with one fixed atom and inverse
temperature as well as the concentration of the impurity component are used as small parameters
of expansion. The developed approach may be also followed in studies of magnetics within the
framework of the Ising model, and of fluids and amorphous materials within the lattice gas
model as well as in investigations of low-dimensional lattice systems.

1. Introduction

Currently, there exist a number of analytical approaches for calculation of the short-range
order (SRO) parameters in disordered (i.e. without a long-range order) binary alloys (for
an overview see [1-6]). One comparatively simple in a practical implementation but
methodologically consistent approach is based on the joint application of the thermodynamic
perturbation theory and the fluctuation method [1-5, 7-10]. The important advantage of such
an approach is the potential of taking into account the long-range contributions to atomic
interactions without the complication of a consideration. Such potential is topical for a
statistical-thermodynamic description of actual alloys, because the long-range character of
atomic interactions in alloys was clearly demonstrated through the direct calculations of the
distance dependencies of the energies of these interactions on the basis of the experimental
data on diffuse scattering intensity [11-17]. In the framework of the electronic theory, the
microscopic nature and the universal character of the long-range interatomic forces were
revealed [18-23]. Besides, it was shown (see e.g. [2-5]) that the indirect elastic (strain-
induced) interactions of the impurity atoms (caused by the relaxation of the elastic distortion
fields induced by such atoms) also have long-range character.

To date, the essential disadvantage of the joint application of the thermodynamic
perturbation theory and the fluctuation method in alloy studies lies in taking account of
only thefinite (as a rule small) number of terms in a perturbation series under the choice of
the inverse temperature as a small parameter of expansion, whereas the convergence of this
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series is relatively weak. At the same time, considerable progress in the development of
the thermodynamic perturbation theory within the Ising model was achieved in the works
of Brout [24-27], where the possibility of analytical summation of the infinite number of
terms that mainly contribute to the corresponding series was demonstrated in the realistic
case of long-range atomic interactions. In this case, the inverse effective number of atoms
interacting with one fixed atom was chosen as a small parameter of expansion. However,
such an approach has not found the deserved applications in alloy studies, and no more than
two corresponding works [28, 29] are familiar to us.

Besides, thus far, the thermodynamic perturbation theory was applied in alloy studies
within the framework of the canonical ensemble only. At the same time, it is known [21, 30]
that, within the approximate methods (unlike the rigorous ones), the step from the canonical
ensemble to the grand canonical one may ensure the considerable rise of the numerical
accuracy of calculations of thermodynamic characteristics. Moreover, as a result of such a
step, one may expect the rise of the accuracy of the thermodynamic fluctuation method itself,
because, within the grand canonical ensemble, the fluctuations of the occupation probabilities
for the different sites of an alloy crystal lattice are not constrained by the requirement of the
constancy of the total number of alloy atoms and, hence, these fluctuations are absolutely
independent of one another. Thus, within the grand canonical ensemble, the necessary
condition of the usability of the thermodynamic fluctuation method [31] is satisfied in
contrast to the case of the canonical ensemble, when the above-mentioned requirement
takes place.

The aim of the present study is to work out new analytical methods of calculation of the
SRO parameters in disordered binary alloys with a Bravais crystal lattice by means of the
joint application of the thermodynamic fluctuation method and perturbation theory within
the grand canonical ensemble, adopting the inverse effective number of atoms interacting
with one fixed atom and the inverse temperature as well as the concentration of the impurity
atoms as small parameters of expansion.

In section 2, the expressions for the grand partition function and for the grand
thermodynamic potential of an alloy are obtained within the framework of the lattice gas
model.

In section 3 and the appendix, the traditional cumulant expansion in the thermodynamic
perturbation theory is generalized to the case of the grand canonical ensemble and the
corresponding diagram technique is developed.

In sections 4 and 5, the expressions for the grand thermodynamic potential within two
approximations corresponding to taking account of the terms in the cumulant expansion
that are proportional to the zeroth and first powers of the inverse effective number of
atoms interacting with one fixed atom are obtained. In sections 6, 7 and 8, within such
approximations both the method of differentiation with respect to the potential and the
thermodynamic fluctuation method are used to obtain expressions for the SRO parameters.
The comparative qualitative analysis of the accuracy of these two methods is performed.

In section 9, the expressions for the grand thermodynamic potential and for the SRO
parameters are obtained within three high-temperature approximations corresponding to
taking account of the terms in the cumulant expansion that are proportional to the zeroth,
first and second powers of the inverse temperature.

In section 10, the expressions for the grand thermodynamic potential and for the SRO
parameters are obtained within the approximation that corresponds to taking account of all
chain-type diagrams (both reducible and irreducible) whose contribution in the cumulant
expansion is proportional to the zeroth power of the inverse effective number of atoms
interacting with one fixed atom.



Short-range order in alloys | 7311

In section 11, the expressions for the grand thermodynamic potential and for the SRO
parameters are obtained within the low-concentration approximation.
In section 12, the conclusions and perspectives are presented.

2. Grand thermodynamic potential

In the general case, within the framework of the lattice gas model, the Hamiltéhiaha
two-component A—B alloy with a Bravais crystal lattice and with atomic interactions of less
than or equal to second order and arbitrary radius of action can be written in the following
form [32, 33]

H=Nvo+®) Cr+1/2) Vg gCrCr, (2.1)
R Ri1,R;

wherevyg is the energy per site of an ‘alloy’ in which aN sites are occupied by B-type

atoms,® is the potential of the injection of an A-type atom in a crystal lattice 3fig, g,

is the (pair) mixing potential,

2.2)

Cr— 1 if the site R is occupied by an A-type atom
7o otherwise

and the summations on the vectd®s R; and R, are carried out over alv crystal lattice
sites. It should be emphasized that the expression (2.1) is valid only under the assumption
that all crystal lattice sites are symmetry equivalent, because only in this case is the injection
potential independent dR and the mixing potential is a function @; — R, [32, 33]. Such
a situation takes place in the disordered state of an alloy, which is just under investigation
in the present study.

The expression (2.1) can be presented as follows

H=Nvw+1/2 Y (Vr,_Rr, + 2085, r,)Cr,Cr, (2.3)
Ry, R,

wheredg, g, is the Kronecker delta. Accordingly, the grand partition funct®rof the
system in question has the following form

E=E0Y. exp[—(ZkBT)‘l > WRlechch} (2.4)
{Cr} Ri.R;
where
Eo = exp[-N(vo — us)/(ksT)] (2.5)
WRr,—Rr, = VRi-R, + LOR,,R, (2.6)
w=2(®— pua+ up) (2.7)

ua and upg are the chemical potentials of A- and B-type atoms, respectivelys the
absolute temperaturég is the Boltzmann constant and the summation{6g} is carried
over all possible atomic configurations.

Note that the expression (2.4) for the grand partition function can be converted into
the expression for theanonical partition function by setting: = O (under neglect of the
configuration-independent multiplier). This allows us, if needs be, to make the step from
the grand canonical ensemble to the canonical one in the expressions for the configurational
statistical-thermodynamic characteristics of alloy by setting O.

In the present section, we shall assume the presence of a long-range order (LRO) in the
alloy with the purpose of further use of the thermodynamic fluctuation method, in which
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the SRO is considered as fluctuations of the equilibrium LRO. In the following sections,
after the application of the fluctuation method, the LRO parameters will be put equal to
zero, according to the aim of the present paper to investigate just the disordered state of the
alloy.

Thus, let us replace the summation ¢6ig} in the partition function (2.4) by the
summation on{Cg} ro Over all states with some given values of the LRO parameters
[1,3,4,24-27,34,35]. The expression for the corresponding grand thermodynamic potential
Q can be presented as follows

Q= —kgTINE = Qo — kaT INAT + AQ (2.8)
where
Qo = —ksgT In Eo= N(vg — u) (29)
AQ = —kgT In<exp|:—(2kBT)1 Z WRl—RZCR1CR2:|> (2.10)
Ry.R;
Al = Y 1. (2.11)
{CrlLro

AT is the number of configurations corresponding to a state with a given LRO, and (see
e.g. [3,4])

INAT = = "[PrIn Pr + (1— Pr)In(1— Pg)] (2.12)
R

where the value
Pr = (Cpgr) (2.13)

is equal to the probability of finding an A-type atom at the dite In (2.10) and below,
(...) means the statistical average over all states with given values of the LRO parameters:

(.)=ATt Y (2.14)

{Cr}Lro

Notice that the values of the chemical potentials and ug and, therefore (see (2.6),
(2.7)), the value ofx must satisfy the general thermodynamic relationships [31]

(Na) = —(82/3pun) T (Ng) = —(02/0up)r (2.15)

where Ny and Ng are the numbers of atoms of types A and B, respectively.

3. Cumulant expansion

According to the general approach of the thermodynamic perturbation theory [3, 4, 24—
27,31, 34,35], we expand the expression (2.10) in a cumulant series in powers of the
inverse temperature

X 1 M,(X)
AQ = —kgT | V= kT Y = 3.1
° ”<exp< kBT)> 80 2 CheT)r (31)
where

X=1/2 ) Wgr,r,CrCr, (3.2)
Rl,Rz
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and M, (X) is the cumulant of theth order determined as follows

o= 5 (S ()] e

j!
my,ma,...,nm, =0 i=1 j=1

<l§im;:n)
In particular, from (3.3) one can obtain
My (X) = (X)
My(X) = (X?) — (X)?
2(X) = 3) ( >2 . (3.4)
M3(X) = (X°) — 3(X)NX) + 2(X)
Ma(X) = (X*) — HX3)(X) — 3(XH)2 + 12(X%)(X)* — 6(X)*.

In the work of Brout [24], it was shown that one can assign a linked irreducible diagram
consisting of vertices linked by lines to each term that mainly contributes to the series (3.1).
A linked diagram is defined as not consisting of several isolated parts, and an irreducible
diagram as one that may not be transformed into an unlinked diagram by cutting at some
vertex. To obtain the analytical expression corresponding to a given diagram, it is necessary
[24-27, 36]:

(1) to match up the multiplieWg, g, to each line linking two arbitrary vertexeR;
andR;;
(2) to match up the summation , and the multiplier
M)(R) = M, (CR,) (3.5)

to each vertex®; with /; lines entering it;
(3) to multiply the expression obtained in the previous steps by a combinatorical factor
K.

The expressions for the functiod?(R) with different/ can be easily obtained by the
use of (3.5) and (3.3). Particularly, we have

M)R) = Pg

M3(R) = Pr(1— Pg)

M3(R) = Pr(1— PR)(1— 2Pg)

MJ(R) = Pr(1— Pp)[1 — 6Pr(1— Pp)].

In the context of the above described traditional diagram technique we assumed the
validity of the equalityWg_o = 0, whereas within the formalism of section 2 (see (2.6)),
we have

(3.6)

WR:O = I,L (37)

where u is not generally (see (2.7)) equal to zero. Thus, within the scope of the present
study, one should take into account the diagrams in the cumulant expansion that have
loops, i.e. the lines for which both the beginning and the end belong to the same vertex.
For example, for the cumulant of the first order, we obtain

Mi(X) = (X) =1/2 Y Wg, r,(Cr,Cr,)
R1.R,

= 1/2[ Y Wr, r,(Cr,)(Cr,) +ZWRZO<C§>}
R

R1#R;
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= 1/2[ Y Wr, r,(Cr)(Cr,) + Y Wr=o((CR) — <CR>2)}
R

R, R;
= 1/2[ > Wror,MY(R)MI(Ry) + ) WR=0MS<R>] (3.8)
R1,R; R
where the following relationship [27, 34, 37]
(Cr,Cr,) = (CR,)(CR,) + O(1/N) R1# R, (3.9)

was used. By means of the diagram technique rules described above, the expression (3.8)
may be written down in the following diagram form

My(X) = o—e + (). (3.10)

It should be emphasized that, in the considered case, the diagram technique rules (1)—(3) still
stand even for the diagram with a loop, because the correspondence between the multiplier
Wgr—o and the loop obviously follows from rule (1).

In the appendix, it is shown that the above-mentioned rules of the diagram technique
may be applied with no changes to any type of diagram containing loops, and the following
general expression for the combinatorical fac#rcorresponding to such diagrams is
derived:

)4 )4 -1

K = s[(—kBT)"—lp! ]_[ (m,-j!)l_[(n,-!Z"")i| ) (3.11)
i>j=1 i=1

In (3.11): n and p are the total numbers of lines and vertices in a diagram, respectively;

m;; is the number of lines linking two different verticésand j; »; is the number of loops

corresponding to the vertex S is the number of nonequivalent ways of distribution of
unequal fixed indices through thevertices of the diagram:

S=pl/t (3.12)

wheret is the number of elements of the topological symmetry group of a diagram.
It should be emphasized that there exists a unique linked irreducible diagram with loops,

namely
Q

because any diagram (except this one) with a loop at some vertex may be transformed into
an unlinked diagram by cutting just at this vertex. Thus, taking into account the linked
irreducible diagrams only, in particular, we have

~M2(X)/(2%keT) = & s

Ms(X)/[6keT) = {3 + €9 (3.13)

—Ma(X)/[24(ksT)?] = {:} OVt e

4. Zero approximation

Brout [24-27] offered to choose the quantity* as an expansion parameter in (3.1), where
z is the number of sites within the imaginary shell whose radius is equal to the effective
radius of atomic interactions. In the context of such an approach, the relative contribution
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of a diagram withn lines andp vertices to the cumulant expansion (3.1) is determined by
the value

NZ—(IH—l—p) i

Under such an estimation, the contribution of the unique linked irreducible diagram:

*—o

(for which p = n + 1) is proportional to the least, zeroth power of the quantity. Thus,

just this diagram mainly contributes to the cumulant expansion (3.%)at oo (i.e. at

a sufficiently large value of the effective radius of atomic interactions). Let us call the
approximation in which the contribution of this diagram alone is taken into account in
(3.1) the zero approximation. Within such an approximation, the expression for the grand
thermodynamic potential is the following

Qzero=Q0+1/2 Y Wr,_r,Pr,Pr, — ksT IN AT (4.1)
R1.R,
In the case of the disordered state of alloy, when for &y
PR=C= (NA>/N (42)

the expression (4.1) has the following form
Querol pp=e = Q0+ Nc?*Wy—o/2 4+ NkgT[cInc+ (1 —c)In(L—¢)]  (4.3)

where
Wi =Vi+ 1 (4.4)
and V,, is the Fourier transform of the mixing potentit:
Vi =Y Vrexp—ik - R) Ve=N"1Y"V,expliq- R). (4.5)
R q

In (4.5) and below, the summation @nis carried over all the points specified by the cyclic
boundary conditions in a corresponding first Brillouin zone.

5. Ring approximation

According to Brout's classification, the contribution of the terms corresponding to linked
irreducible diagrams of the ring type (for whigh = n) is proportional to the first power

of the quantityz~1. Let us separate out the contributiaxng corresponding to such
diagrams in the expansion (3.1):

AQring:Q+ O+ ©+ <:>+

By the use of the diagram technique rules described in section 3, we obtain

1 [o¢]
AQing =5 ) l(—keT)'(t+ DI > WrinWrny-- Wroom,
n=0 Ry, Ry,....Ry 11
n+1

< [ Pr 1~ Pr). (5.1)
i=1

Note that the following expression [25, 26]

S 1 p=12
T (p—11)2 p>2
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for the quantityS (the knowledge of which is necessary for calculation of the combinatorial
factor K (3.11)) was used in the derivation of (5.1).

Taking into account the contribution corresponding both to the dia¢e—e and to
the ring-type diagrams in the cumulant expansion, we have the following form for the
corresponding grand thermodynamic potential:

S.Zring = Qgzero+ AQring (5-2)
whereQzero and AQiing are determined by the expressions (4.1) and (5.1), respectively. We
shall call this approximation ring one

In the case of the disordered state of an alloy (see (4.2)), the expression (5.1) can be
transformed as follows

AQing| pp=c = kT /2 IN[1 + Wie(1 - ¢)/ (ks T)]. (5.3)
k

The expression analogous to (5.3) was first obtained by Brout [25-27] (see also [29, 39-43]).

6. Method of differentiation with respect to potential

There exist a number of methods for calculation of the Warren—Cowley short-range order
parameterscg [44, 45]

ar,-r, = ((CR,CR) pp=e — (L= )] . (6.1)
The basic method used in the present study (see the next section) is the thermodynamic
fluctuation method. However, for the derivation of an equation in the quant{tequired
for the calculation ofrg within the grand canonical ensemble), it is helpful first to apply the
other generally accepted method—the method of differentiation with respect to potential.
Within this method (see e.g. [1]), differentiating the general expression for the grand
thermodynamic potential (see (2.4) and (2.8)) with resped?Vig_r,, we obtain

(ZBQ/BWR1—R2|PR:C - 02)[0(1 - C)] - Ry # R;
OCR,—R, = (62)
1 R; = R,.
Within the zero approximation, substituting (4.3) into (6.2), we get
agr=0atR #0. (6.3)

Thus, within the zero approximation, the method of differentiation with respect to potential
yields the absence of the interatomic correlations for all coordination shells (except the
‘zeroth’ one corresponding t&; = R)).

Within the ring approximation, substituting (5.2) into (6.2), we obtain

ar =1-N"") [+ Wec(1—0)/(ke D] +[1+Wie(1—c)/ (ke T)] (6.4)
q

whereqy, is the Fourier transform of the SRO parameters
ak =ZoeReXp(—ik-R) aRzN_lzaqexp(iq-R). (6.5)
R q

The quantityu must satisfy the relationships (2.15). Thus, substituting the expression (5.2)
into (2.15), we obtain the following equation for calculation of

N7 14 Woe(— o) /(e T)] 7 = 1. (6.6)
q

1 Notice that within the framework of just the same approximation, the statistical-thermodynamic derivation of
the Debye theory for a system of electrically charged particles was performed [30, 38].
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By the use of (6.6), the expression (6.4) becomes
ap =[1+ Wre(1—c)/(kaT)] . (6.7)

Thus, in the case of the disordered state of the alloy, within the ring approximation,
the method of differentiation with respect to potential leads to the well known expression
obtained within the spherical model [25-27,42, 43,46-51]. It should be emphasized that
the equation (6.6) for calculation @f was obtained here from the general thermodynamic
relationships (2.15) rather than from the requiremegt, = 1 (as in [27]), which is satisfied
for anarbitrary value of u (see (6.4)) within our consideration.

7. Thermodynamic fluctuation method within the zero-approximation

In the context of the thermodynamic fluctuation method [1-5, 31], let us expand the function
8§ Pr = Pr — c in the Fourier series

§Pp =) SPyexp—iq- R) (7.1)
q

and choose P, corresponding to differen as independent fluctuations. Within the zero
approximation, substitutingr = ¢+ 6 Pg into (4.1), introducing the Fourier transforms and
expanding the obtained expression in the series in powes®pfwe obtain the following
fluctuational change of the grand thermodynamic potential

8Quer0= NkaT ) _[2¢(1 — ) Brere@)] 18 Pyl (7.2)
q

where all the terms that are proportional to the powerdRyfgreater than the second power
are neglected and

Brero(k) = [1 + Wie(1—¢)/ (ke T)] . (7.3)

Taking into account that, in the context of tgeand canonical ensemble, the fluctuations
8 P, corresponding to differeng are absolutely independent of one another (see section 1),
following the general formalism of the thermodynamic fluctuation method, we have:

((Spklapljz)fluct = Nﬁlc(l - C)(Skl,kzﬂzero(kl) (7-4)

where 8, , is the Kronecker delta and ..)quet means the statistical average over the
Gaussian distribution of the probabilities of fluctuations [31]. In the case of the disordered
state of alloy, we have

aR,-R, = [c(L = )] (PR, PR, )uct — ¢2) = [c(1 — )] (8 Pr,8 PR, )fuct R #R;
(7.5)

taking into account tha P3)uc: determines the square dispersion of the fluctuating quantity
Pg, rather than the correlation function & = 0.
Using (7.1)—(7.5), we obtain

ap=1-— N7t Z Bzero(@) + Bzero(k). (7.6)
q

Taking into account (7.3), it becomes obvious that the expression (7.6) is identical to (6.4).
Thus, the application of the thermodynamic fluctuation metho@ig, gives just the same
result as the application of the method of differentiation with respect to potent@}; g
Nevertheless, although at the derivation of the expression (7.6), the fluctuation method
was applied ta2,e0, 0ne should substitut®ing rather than,eo into (2.15) to obtain the
correct equation (6.6), which determines the valug aforresponding to (7.6), whereas the
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substitution of€2,r into (2.15) leads to the incorrect equatiofl — ¢) = 0. Note that, in
terms of the functiorB,ero(k), the equation (6.6) has the following form

N_l Z ﬂzero(k) =1 (7-7)
k

Substituting (7.7) into (7.6), we obtain
ar = Bzerdk). (7-8)

8. Thermodynamic fluctuation method within the ring approximation

Within the ring approximation, applying the thermodynamic fluctuation methof4g
(5.2) in much the same way as in section 7, we obtain

ar =1=N"Y" Bing(@) + Bring(K) (8.1)
q

where

[Bing(R)] ™+ = 1+ cd=<) Wi, — bt N1

keT keT

- cl—c¢) - 7" ecd—0)@—-202 _,

W, |1 W,| - N
qu: ‘1[ T ket "} 2(ksT)?2

_— cl—c) . 1t cl—-c) - -t

WoWi_q |1 W, 1 Wi g| - 8.2
x;qkq[+kBT q}[+kBT - (8.2)

Comparing (7.6) with (8.1), one can assume that, within the ring approximation, the equation
for calculation ofu has the following form, similar to (7.7),

N_l Z IBring(k) =1 (8-3)
k

Substituting (8.3) into (8.1), we obtain

o = ﬂring(k)- (8.4)

Notice that, most likely, the rigorous proof of the validity of (8.3) may be performed
by the calculation of the higher order additive’ to Qing that ensures the derivation of
the expression (8.3) within the method of differentiation with respect to potential and by
the subsequent substitution Qfing + AR’ into (2.15). Unfortunately, we failed to obtain
the quantityAQ’. However, as an indirect proof of the validity of (8.3), on the one hand,
one may accept the high numerical accuracy of the results obtained by the use of (8.4) in
[52]. On the other hand, both (8.3) and (8cntinuouslytransform into the corresponding
expressions (7.7) and (7.8) (rigorously obtained within the zero approximation), when the
high-order corrections t®2,¢, may be neglected. This is the case of sufficiently high
temperatures and/or of a long-range character of atomic interactions [52].

The expressions (8.3) and (8.4) can be presented in the following equivalent form [53]

ap =[I + Wee(1—¢)/(keT)] "
N T+ W@ — o)/ (ke T)] H =1 (8.5)
q
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where

I=N"Y 14 Wee(d—c)/(keT)] "
q

8 - (1-202 . cl-—c¢) - 1t cdl-¢) ~ 77°

W =W, — — N1 W Wil W, 1 Wi .

k kT kT Xq: aWk-q | 1+ =0 We e ke

(8.6)

Notice that on the basis of the results obtained in this as well as in two previous sections,
one can conclude that the thermodynamic fluctuation method is preferable to the method
of differentiation with respect to potential at calculation of the SRO parameters. Really,
being applied within the same approximation, the fluctuation method yields the expression
for correlation function whose accuracy is higher than that of the differentiation method
(compare (6.3) with (7.8) and (6.7) with (8.4)).

9. High-temperature approximations

The classification of terms in the cumulant expansion (3.1) is possible not only by the
powers ofz ! (see section 4) but also by the powers(bfT)~* [34]. It is evident that at
sufficiently high temperatures, the terms that are proportional to the least pow@ggof*
mainly contribute to (3.1). The approximation derived taking into account only the terms
proportional to the powers afg7)~! less than or equal te in the cumulant expansion

will be called the high-temperature approximation of thb order. From (3.1), it follows

that any term corresponding to the cumulant of iftle order is proportional tagkg7)" .
Therefore, to obtain the high-temperature approximation ofztheorder, one should take
account of all cumulants up to the § 1)th order inclusive.

Let us consider the high-temperature approximations of the zeroth, first and second
orders. From (3.1), it follows that the general expression for the grand thermodynamic
potential QL”% corresponding to the high-temperature approximation of itie order
(n =0, 1, 2) can be presented as follows

Qi => Q¥ —kgTINAT (9.1)
i=0
where
Q0 = Qo+ Mi(X) =Qo+1/2 ) Wr, r,Pr,Pr, + Wr=0 ) Pr(1— Pr)/2
Ry, R; R
=Qo+ Npuc/2+1/2 Z VR,-r, Pr, PR,
Ry, R;
QM = —Ma(X)/(2ksT) = —1/(4ksT) Y  (Wr,_r,)’Pr,(1— Pr,)Pr,(1— Pg,)
R, R,

M>(X) _
Q® = —Z20 = [12(eT) ™" Y (Wr,—r,)*Pr,(1— Pr,)PR,(1— Pg,) 9.2)

6(ksT) i

x(1— 2Pp,)(1— 2Pg,) + [6(ks T)?]

x Y Wr,r,Wr, W, r,Pr,(1— Pr,)
Ri. Rz, R3

XPRz(l - PRz)PR3(1 - PR3)
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Note that the expressions (9.2) were obtained on the basis of the corresponding diagram
expressions (3.13) by the use of the diagram technique rules described in section 3.

It should be emphasized that the high-temperature approximation of the zeroth order
(n = 0in (9.1)) corresponds to the well known mean-field approximation rather than the zero
approximation advanced in section 4. Settppg= 0 in (9.1) atr = 1, 2, we arrive at the
corresponding expressions for the high-temperature approximations obtained by Badalyan
and Khachaturyan [3, 35, 54] in the context of the thermodynamic perturbation theory within
the canonical ensemble.

In the case of the disordered state of the alloy (see (4.2)), we have

QW | ppee = N{ Y 0 +keT[cIne+ (1—c)In(d - c)]} (9.3)
i=0

where

0@ = vg — g + c(i + cVio) /2

o® = ~[c(1— PN (Wi)?/(4keT)
k

w® = [6(kBT)2]—1{[c(1 — )1 = 20)PN"2 > Wi, Wi, Wi,y 1,/2 (9.4)
k1, k2

+e@— PN Z(W}.
k

Applying the thermodynamic fluctuation method ”T) determined by (9.1) and (9.2),

in the same way as in sections 7, 8, we obtain the following expressions for the Fourier
transform of the SRO parameters within the high-temperature approximation ofthihe
order @ =0, 1, 2):

n -1
ap = [1 +Y Wl - c)/(kBT):|

i=0

n -1
N’lz |:1+ZWéi)(1—c)/(kBT)} =1
q

i=0

(9.5)

where
-0 -
W =V,

Wy = (kBT)l{Cﬂ —ONTID (W) = =207 ) Wo Wi/ 2}
q q

WP = (kBT)Z{c(l —ol- zc)z[Nl Z(Wq)zm_q — N2 Z vifqlvifqzvifqﬁqz} (9.6)
q

q1,q92
H[1 —6c(L = OIPN2 > Wy, Wy, Wi_g,,/6
q1.92

—[e(X—e)]?Nt Z(Wq)S}.
q

The expression corresponding to the high-temperature approximation of zerothrose®r (
in (9.5)) is identical to the Krivoglaz [1, 2, 7] approximation. In another particular case,
settingu = 0 in (9.5) and (9.6) ak = 2, we arrive at the corresponding expression for
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the high-temperature approximation obtained by Semenovskaya [9] in the context of the
thermodynamic perturbation theory within tbanonical ensemble.

Note that, in the case of short-range interatomic potentials, the following easy to derive
expressions are helpful for the calculations of the integrals entering (9.4) and (9.6):

NPTEST Wi Way o W S i = (W)Y exp(—ik - R)  (9.7)
Kk, K, R

wherep =2,3,....

10. Chain approximation

As already noted in section 4, Brout [24] proved that the contribution to the cumulant

expansion from the terms corresponding to unlinked and/or reducible diagrams is negligible
as compared to the contribution of the other terms. Alternatively, ignoring this statement
and using exclusively the Brout classification of terms in the cumulant expansion by the
powers ofz %, one should conclude that the chain-type diagrams

e o, e, 31 LT,

(for which p = n + 1 (see sections 3 and 4)) mainly contribute to the cumulant expansion
at large z, because they all are proportional to the least, zeroth power of the quantity
z71. Thus, it is reasonable to obtain the expressions for the SRO parameters within the
corresponding chain approximation (taking into account only the chain-type diagrams in the
cumulant expansion) and to compare their numerical accuracy with that of the zero and ring
approximations. The first goal will be achieved below in this section, and the second one
in the second part of the present work [52].

Within the chain approximation, the expression for the grand thermodynamic potential
Qchain €an be presented in the following form

Q(:hain = Q0 - kBT In AT + AQchain (10-1)
where

[e.¢]
AQchain=1/2) (—=keT)" ' x > Wg, r,Wr, R,-.- Wr,_R,.. PR,
n=1 Ri,Ry,....Ru11

XPRZ(l — PRZ)PRg(l_ PR3) e PRn(l_ PR”)PR

n+1°

(10.2)

Note that in (10.2), at the transition from the diagram form to the analytical one, the diagram
technique rules described in section 3 were used, taking account of the following equality

Schain = P! /2

obtained by means of (3.12). In the case of the disordered state of the alloy (see (4.2)), we
have

AQcnainl pp=ec = N2 Wi—o[1 + Wi—oc(1 — ¢)/ (ke T)] */2. (10.3)

Applying the thermodynamic fluctuation method @&n,in, in the same way as in the
derivation of (9.5) and (9.6), we obtain the following expressions for calculation of the
Fourier transform of the SRO parameters

ap =[1+ Wefe(@ - ¢)/ (ks T)] 2
Ny L+ We(1— o)/ ke T)] Tt =1 (10.4)
q
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where
et _ Wi, + c[(Wi—0)? + Wi Wi—o(2 + cWi—o/ (kg T))]/ (ks T)

i - ~ (10.5)
[1+ Wi—oc(1—¢)/(kgT)]?[1 + Wyc(1 —¢)/(kaT)]

11. Low-concentration approximation

In the case of small concentrations, only the terms proportional to the lowest powers of
concentration mainly contribute into the cumulant expansion, and the quatishould
be chosen (see (4.2)) as a small parameter of expansion. According to the diagram
technique rules presented in section 3, the quarBy enters the cumulant expansion
exclusively through the quantitie®(R). From (3.3) and (3.5), it follows that, for any
givenn = 1,2, ..., the expansion of the quantity°(R) in the series in powers dfx starts
with the first power. Therefore, taking into account that the multiph€X(R) (with some
n=1,2,...) is matched up to every site of the diagram in the cumulant expansion, one
may conclude that the expansion of the analytical expression corresponding to an arbitrary
diagram withp sites in the series in powers @fz begins with thepth power. Thus, to
derive the expression for the cumulant expansion with an accuracy gftthgower of the
quantitiesPg (p = 0, 1, .. .), one should take account of only the diagrams with the number
of sites no more thap.

In particular, summing up the contributions from all linked irreducible diagrams with
one and two sites, we obtain the following expression for the grand thermodynamic potential
with an accuracy of the second power of the quantifgs

Qe = Qo— ks T IN AT + Q + o (11.1)

where

.—.:H+G+@+@+m (11.2)

andg and InAT are determined in (2.9) and (2.12), respectively. According to the diagram
technique rules presented in section 3, we obtain (with an accuracy of the squRge of

w
Q= E;PRG—PR)

(11.3)
oo =keT/2 ) Pr,Pr,[l - exp(—Wg,_r,/(kaT))].
Ry.R;

Applying the thermodynamic fluctuation method to the expression (11.1), in the same
way as in sections 7 and 8, we obtain

ar = {14+c(1— o)1 — exp(—u/(ksT)) — u/(keT) + fr]} ™
Nflzaq _1 (11.4)
q

where
fie =) _[1— exp(~Vr/(keT))]exp(~ik - R). (11.5)
R

It is notable that, passing in the expressions (11.1) and (11.4) to the case of the canonical
ensemble (i.e. setting = 0—see section 2), we arrive to the corresponding expressions
for the low-concentration approximation derived by Krivoglaz [1, 2, 7, 55].
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12. Conclusions

In the present work, in the framework of a modified thermodynamic perturbation theory
within the grand canonical ensemble, by the use of the thermodynamic fluctuation method,
in addition to the well known spherical model approximation, a number of new analytical
approximations for calculations of the grand thermodynamic potential as well as of the
SRO parameters and their Fourier transform in disordered binary alloys with a Bravais
crystal lattice were developed. An alloy was considered in the framework of the lattice
gas model with pair atomic interactions of an arbitrary effective radius of action, and the
inverse effective number of atoms interacting with one fixed atom, inverse temperature and
concentration of the impurity component were used as small parameters of expansion. It was
established that the thermodynamic fluctuation method permits us to obtain more accurate
results on the SRO parameters than the conventionally used method of differentiation with
respect to potential.

It seems to be important to reveal the temperature—concentration intervals of the correct
applicability of the developed approximations and to compare the numerical accuracies of
these approximations in the cases of actual alloys and the simplest model systems for which
the necessary information concerning atomic interactions is available. It is significant also
to ascertain what choice of small parameter of expansion in the thermodynamic perturbation
theory within the considered formalism is the best in respect to the rate of convergence of a
corresponding expansion. Both problems are solved in the second part of the present work
[52] (see also [56,57]).

Notice that the approach advanced in the present work may be also used for the
derivation of subsequent approximations within the thermodynamic perturbation theory.
Besides, it seems to be advisable to extend this approach to the case of a multicomponent
alloy with a complex crystal lattice as well as to the case of an alloy with nonpair atomic
interactions [58, 59] and/or with a long-range order. Owing to the equivalence of the two-
component lattice gas and Ising models [27, 60], the obtained results may be also used in
research on magnetics. The absenca pfiori assumptions about the space dimensionality
of a crystal lattice in the developed formalism permits us readily to apply it in investigations
of low-dimensional lattice systems, as well. The approximations elaborated in the present
work may be also useful in the investigations of fluids and amorphous materials within the
framework of the lattice gas model.
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Appendix

To generalize the diagram technique rules as well as the expression for the combinatorical
factor K to the case of the presence of diagrams with loops in the cumulant expansion (see
section 3), let us consider the cumulaw, (X) of any given ordem. In the expression

(3.3) for such a cumulant, the terX”") is always present and corresponds to the choice
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m; = 6; , for anyi in the sum in (3.3). This term can be written in the following form

(X") = <<1/2 > WRl—RZCRlch) > <<1/ZZZWR -r,Cr, CR) >

Ri1,R; i=1j
<< Z Wr,—r,Cr,Cr, +1/ZZWR OCR) > (A.1)
i>j=1 i=1

where the summations are carried out over all sites of a crystal lattice numbered by
1,2, ..., N. Transforming (A.1) as follows

Wr,—r,Cr,Cr)" | {5 [ (Wr=0CRr,)"
XM =nt Y <]’[ [( | L2 }]‘[[( Rzonf’) D (A.2)
i>j=1 e t

{mij,ni}=0 i=

< i mli"‘i”i:”)

i>j=1 i=1

and, then, grouping together the terms that correspond to topologically equivalent diagrams,
we obtain

w3 Sal fmafoe)

Diagram i>j=1
X Z [l_[WR,—Rj:|<1_[CR,-> (A.3)
R#Ry#-#R,
where

Tlv ] - 1 0 a1 o

i>j=1

<[1cm>=<II[CRCRVMIHCRW>=<fyc&w> (A)

i>j=1

In (A.3) and (A.4) ZDiagram means the summation over all topologically unequivalent
diagrams; the vertices of a diagram are numbered /& .1., p; the summations on the
vectorsR;, Ry, ..., R, are carried out over alV crystal lattice sitesS is the number of
nonequivalent ways of distribution gf unequal fixed indices through the vertices of a
given diagram (see (3.12)y;; is the number of lines linking two different verticésand
j; n; is the number of loops corresponding to the veitexd/; is the total number of lines
entering the vertex.

Horwitz and Callen [36] proved that the transition in consideration

(X") > M,(X)
is equivalent to the simultaneous performance of the two following changes
P P
<1‘[<CR,.>“> — [P ) D
i=1 i=1 Ri#Ry#-#R, Ri.Ry,...R,
Performing these changes in (A.3) and (A.4) we obtain

M(X)= Y K Y H [Wr,—g,]" H[(WR 0" M{(R;)] (A5)

Diagram  Ri,Rp,....R, i>j=1
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where

N N -1
K= in!< [T mi1 ]—[[n,»!zm]) : (A-6)

I
b: i>j=1 i1

Taking into account thatM,(X) enters the expansion (3.1) with the corresponding
coefficient, we have

K = K(—kgT)¥™"/n! (A.7)

from where, by the use of (A.6), we arrive at the desired expression (3.11).

From the expression (A.5), it follows that the diagram technique rules quoted in section 3
still stand in the case of the presence of diagrams with loops in a diagram expansion, as
long as the expression (3.11) is used for calculation of the combinatorical fEctdiote
that the expression (3.11) is also valid for diagrams without loops, i.e. whenO for any
i=12,...,p.

References

[1] Krivoglaz M A and Smirn@ A A 1964 The Theory of Order—Disorder in Alloy&ondon: Macdonald)
[2] Krivoglaz M A 1969 The Theory of X-ray and Thermal Neutron Scattering From Real Cryéisdsy York:
Plenum)
[3] Khachaturya A G 1978J. Prog. Mater. Sci22 1
[4] de Fontaine D 197%olid State Physicsol 34, ed H Ehrenreich, F Seitz and D Turnbull (New York:
Academic) p 73
[5] de Fontaine D 199450lid State Physicsol 47, ed H Ehrenreich, F Seitz and D Turnbull (New York:
Academic) p 33
[6] Ducastelle F 199Drder and Phase Stability in Alloy@New York: Elsevier)
[7] Krivoglaz M A 1957 Zh. Eksp. Teor. Fiz32 1368 (Engl. translSov. Phys.—JETB 1115)
[8] de Fontaine D 1973. Phys. Chem. Solid34 1285
[9] Semenovskay S V 1978Phys. Status Solidb 87 733
[10] Badalya D A 1979Fiz. Tverd. Tela21 2017
[11] Wilkins S 1970Phys. RevB 2 3935
[12] Metcalfe S and LeakJ A 1975Acta Metall.23 1135
[13] Schweika W and HaubdlH G 1988Phys. RevB 37 9240
[14] Sclbnfeld B, Reinhard L, Kostorz G and Buhrer W 19B8ys. Status Solidb 148 457
[15] Reinhard L, Schnfeld B, Kostorz G and Buhrer W 199hys. RevB 41 1727
[16] Reinhard L, Robertson J L, Moss S C, Ice G E, Zschack P and S§@axk1992Phys. RevB 45 2662
[17] Roelofs H, Schnfeld B, Kostorz G and Buhrer W 199%hys. Status Solidb 187 31
[18] Friedel J 1952Phil. Mag. 43 153
[19] Harrismm W A 1966 Pseudopotentials in the Theory of Metéidew York: Benjamin)
[20] Kozlov E V, Dementye V M and Kolodeznag S F 1985Mater. Res. Soc39 65
[21] Matveeva N M and Kozlw E V 1996 Ordered Phases in Metallic Systeifiddew York: Nova—Commack)
[22] Bieber A and Gautier F 198&cta Metall.35 1839
[23] Turch P E A, Reinhard L and StockG M 1994Phys. RevB 50 15542
[24] Brout R 1959Phys. Rev115 824
[25] Brout R 1960Phys. Rev118 1009
[26] Brout R 1961Phys. Rev122 469
[27] Brout R 1965Phase TransitiongNew York: Benjamin)
[28] Shteinbeg A S 1987Izv. Vuz. Fiz30 (3) 86
[29] Badalyan D A, Muradya A A and Melik-Vartanayp D K 1988Izv. Vuz. Fiz31 (8) 62
[30] Balescu R 197%quilibrium and Nonequilibrium Statistical MechanifNew York: Wiley)
[31] Landai L D and Lifshiz E M 1980Course of Theoretical Physiasl 5 (Oxford: Pergamon)
[32] Buga& V N and ChepulskiR V 1995 Acta Crystallogr.A 51 456
[33] Buga& V N and ChepulskiR V 1995 Acta Crystallogr.A 51 463
[34] Kirkwood J G 1938J. Chem. Phys6 70
[35] Badalya D A and Khachaturya A G 1970Fiz. Tverd. Telal2 439



7326 R V Chepulskii ad V N Bugaev

[36]
(37]
(38]
(39]

[40]
[41]
[42]

[43]
[44]
[45]
[46]
[47]
(48]
[49]

[50]
[51]
[52]
(53]
[54]
[55]
[56]
(57]
(58]
(59]
(60]

Horwitz G and Calla H B 1961Phys. Rev124 1757

Brout R and Englert F 196Phys. Rev1201519

Mayer J 1950). Chem. Physl8 1426

Vaks V G, Larkn A | and Pikn S A 1966Zh. Eksp. Teor. Fiz51 361 (Engl. translSov. Phys.—JETB1
240)

Shulepov Yu V and AksenenkE V 1981Lattice Gas(Kiev: Naukova Dumka) (in Russian)

Katsnelson A and Olemskoi A 199@icroscopic Theory of Nonhomogeneous Structiescow: Mir)

Yukhnovski | R and Gurski Z A 1991 Quantum Statistical Theory of Disordered SystéKisv: Naukova
Dumka) (in Russian)

Yukhnovskii | R, GurskiZ A and Chushak Ya G 199Phys. Status Solidb 163 107

Cowley J M 1950Phys. Rev77 669

Warren B E 1969X-ray Diffraction (Reading, MA: Addison-Wesley)

Berlin T H and Kac M 195ZPhys. Rev86 821

Philhours J and H&IG L 1968 Phys. Rev170496

Hoffman D W 1972Metall. Trans.3 3231

Joye G S 1972Phase Transitions and Critical Phenomenal 2, ed C Domb ad M S Green (London:
Academic) p 375

Ziman J M 1979Models of Disorde{Cambridge: Cambridge University Press)

Tokar V I, Masanskil V and Grishchenk T A 1990J. Phys.: Condens. Matte2 10 199

Chepulski R V and Bugag V N 1998 J. Phys.: Condens. MattetQ 7327-48

Chepulski R V and Bugag V N 1998 Solid State Commuri05 615

Khachaturya A G 1973Phys. Status Solidb 60 9

Krivoglaz M A 1957 Zh. Fiz. Khim.31 1930

Chepulski R V and Bugag V N 1998J. Phys. Chem. Solidst press

Chepulski R V 1998 J. Phys. Chem. Solidst press

Chepulski R VV 1998 J. Phys.: Condens. Mattet0 1505

Chepulski R V 1998 in preparation

Lee T D and Yang C N 195Phys. Rev87 410



