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The transport coefficients are derived in a concentrated interacting body centered cubic alloy for diffusion

with the dumbbell mechanism. We use the self-consistent mean field theory in both point and pair approxima-
tions on the basis of the first paper of the series, and present two independent approximations (first and second
shell approximations) for the calculation of the corresponding correlation coefficients. Correlation coefficients
and uncorrelated transport coefficients obtained by those approximations are compared with Monte Carlo
simulations for different sets of interactions. In the specific case of a strong clustering tendency and/or strong

dumbbell-atom interactions, good agreement with Monte Carlo simulations requires a statistical pair approxi-
mation for the uncorrelated transport coefficients and a second shell approximation for the correlation

coefficients.
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I. INTRODUCTION

After having treated the thermodynamics of dumbbells in
an interacting concentrated body centered cubic (bcc) alloy,!
we use those results to investigate the kinetics of the alloy
and calculate the associated transport coefficients. All nota-
tions will be conserved.

Dumbbell diffusion in such an interacting concentrated
alloy has actually never been investigated, mainly due to the
geometrical complexity of the dumbbell mechanism. A first
simplification was to consider a noninteracting concentrated
alloy.>? Interactions have been introduced up to now only in
the case of dilute bcc* and face centered cubic® (fcc) alloys.
In contrast, for the vacancy mechanism, atomic interactions
were introduced via a “bond-breaking” model both in bec®
and, more recently, in fcc alloys using the self-consistent
mean field (SCMF) theory.” We take advantage of those pre-
vious treatments of concentrated interacting alloys for this
simple mechanism to extend it to the dumbbell mechanism.
The fcc structure has not been selected for this study, despite
its more simple jump mechanism, because it may require a
better statistical approximation than the pair approximation.’
As a matter of fact, most applications of the pair approxima-
tion were performed in bcc structures, at least for the kinetic
aspect.”12 Recently, a reasonably simple expression of the
transport coefficients for the dumbbell mechanism has been
derived in a noninteracting concentrated bce alloy.® This re-
sult was achieved by using the SCMF theory, initially devel-
oped for the vacancy mechanism.”-!3-1% Following the proce-
dure adopted for the vacancy mechanism, we propose a
bond-breaking model for the dumbbell jump frequency,
which will depend on local composition through thermody-
namic interactions. Interactions are restricted to the nearest-
neighbor distance, consistent with the statistical description.'

We recall in Sec. II the main notations, introduced
elsewhere,>* for the description of a system containing
dumbbell-type defects and include a generalization of the
classical bond-breaking model for the calculation of single
jump frequencies w. Section III is then devoted to the expres-
sion of the corresponding jump probabilities W, defined as
the product of the jump frequency and the probability of the
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initial configuration, in both point and pair approximations.
With the help of those values, we use the SCMF theory in
Sec. IV to derive the transport coefficients in various kinetic
approximations. Section V gives a brief description of the
Monte Carlo simulations performed to validate the theoreti-
cal results, which are discussed in the last section: focus is
set on the importance of each approximation.

II. ATOMIC MODEL
A. Equilibrium description of the system

The following notations are the same as presented in pre-
vious papers,>* extended when necessary to include the
atomic interactions.

We consider a number N, of lattice sites on which N;
defects and N,+N; atoms are distributed and describe any
configuration of the system by the occupation numbers n{ of
site i by the species a. Hence, n? is equal to 1 if site 7 is
occupied by an atom A in substitutional position and O oth-
erwise. Concerning the defects, n?B «is equal to 1 if site i is
occupied by a dumbbell of composition AB with the B atom
pointing in the « direction and O otherwise. It will be con-
venient to use the generalized site occupation numbers Nf‘
and Nl{ referring respectively to the number of A atoms or
dumbbells present on site i:

Nf = nf +2 n?A“ + n?bﬂ, (1a)
o a,b#A
Ni= 2 ne, (1b)
a,a,b

with the relation

2N -N=1. (2)

In each sum, as in the preceding paper, symbols a, b, and ¢
refer to the chemical species and « to the six independent
(110) directions.

The internal energy corresponding to any configuration n
of the system is expressed by the Hamiltonian H as
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FIG. 1. Jump mechanisms of one dumbbell toward the same
target atom.
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where ;=1 if i and j are in nearest-neighbor (NN) position
and 0 otherwise. The interactions are defined as in Ref. 1
except for the dumbbell-substitutional notation Vf’jblc, which
refers to Vah”c, V,mHC, or Vach as a function of the relative
positions of i and j. This energy partly controls the equilib-
rium probability of any configuration in the grand canonical

ensemble:

Po(n) = exp{ﬂ(n + 3 Nu, —H)], (4)

ia

where B=1/kgT is the inverse temperature, () is a normal-
ization constant, and w, is the chemical potential of the
chemical species a. It should be noted that instead of a grand
canonical ensemble, we use the semigrand canonical en-
semble with a fixed number of sites. A way to include this
constraint is to introduce a pseudointerstitial chemical poten-
tial u; systematically added to the chemical potentials. In
other words, u, is replaced by w4+ u;, meaning that an in-
troduction of an atom into the system implies a creation of a
dumbbell in order to keep the number of sites constant.

B. Jump frequency model

Single jumps of the defect involve the displacement of
one atom of the dumbbell toward a target atom to form a new
defect, while the remaining atom is left in substitutional po-
sition:

AB,+C—A+BCyg, (5)

where we can see that the defect can change composition and
orientation within one jump. Actually, as the stable configu-
ration of the dumbbell is a (110) orientation, two types of
jump are allowed, i.e., a simple translation 7 with a=/3 and
a rotation-translation (RT) which combines a translation and
a rotation of 60°. Those jumps are sketched on Fig. 1, in-
cluding the twofold degeneracy of the RT mechanism.

To ensure the consistency with the statistical description,
we introduce a bond-breaking model for the jump frequency
associated with Eq. (5): the principle is to break all binding
energies involved in the initial configuration AB|C. For con-
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FIG. 2. Nearest neighbors of an AB|C configuration. In the text,
neighbors of the dumbbell are denoted k and neighbors of C are
denoted k’; black atoms k=1,2 are on target sites for A, k=7 is a
target for B, and white atoms are on NN nontarget sites. Note that in
Eq. (8), k=8 will be used for the site of C.

venience, we will denote k=1,7 the neighbors of the dumb-
bell and k' =1,7 the neighbors of the target atom, and use the
numeration of Fig. 2. The migration energy associated to a
given configuration is

Emlg _ (v)

apic=E > Ve - e Vap,c—

dk'=1,7

— > Vug dnk
dk=3.6

d
> Vi d
dk=12

E Vas, dnk’ (6)

where E® is a contribution of the saddle point position. Note
that the binding energy of the dumbbell itself €,z must not be
forgotten.

Eventually, the associated jump frequency is written as

Wapic = Vp exp(— BE glfa%c (7)

Here, 7y is an attempt frequency which depends, for simplic-
ity, only on the moving atom B. As in Refs. >4, the notation
wyp/c denotes the RT mechanism, the simple translation fre-
quency being noted 7Twyp:7=0 discards the translation
mechanism and 7=1 sets a degeneracy between the three
possible jumps.

The last mechanism to take into account is the on-site 60°
rotation of the defect. With the same notations, one can write
a rotation barrier

Epy=Ey) E VBAHdnk E VAB L
E VABHan’ (8)
dk=7.8
which leads to the rotation frequency
Wi = Yr exp(= BEjp). )

III. AVERAGE JUMP PROBABILITY

In the preceding section, energy barriers as well as jump
or rotation frequencies were all implicitly dependent on the
local surroundings of the dumbbell-target pair. However, pre-
vious works on the SCMF formalism>* have highlighted the
importance of the mean probability of a jump of type AB
— C, defined as
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Wagic = (P n wapc), (10)

where (-) denotes an equilibrium average over all possible
configurations. As the frequency itself involves all neighbor-
ing atoms, the configuration to consider within the brackets
is the one sketched in Fig. 2 and contains 16 atoms. We call
N,p/c any realization of this configuration, i.e., any configu-
ration {Dy, D} for the sites k=1,7 and k'=1,7:

AB, C D, Dy
Napic=n;"°n; IT npe 11 n (11)
k=17 k=17

Nypic 1s nothing but a 16-site occupation number, which is
equal to 1 if the {D;D,/} set is the configuration around the
AB/C pair and 0 otherwise. The calculation of W, is de-
rived in the following paragraphs in the statistical point and
pair approximations.

A. Point approximation

The use of the point approximation to calculate the jump
probability is not trivial because of the presence of the ex-
ponential terms. Hence, it is not sufficient to merely count
the configurations and use the property of the occupation
numbers:

ninl = Spnt, (12)

where J,, is the Kronecker symbol. We hereby adopt the
averaging process already used for the vacancy mechanism,
which consists in decoupling all occupancies, including
those in the exponential term.!3!* The resulting expression of
the average jump frequency is

1 o
Wﬁxz;/c = XApCCWhBIC- (13)

Here, c¢ is the concentration of C, x,p corresponds to the
equilibrium value calculated in the point approximation
[Egs. (12) and (13) of Ref. 1], and Wiy is a mean jump
frequency expressed as

. exp(- BEY)
WRe=Y— —— (14)
E pEc

where the E’s are the point approximation embedding factors
given by Egs. (14) and (15) in Ref. 1.

In the same manner, the rotation probability WX, is ex-
pressed as

(5)
exp(= BE
WﬁB:xAB'YR — AL (15)

EAB

Note that the saddle point contributions have been assumed
independent of the local surroundings, so that they remain
unchanged through the averaging process.

B. Pair approximation

A jump probability w, g of Eq. (7) depends on the local
surroundings of the pair AB-C. The variable N,p, defined in
Eq. (11) represents the realizations of these local surround-
ings. Thus, the calculation of a mean jump probability re-
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quires to know the probability of the N,/ realizations.

On the one hand, a lattice of NN bonds put on a bcc
lattice is a Bethe lattice since it does not contain closed cir-
cuits of NN bonds. It is then possible to deduce the probabil-
ity of one realization of N,g. as a function of pair
correlations.® Following the procedure of Kikuchi® applied to
the transport via vacancy and extended to the study of com-
position fluctuations,'” we write

7 7 7

yCDk/ yAB”C
(Nagie) =xapec] Cp, IT Cp, [N—-

k=1 prog v'=1 €CED XABCC

2 6

YBA,D YaB D, YABD

I~k 1"k =7

x |1 ) (16)
k=1 XABCD, k=3 XABCD; *ABCD,

Here, capital letters are used for the D’s because those values
are conserved during this stage of the averaging process. We
may re-express Eq. (16) with the help of the pair approxima-
tion variables ¢ determined in Ref. 1:

7

(CIABCIC)8 H
(Napic) = (Cance) exp(= BVep,, )b,
ABtC k'=1
2 6

x]T exp(- ,BVBAHDk)(IDkH exp(= BVap )4,
k=1 k=3

Xexp(- IBVABHD7)qD7 exp(- IBVABHC)- (17)

One can see that the binding energies appearing in Eq.
(17) are exactly the same as in the frequency wy g, [see Eq.
(6), though with an opposite sign]. Thus, to calculate the
mean probability W,p,c, we can simply multiply each real-
ization of (N,g) by the corresponding value of wyg and
sum this product over all possible {d,,d, } configurations,
which leads to

(9ap90)° )
Wﬁ\zz);/c= AEEE v expl— ,B(E(‘)—GAB)]

(capec)
x 2 da," " qa,9a " qay  (182)
dydy.dy--dy
which is easily transformed into
(QABCIC)8 s 14
Azlglc = (CABC6)7 YB eXP[_ IB(E( ) GAB)](g qd) .
(18b)

As in the preceding paragraph, an equivalent notation is
found for the average rotation probability in the pair approxi-
mation:

8

q 8
Whp = f’)’R exp[— B(ES) - EAB)](E 614) . (19
AB d
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C. Detailed balance

By construction, interstitial jump frequencies satisfy the
detailed balance and the statistical equilibrium function is a
steady state solution of the master equation. We demonstrate
that the detailed balance is also satisfied by the following
averaged jump frequencies:

Wapic=Wepia- (20)

In the point approximation, this result is straightforward
by examining the expression of x4z, Eq. (3) in Ref. 1: the
term EAB eliminates in the jump probability W,p, and the
detailed balance is trivially fulfilled.

In the pair approximation, we eliminate again the g, and
x4p Values by use of Eq. (28) in Ref. 1 and obtain an expres-
sion of W,p, as a function of the Lagrange multipliers:

: 14
W e = vpexpl— B+ Ng+ e+ N + E(J))](E 0]d>
d

(21a)

=Wha- (21b)

This property is extended to the case when one of the k or k'’
sites is occupied by a given E atom, the average being per-
formed on every other site. The corresponding jump prob-
ability is "VXI;/CCE in the point approximation and becomes
Wf;/CQE in the pair approximation, where Q is a weighted
local surrounding variable:

Op= £, (22)
: qi

>

which does not depend on whether the E atom is a nearest
neighbor of the dumbbell or of the target.

IV. TRANSPORT COEFFICIENTS

The transport coefficients L of an alloy relate the macro-
scopic fluxes to the thermodynamic forces applied to the
system, here the gradients of chemical potentials:

JA=—ELABVMB~ (23)
B

Within those coefficients, the correlation effects contain the
“nonrandom” character of the atom and defect paths. They
can be expressed by the correlation coefficients f by

]A=_LE\(2<JCAAVMA+ 2 ](X}B)VMB)’ (24)
B#A

where Lgli is named “uncorrelated transport coefficient.”

The SCMF theory has proven to be an efficient tool for
calculating the transport coefficient in an interacting alloy for
the vacancy mechanism,”!31%16 and it was recently extended
to noninteracting alloys® and to dilute alloys* for the dumb-
bell mechanism. We first recall the key features of the model,
then derive the results for an interacting alloy. All necessary

equations for the present calculations are to be found in Ref.
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3: as the derivation can be lengthy for the dumbbell mecha-
nism, we will only give the modifications induced by the
presence of thermodynamic interactions.

A. Self-consistent mean field theory

The model we consider is a system close to a homoge-
neous equilibrium state, submitted to a homogeneous set of
gradients of chemical potentials. The SCMF theory assumes
that a nonequilibrium state is characterized by a modified
partition function containing the given nonequilibrium
chemical gradients and a set of unknown “effective interac-
tions,” which stand for the dynamic correlations between
atomic sites.

The time evolution of the system is described by the mas-
ter equation:

dP(n,1) B

7= 2 v — n)P@.) - win — B)P(n.0)],

(25)

where P(n,7) is the nonequilibrium probability of the con-
figuration n, and w(n—T™) is the transition frequency from
configuration n to configuration n.

We use then the first assumption of the model, which
states that the system must be in steady state: under this
condition, one determines the value of the effective interac-
tions by solving kinetic equations of the type

d(n}
% -0, (26a)
d(nBenC
<"’—dl"L> = 0. (26b)

Eventually, transport coefficients are identified by recogniz-
ing the fluxes between two neighboring sites in the one-site
kinetic equation:

d(NT) i

el ; vl (27)
where ;; is equal to 1 if i and j are nearest-neighbor sites
and O otherwise. The accuracy of the model is partly con-
trolled by the truncation of the set of effective interactions,
also called “‘effective Hamiltonian.” The first shell approxi-
mation reduces the effective Hamiltonian to effective inter-
actions between both atoms of a dumbbell, for which it is
sufficient to solve Eq. (26a). In the more accurate second
shell approximation, effective interactions between a dumb-
bell and a neighboring atom are also included, and one has to
solve Eq. (26b) in addition to Eq. (26a).

B. Uncorrelated transport coefficients

As the effective interactions stand for the dynamic corre-
lation effects in the alloy, they do not affect the value of the
uncorrelated transport coefficient LXX, so that it depends on
the statistical approximation only. Actually, in a noninteract-

ing alloy, it is simply expressed as the mean probability of
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the displacement of an A atom between two given neighbor-
ing sites (see Ref. 3):

LO=32+D> Wy (28)
B,C

The factor 3 comes from the fact that three orientations of
BA, allow a jump of A toward the same given target site; the
factor (2+ 7) stands for the two RT jumps and the one T jump
which are possible from any initial configuration. Note that
the rotation frequencies do not appear in the uncorrelated
motion of the dumbbell, as it causes no atomic displacement.

Formally, the result is absolutely equivalent in an interact-
ing alloy, except that the jump probability Wy, is replaced
by Wﬁal/z/c or Wg/c as a function of the chosen statistical
approximation.

It should be noticed that the present expression of Lfgi
relates a flux between two neighboring lattice sites to the
difference of chemical gradients between both sites: it differs
from the classical definition of Eq. (23) by a constant factor
4kgT/na* (2a is the lattice parameter and n the number of
atoms by unit volume), which will be omitted in the rest of
the paper.

C. Correlation coefficients

The correlation part of the transport coefficient implies
the solving of Egs. (26), and the results strongly depend on
the kinetic approximation.

In the first shell approximation, Eq. (26a) contains only
terms of the type <nfB“nijAB,C>, so that the results obtained
for an interacting alloy are still formally equivalent to the
noninteracting case and it is sufficient to replace Wyp,c by its
new value A’;/C (i=1,2). In particular, one can maintain the
analytical expression of the correlation coefficients in the
first shell approximation:

2+ DWA g/ Wy

=1- s 29
Saa Wp+2W' (29a)
Afg _ 2+ DWapxWpax/ Wa ’ (29b)

Wyp+2W'

and the coefficients fzz and fgi) are obtained by inverting A
and B in the above expressions. To shorten these formula-
tions, we have used the following compact notations:

Wasx = 2 Wagics (30a)
c
Wa=2 Wearc, (30b)
B,C
Wyp= 2+ 1) (Wygx + Wgax) + WﬁB’ (30c)
2W =1+ 7)(Wapia + Wgasp)- (30d)

In the second shell approximation, on the contrary, terms
of the form (n’'? “njcnf Wapg/c) appear in the two-site kinetic
equations (see Ref. 3). As was shown in Sec. Il C, such
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expressions are equal to cDWS;/C in the point approximation
and to QDWf;/C in the pair approximation. Thus, the calcu-
lation of the transport coefficients in an interacting alloy in-
volves only the replacement of the quantities cW by ¢W") or
OW® within the very same kinetic equations as in Ref. 3.

As a final remark, note that the kinetic approximation
(first and second shells, based on the number of kinetic equa-
tions) and the statistical approximation (point or pair ap-
proximation) are treated independently in the SCMF formal-
ism. In contrast, in the path probability method approach,’
there is only one hierarchy of approximation, the statistical
and kinetic approximations being set at the same level.

V. MONTE CARLO SIMULATIONS

As was done for the repartition of the dumbbells, we
tested the results of our kinetic model against reference val-
ues given by the same kinetic Monte Carlo simulations. The
transport coefficients were calculated following the general-
ized Einstein relations:!®

R4sR
VkBTLAB=< 2[ B>, (313)
4 _ (RuRp)
= , 31b
5= e G

where V is the atomic volume, R, the total displacement of
all atoms of species A during the simulation time #, and M4
the number of jumps performed by all atoms of species A.
The brackets stand for an average over many observations,
where each observation consists in a trajectory of the defect.
We performed our simulations with 103 observations, such
that each one contains at least an average of five jumps by
atom of the slowest species. These conditions ensured a rela-
tive error of 2% in the transport and correlation coefficients.
The uncorrelated transport coefficients were deduced from
those values as

(32)

The energetic description of the explored alloy systems is
the same as in the preceding study, but the kinetic description
is hereby fundamental, while it had no effect on the equilib-
rium properties. For the sake of simplicity, the RT and T
mechanisms were allowed with 7=1. Alloys without interac-
tions (hereafter referred to as system I) were already treated
elsewhere? and are not studied here. In the systems exhibit-
ing only substitutional interactions (hereafter referred to as
system II), we assumed E® of Eq. (6) equal to zero. Finally,
the system with a dumbbell-target interaction only (hereafter
referred to as system III) was attributed a zero saddle point
contribution except for the AA— B jump (and the reverse
jump BA — A): this more physical description makes the sys-
tem face different jump frequencies from the same configu-
ration, which enhances the correlation effects. We chose the

() _ gl _
value E,, ,=Ep, ,=-2kgT.
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254 ®m Monte Carlo
—— point approximation

20d " pair approximation
1.54&
1.0
0.5+
0.0

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3. Uncorrelated transport coefficient Lﬂ in a concentrated
bece alloy with interactions between A and B substitutional atoms as
a function of the concentration C(B). The symbols stand for Monte
Carlo simulations, the solid lines for the point approximation, and
dashed lines for the pair approximation. From top to bottom:
BVap=1/4, BV,p=1/8 (clustering tendency), BV,z=-1/8, and
BV,p=—1/4 (ordering tendency). The temperature is equal to
1200 K, corresponding to a ratio of 7/T,.=1.3 for 8|V,z/=1/4 and
T/T,=2.6 for B|V,5/=1/8, when normalized with the critical tem-
perature 7.

VI. DISCUSSION

The main part of the discussion is devoted to the compari-
son of the present SCMF results with Monte Carlo calcula-
tions. We will try to separate the importance of both approxi-
mations of this theory to show the advantage of treating them
separately in the formalism itself. Finally, we shortly explore
some perspectives to broaden the possible application of the
present upgrade of the SCMF.

A. Comparison with the Monte Carlo simulations
1. Uncorrelated transport coefficients

We observe in Fig. 3 that point approximation is sufficient
for system II for reasonable values of the interactions. The
agreement is even better for ordering tendency, while the pair
approximation makes a visible improvement for a strong
clustering tendency.

On the contrary, the pair approximation is necessary for
system III, or one risks an error of 1 order of magnitude (see
Fig. 4). This aspect is easy to understand because the jump
probabilities Wy, are directly proportional to the probabil-
ity of pair clusters of type AB,C, which naturally depends on
the dumbbell-target interaction VAAHB. In the case of strong
dumbbell-target interactions, those pair clusters and jump
probabilities will be affected, and a good description can
only be expected in the pair approximation.

We notice that those results are in complete consistency
with the relative accuracy of the point and pair approxima-
tions regarding the equilibrium properties of the alloy.!

2. Correlation coefficients

Surprisingly, the effect of the statistical approximation on
the correlation coefficients was found marginal. On the con-
trary, the kinetic approximation appeared to play a major role
in the accuracy of the SCMF in this particular aspect.
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m A Monte Carlo
point approximation
- - - - pair approximation

0.14

0.014 , : :
00 02 04 06 08 10

FIG. 4. Uncorrelated transport coefficients LSK and Lg); in a
concentrated bec alloy with interactions between an AA dumbbell
and a B substitutional target atom (8, AHB:—Z), as a function of the
concentration C(B). The temperature is equal to 1200 K. The sym-
bols stand for Monte Carlo simulations, the solid lines for the point
approximation, and dashed lines for the pair approximation.

Figures 5 and 6 show the correlation coefficients calcu-
lated by the SCMF theory within the point approximation in
systems II and III. The importance of the kinetic approxima-
tion (first or second shell) is in agreement with a previous

---- 1st shell approximation
-<. —— 2nd shell approximation
~~_ A Monte Carlo

0.8 4
0.6
0.4
0.2
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 5. Correlation coefficients f4, and fiAB) in a concentrated
bee alloy with interactions between A and B substitutional atoms as
a function of the concentration C(B). The temperature is equal to
1200 K. The symbols stand for Monte Carlo simulations, the
dashed lines for the first shell approximation, and solid lines for the
second shell approximation, all in the statistical point approxima-
tion. Top: BV,p=—1/4 (ordering tendency); bottom: BV,p=1/4
(clustering tendency).
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0.8

0.6

0.4

---- 1st shell
2nd shell
Monte Carlo  AB

024 m

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 6. Correlation coefficients in a concentrated bee alloy with
interactions between an AA dumbbell and a B substitutional target
atom (BVAAHB=—2), as a function of the concentration C(B). The
temperature is equal to 1200 K. The symbols stand for Monte Carlo
simulations, the dashed lines for the first shell approximation, and
solid lines for the second shell approximation, all in the statistical
point approximation.

analysis of the SCMF theory:' most generally, the second
shell is to be used when the difference between return and
escape frequencies is strong, which is, in general, the case
when the same configuration can face different possible jump
frequencies. A simple criteria to identify cases where the
first shell approximation can be sufficient is not available
yet.

On the other hand, the lack of importance of the statistical
approximation may be partially understood by an analysis of
Fig. 4. A representation of the ratio between the two average
jump frequencies, L;Oz and Lg);, using both the point and pair
approximations would lead to similar curves (except in the
dilute limit). In the first shell approximation, it just happens
that the correlation coefficients are expressed as a quotient of
the same kind of average jump probabilities. Hence, one ex-
pects that the correlation coefficients are not strongly af-
fected by a change of statistical approximation. One interest-
ing conclusion is that correlation effects in a bcc
concentrated alloy can be calculated without the lengthy for-
malism of the pair approximation; however, this formalism
may be necessary to calculate the complementary uncorre-
lated transport coefficients.

3. Beyond the bcc binary alloy

Although the derivation of the calculation was performed
for simplicity in a binary alloy, the point and pair approxi-
mations are easily derivable for a multicomponent alloy, both
for the equilibrium and kinetic approaches. Within the pair
statistical approximation, however, the analytical approach
presented to calculate the cluster variation method (CVM)
variable ¢;, solution of Eq. (32) in Ref. 1, will no longer
apply.

Furthermore, it is straightforward to derive the point ap-
proximation in the fcc structure. The only notable difference
concerns the orientation of the dumbbell, (100) instead of
(110), and consequently, the number of target and nontarget
neighbors. We could then easily obtain an analytical expres-
sion of the repartition of the defects. From the kinetic point
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of view, a mean jump probability WS;/C would not present
any additional difficulty, taking advantage of the solution for
a noninteracting fcc alloy, which is available elsewhere.? Us-
ing a statistical pair approximation to treat the thermodynam-
ics of a fcc alloy is less justified because it does not account
for the possible frustrations present in NN triangles and
tetrahedra.® However, transport coefficients involve average
jump frequencies where almost all the probabilities of tri-
angle and tetrahedra are summed up over several configura-
tions associated with the same jump frequency. Hence this
specific averaging procedure diminishes the importance of
frustration and leads to satisfactory results for the vacancy
mechanism.’

4. Saddle point energy

In this paper, the contribution to the saddle point energy
was set constant except in system III, where a simple form
EX;C common to the jumps AB— C and CB— A was used.
This saddle point contribution is then independent of the
local surroundings and fully compatible with the whole for-
malism derived in this paper, though it already allows for a
very wide choice of kinetic behaviors of the alloy. In a binary
alloy without interactions between neighboring lattice sites,
this model reduces to Bocquet’s five two-frequency sets.' A
preliminary study of this type of saddle point energies in a
concentrated alloy has proven the primary importance of
each factor in the resulting transport coefficients, including
the temperature and concentration dependences. As was al-
ready done for the vacancy jump mechanism, one could fit a
saddle point energy model on ab initio and/or experimental
data.?>?! Furthermore, the saddle point energy may no longer
be independent of the local surroundings, and a broken bond
model for the energy contribution of the saddle point has
been developed in some specific systems.?>2* Such a model
for the interstitial would require a new derivation of the
SCMF kinetic equations.

VII. CONCLUSION

We presented a self-consistent mean field (SCMF) theory
to calculate the transport coefficients in interacting bee alloys
with interstitial mechanism. The resulting kinetic equations
are equivalent to the ones obtained in the limit of a nonin-
teracting alloy® except that the average jump frequencies are
replaced by new expressions based on the CVM calculation
of Ref. 1 within the point and pair approximations. A com-
parison with Monte Carlo simulations shows that uncorre-
lated transport coefficients do not require a pair approxima-
tion as long as there is no strong clustering tendency or
strong dumbbell-atom interactions. In addition to the statis-
tical approximation, the SCMF theory applied to the calcu-
lation of the correlation functions introduces another hierar-
chy of approximations that sets the number of kinetic
equations to solve. The first shell approximation in a binary
alloy reduces to one kinetic equation and leads to analytical
expressions of the transport coefficients. The effect of the
statistical approximation on the correlation functions was
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found marginal. On the contrary, in the case of a strong clus-
tering tendency and/or strong dumbbell-atom interactions,
good agreement with Monte Carlo simulations is achieved
with a second shell approximation only. This theory is con-
sistent with the previous results obtained in the limiting cases
of noninteracting® and dilute alloys.* As was done for the
vacancy mechanism, it is possible to extend the approach to
more sophisticated diffusion models including interactions at
the saddle point and to other crystallographic structures.’
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ACKNOWLEDGMENTS

The authors are grateful to A. Barbu, J.-L. Bocquet, Chu-
Chun Fu, E. Meslin, and G. Martin for stimulating discus-
sions. Support by F. Soisson and E. Clouet for the Monte
Carlo simulations was also appreciated. Part of this work has
been funded by the joint research program SMIRN between
EDF, CNRS, and CEA, and by the European PERFECT
project supported by the European Commission (FI60-CT-
2003-508840).

*maylise.nastar @cea.fr

V. Barbe and M. Nastar, preceding paper, Phys. Rev. B 76,
054205 (2007).

2J.-L. Bocquet, Philos. Mag. A 47, 547 (1983).

3V. Barbe and M. Nastar, Philos. Mag. 86, 3503 (2006).

4V. Barbe and M. Nastar, Philos. Mag. 87, 1649 (2007).

SA. R. Allnatt, A. Barbu, A. D. Franklin, and A. B. Lidiard, Acta
Metall. 31, 1307 (1983).

6R. Kikuchi, J. Phys. Chem. Solids 20, 17 (1961).

7M. Nastar and V. Barbe, Faraday Discuss. 134, 331 (2007).

8F. Ducastelle, Phase Stability in Alloys (North Holland, Amster-
dam, 1991).

R. Kikuchi, Suppl. Prog. Theor. Phys. 35, 1 (1966).

10H. Sato, Mater. Trans., JIM 32, 509 (1991).

'N. A. Stolwijk, Phys. Status Solidi B 105, 223 (1981).

127, Qin and G. E. Murch, Philos. Mag. A 67, 757 (1993).

I3M. Nastar, V. Y. Dobretsov, and G. Martin, Philos. Mag. A 80,
155 (2000).

14V, Barbe and M. Nastar, Philos. Mag. 86, 1513 (2006).

ISM. Nastar and E. Clouet, Phys. Chem. Chem. Phys. 6, 3611
(2004).

oM. Nastar, Philos. Mag. 85, 3767 (2005).

17Y. Saito and R. Kubo, J. Stat. Phys. 15, 233 (1976).

18 A. R. Allnatt, J. Phys. C 15, 5605 (1982).

197 -L. Bocquet, Res. Mech. 22, 1 (1987).

20E. Clouet, L. Laé, T. Epicier, W. Lefebvre, M. Nastar, and A.
Deschamps, Nat. Mater. 5, 482 (2006).

217Z. Mao, C. K. Sudbrack, K. E. Yoon, G. Martin, and D. N.
Seidman, Nat. Mater. 6, 210 (2007).

22M. Nastar, P. Bellon, G. Martin, and J. Ruste, in Phase Transfor-
mations and Systems Driven Far From Equilibrium, edited by
E. Ma, P. Bellon, M. Atzmon, and R. Trivedi, MRS Symposia
Proceedings No. 481 (Materials Research Society, Pittsburgh,
1998), p. 383.

23Y. Le Bouar and F. Soisson, Phys. Rev. B 65, 094103 (2002).

24F, Soisson and C.-C. Fu, Solid State Phenom. 129, 31 (2007).

054206-8



