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Abstract

We present here a generalized augmented space recursive technique which includes the effects
of diagonal and environmental disorder explicitly: an analytic, lattice translational invariant,
multiple scattering theory for the study of short range ordering in random ternary alloys. Our
generalized augmented space formalism includes atomic correlations over a finite cluster
including short range order (SRO). We propose the augmented space recursion (ASR), a
computationally fast and accurate technique which incorporates configuration fluctuations over
a large local environment. We apply the formalism to a tight-binding linear muffin-tin orbital
(LMTO) study of stainless steel Fegg_Ni,Cryo (x = 14 and 17). We have demonstrated the
effects of short range ordering by calculating the configuration averaged density of states with
and without SRO and with different kinds of cluster environment embedded in an averaged

medium.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The search for successful approaches for the study of
configuration averaging in disordered systems and ones which
go beyond the single-site mean-field approach and include
configuration fluctuations about the mean-field has led to
four different techniques all of which maintain the essential
Herglotz analytic properties and lattice translational symmetry
of the averaged Green function’. They are the augmented
space recursion (ASR) [1, 2], the itinerant coherent potential
approximation (ICPA) [3], the non-local coherent potential
approximation (NL-CPA) [4] and the special quasi-random
structures [5]. In a recent paper [6] we have reviewed all
four of these methods and have concluded that all four give

3 Herglotz analytic properties include: (i) ((G(z))) has singularities only on

the real z axis. (ii) The imaginary part of sgn[{(G(z)))] = —sgn[z] and (iii)
Re((G(z))) = 1/E asz = E — +o0.

0953-8984/09/195503+11$30.00

almost comparable results for the test case of binary Fe, Cr_y
alloys. The first two of these techniques are based on the
augmented space theorem (AST) introduced by one of us [7].
The extension of these ideas to situations where disorder is
partial or there is short ranged order (SRO), with tendencies to
segregate or locally order, have also been proposed [8]. Their
successful application to a series of binary alloy systems has
been described in great detail in a monograph [2]. However,
a larger class of alloys of metallurgical interest involve three
constituents.

This paper is an attempt to extend the ASR and its SRO
generalization to ternary alloys. The possibility of extension
to ternary alloys, indeed to other more complex probability
distributions of Hamiltonian parameters, was implicit in the
formulation of the augmented space theorem [7]. In this paper
we shall look at the ternary distribution in some detail, so that
the implications and strengths of the ASR technique become
evident.

© 2009 IOP Publishing Ltd  Printed in the UK
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We shall apply our ASR formulation in conjunction with
the tight-binding linear muffin-tin orbital (TB-LMTO) minimal
basis [10] and combine it with the recursion method of
Haydock et al [11] to study the electronic structure of the
stainless steel alloy FeesNij4Cry. Stainless steels are of
immediate interest to us, not only because of their commercial
interest, but also because extensive experimental work on them
has been carried out at our institution [12—15] and we wish
to develop a computational technique to analyze the available
experimental data.

2. The augmented space formalism for ternary alloys

Since the AST, in particular its formulation for binary alloys,
has been described in great detail in many earlier papers,
we shall introduce here only those salient points which will
be of direct relevance to our generalization to ternary alloys.
Interested readers are referred to the review [2] for further
details.

The first step is the identification of random variables
associated with the effective one electron Hamiltonian
of the Kohn-Sham equation derived within the density
functional approximation. In our case the randomness is
substitutional. There is an underlying crystalline lattice, but
the lattice sites are randomly occupied by the constituent
atoms.  Such randomness may be described by random
occupation variables. Suppose {nr} be a collection of discrete
independent random occupation variables, each associated
with a lattice point R. Any physical observable is a function
f({ng}) of these random variables.

For a substitutional ternary alloy each random variable
npg takes the values 1, 0 and —1 depending on whether the
site labeled by R is occupied by an A, B or C type of atom.
For homogeneous, uncorrelated disorder the probabilities for
taking these values are proportional to their concentrations:
x,y and z. We may decompose the joint probability
distribution of these variables as:

P({ng}) = [ | pr(na).
R

Each pr(np) is a positive definite function and has finite
moments to all orders (M,, = x + (—1)"z < 1Vn > 0).
For simple homogeneous disorder the individual probability
densities themselves are not labeled by R. In more complex
solids, where different sub-lattices may have different kinds of
randomness, the probability densities may be labeled by the
particular sub-lattice the site R belongs to.

For ternary alloys, each occupation variable can have
three possible states |1), |0) and |I). These three states span
a configuration space ¢r of rank 3 corresponding to the
configurations of the variable ng. The configuration space of
the whole set of variables is then ® = ]_[;"? Pr.

The AST now associates with each random variable ny a
self-adjoint operator Ng € ¢ such that its eigenvalues are the
values randomly taken by n and its projected spectral density
is the probability density of that variable:

Pr(ng) = xa0(ng — 1) +xg8(ng) + xcd(ng + 1)

1
= — — limIm{u| ((ng +i6)] — Ne) ™" Ivg). M

where [VF) = \/xal1) + /XB|0) + /xc|1) is a state in pg. We
shall call this the average or reference state in the configuration
space of the site R. Why ‘average’ state? To understand this
we note that |1), |0) and |i) are eigenstates of Ng, so that the
average of any function f(ng) is the matrix element of the
corresponding operator f(N) in this average state:

(fr)) = xf (1) + yfO0) +2f (=1) = (v | F(NR) V)

We define the average or reference state |vy) in product
space ® of configurations of all sites as |vy) = %lv(f).
The other two mutually orthogonal states, which together
with the average state span ¢g, represent local configuration
fluctuations at the site R about it. If we start with |v§) we may
generate these other two by a recursive procedure:

) = Nelvf) — awnIvf) = Balve )

n=0,1 p:=0.

The coefficients «, and B, are obtained from the
orthogonalization of the basis:
@ = N} [(xa — x0)(xg — 4xaxc) |

xg(xa — xc) g2 = 1
—xa — Xc + (xa — x¢)? PTON?

a; = (xp — x¢)

Bs =0

o3 =

1 2
— = (xa +x¢) — (xa — Xx¢)

N?
) xg(xa — Xc)
Py =+ (xa + x¢) — (xa — x0)?
» [(XA o) xp(xa — xc) :|
(xa 4+ xc) — (xa —x0)? |

The other members of the orthonormal basis are:

i) = Ni[Vxa(l = xa 4+ x0)[1) — /XB(xa — x0)|0)
— Vxe(l +xa — x0)|1)]
= hy|1) + hy|0) + hs3|1)
) = /xa [1+a — (xa — x0)xg NP | 1) + a/xp10) + . ...
+ Vxc[l+a+ (xa — x0)xg N7 | 1)
= gil1) + £210) + gs|1)
with
a=(xa—xc)(xgN; — 1) — N
| 2

N2 B [(xa 4+ xc) — (xa — xc)*xg N7 ] .
2

The probability density p(ng) has a continued fraction
expansion:

1 X X X
png) = —— limIm A +—B+ ¢
T §—0 z—1 z z—1
1 . 1
= ——limIm >
o0 gy — Bi )
-

where z = ng +16.
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The representation of the self-adjoint operator N in the
above basis is a tri-diagonal matrix:

(03] ,31 0
N.= (,31 o ,32) .
0 B a3

The augmented space theorem [7] states that the
configuration average of the function f({ng}) is a matrix
element of the operator f(Ng) in the configuration space ®
obtained by replacing each random variable in f({ng}) by its
corresponding operators {Ng}. The matrix element is taken
between the reference states:

(fUAnrD)) = ol FANBDvg), 3)

where
N(R)=I®I®---NR®---®I®---

The operator ]\7R in the basis described above, is given
by [9]:

N = a1 PY + 2Py + asP2 + BT + BT
. R ~ _ . . (€]
N® = o\ P} + 2Py + e3P + BT + BTy

We shall denote the average state |vy) = ]_[% |{v§}) with the
notation |{#}}). Any other configuration state is labeled by its
cardinality sequence:

HC1} = (R},

(G2} = (R, }>—]‘[|v1 o[[mhe ]

Ri} (R} RA{R;}(R;}

R
|V0>'

The configuration states [{C;}, {C»}) span the full configuration
space ® = ]_[® Pr.

Here, P}, = I ® ... P} ®
projection operators with P,{ = |jr){jr| and ’ZZR” L=

.. Tlé/ ' ®

T,‘é” = (|jr) (| 41z} (jr]) in the configuration space ®. 7!
either creates a configuration fluctuation at R in the ‘average’
state or destroys one from the state with one fluctuation, T Rlz
creates a fluctuation at R in the state with one fluctuation or
destroys a fluctuation, at R, in a state with two and 711?2 creates
two fluctuations at R in the average state or destroys two, at R,
in the state with two fluctuations.

Unlike the corresponding operator for binary randomness,
Np is notidempotenti.e. Mg = N,% # Npg. The representation
of My in the same basis is:

--(j = 0,1,2) are the
I ®
- (j # j' =0, 1, 2) are the transfer operators with

Ay By B3
Mr=| B Ay Bxp (5)
Biz By  Aj
with
Ay =of + B, Ay =05+ B7 + B3
Aj =Ol§+,3§ By = (a1 + o) B

Bz = Bip2 By = (a3 + a2) f.

The operator Mp, in the basis chosen then becomes:
My = A1752 + A275113 + A37512g + Blz'j';?] + 3135792 + 3237}12.

Any random local potential parameter Xz now can be
expressed in terms of ny as:

Xg = ing(+np)Xa+1—ng)(1+ng)Xpg+3nrng—1)Xc
(6)
where X, Xp, Xc are the values taken by Xz corresponding
to the random variable ngr having the value 1,0, —1
respectlvely Replacing ng by the corresponding operator Ng,
and n? % by Mp, Xp is replaced by an operator X in the
‘configuration’ space spanned by the ‘configuration’ states of
Ny and can be written as:

Xp =M+ Np)Xa+ (I — Mp)Xp + (Mg — Np)Xc
= X1Z + XoPy + X3P + X4Pp + X5 13!

+ XeT3> + X711 0
here
X =Xg
Xy = 3o (Xa — Xo) + (Xa — 2Xp + X0)Ay]
X5 = %[O{z(XA — Xc) + (Xa —2Xp + X0)As]
Xs = jlos(Xa — Xo) + (Xa = 2Xp + Xc)As]

X5 = %[,BI(XA — Xc)+ (Xp —2Xg 4+ Xc)B2]
X = %[(XA —2Xp + Xc)Bis]
X7 = 1[B(Xa — Xc) + (Xa — 2Xp + Xc) B2l

The projection operators essentially count the number of
configuration fluctuations locally at sites R and the transfer
operators create or annihilate configuration fluctuations, again
locally.

For solution of the Kohn—Sham equations we shall use
the representation of the effective density functional (DFT)
Hamiltonian in the TB-LMTO basis. The TB-LMTO basis
is appropriate for us since it leads to a sparse Hamiltonian
representation and we shall use the recursion method of
Haydock [11] to calculate the Green function. The equation (7)
gives us a prescription of how to set up the augmented
space operators corresponding to the random local potential
parameters E], Cgyp, A}e/ L2 and ogr. The second order
Hamiltonian has the form:

H =E"+h—hoh

) ®Pr+ Z ( ;/Z—R R/—ie/fz) ® Trr

R,R

=Y (C,-
R
 ® Pr
®)
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where the matrix operators are matrices in angular momentum
space labeled by L, which is the composite index (¢mo). Pg
and 7gr are projection and transfer operators respectively in
the Hilbert space H spanned by the ‘tight-binding’ basis {|R)}.
C RL» E’ 1, 0re and A R L2 are operators in the configuration space
of ng and have the same form as X r described above. The
Hamiltonian is a function of a whole set of random variables
{ng}, one for each site. Usually the structure matrix Sgz g1/
is not random and S‘RL,RW = ((Sgr.rr’))I. However, if the
atomic size differences between the three constituents are large
there can be significant local lattice distortions which lead to
off-diagonal disorder in the structure matrix.

In such a situation, the diagonal term of the structure
matrix can be expressed as:

ng(ng +1)
2

SRL.RL = S?L re + (1 — ”R)SEE RL
ng(ng — I)SCC

T 5 °RLRL ©
and the off-diagonal term as:

ngnp(ng + D(np +1) aa
71 SRL.R'L'

SrL. L =

+ (1 =np)(1 — nR’)SRL RL

ngng(ng — (g —1) ¢
n SRL.R'L

N [nk(nﬁ (1 —n%)

2
ng (1 _n%e)(nR’ l)i|SAB
2 RL.R'L'
[(ng + D(ng — 1)

+ (g — D(ng + V]SSR pp -
(1 —n)(ng — 1)
o [ .

(ng — (1 —n3 )
+ 3 R ng |Shs woi-

nRNg

ngr

(10)

Replacing ng by the corresponding operator Ng and n%{
by Mg, we get for the lattice space diagonal term:

gRL.,RL = SI%E,RLI+ SI(QII),,RLMR + SRL RL ~R~

1D

These operators either count or create/annihilate configu-
ration fluctuations locally at sites R. For the off-diagonal terms
we get:

Skepr = SI%E,R’L’i+ SSL),R’L’(MR + Mg)
+ Sy i (Ng + Ng)+ -+
S?Z RL’MR ® Mp + SRL RL/(MR ® Ng

+NR®MR’)+SRL,RrLrNR®NR’ (12)

where
Sﬁelﬁ,mr = Q(SRL rrt Sgg RL S%L rL)
SEQZL),R’L’ = Q(SRL R'L S1Ceg R'L
51(;2 RL = 2(S2L rrt SRL RL — S%E RL)
55342 RL = 2(SRL RL SRL rL) 13)
SSL) RL = 4(SRL R'L +4SRL rrt SRL RL
- 4S£ERL +2SRL RL 4S2L rL)
51(3 RL = 4(522 RL — SgL R'L 2S£L rr t 2SRL rL)

S(7) _

RLRL’_4(SRLRL+SRLRL 2S?LRL)

It is easy to check that all the factors above vanish
when the structure matrices are independent of site occupation
(i.e. not random). The operators in the first two lines of
equation (12) either count or create/annihilate configuration
fluctuations at either of the two sites R and R’. The last
four operators in the third and fourth lines of equation (12)
either count or create/annihilate configuration fluctuations
simultaneously at both the sites R and R’. These operators are
essentially non-local and cannot be dealt with in a local (single-
site) mean-field approximation. The augmented Hamiltonian
H is an operator in the augmented space ¥ = 'H ® ®.

The augmented space theorem [7] tells us:

(2N fTH{Nr, MrDHI{2}).

(fTH({nrD]) = (14)

We may now combine the above with the recursion
method of Haydock et al [11] and obtain the configuration
averaged Green function as a continued fraction using the same
technique as for binary alloys [6].

((Grr.re(2))) = (RL @ {#}|(zI — H)"'|RL ® {#})
= . (15)

cz—an—T(2)

The terminator 7(z) is estimated from the initial
coefficients {a,,b,},1 < n < N — 1 using the ideas of
Beer and Pettifor [16]. The density of states per atom is then
obtained from

[ .
((n(E))) = lim [‘W > Im(Gre ke (E + 15)))]
RL

§—0

1
= lim |:—; XL:Im((GRL,RL(E +i5)))j| .

The second line follows only if the disorder is
homogeneous and the averaged Green function is lattice
translation invariant or independent of the R index.

The local charge densities in atomic spheres around
specific atom types p* (), p®(#) and pC(¥) are obtained from
the energy moments of atom-projected densities of states
n®(E), nB(E) and n®(E). These are obtained as described
above, except for the Hamiltonians similar to (7) but with



J. Phys.: Condens. Matter 21 (2009) 195503

A Alam and A Mookerjee

potential parameters Cpy and A}Q/ZL being the same as before
unless R" = R when they are C2,,CB, or C$, and A",
A}Q/ ZB or Az/ ch. These local charge densities are inputs into the
density functional self-consistency loop, which then produces
the self-consistent potential parameters, starting from the pure
atomic potential parameters to those of the atom immersed
in the disordered alloy. The Madelung energy is obtained

according to the prescription given by Ruban and Skriver [17].

2.1. Augmented space formalism with SRO

Let us now turn to a problem in which the variables {ng}
are correlated. Mookerjee and Prasad [8] have proposed a
formulation based on the augmented space technique which
takes into account correlated disorder in binary alloys. We
shall now propose a generalization to ternary alloys. If we
choose any site Ry and suppose that ng, is correlated with the
neighboring {ng } k = 1,2,..., p, then the joint probability
distribution of all the variables can be expanded as

P(I’lRO,I’lRl, ...,I’lRp,I’lRPH, )

e ) [ [ o)

P
= p(ng) [ [ png. gy,
k=1 k>p

Note that if the SRO is itself homogeneous, it is immaterial
which site we choose as Ry. Lattice translational symmetry is
still valid in the full augmented space ¥ = H ® P, where
‘H is the Hilbert space spanned by the basis |R). This is
schematically shown in figure 1.

The representation of the operator associated with the
random variable np, corresponding to the probability density
p(ng,) is given by equation (4).

Let us now come to the variables ng, k = 1,2,...,p
which are correlated to ng, but not to one another. We
now have to deal with the conditional probability densities
depending on the value taken by the variable ng,. For each
such value taken by ng,, we associate the corresponding
conditional probability density p(ng, |ng, = j), where j =
0, 1 or 2. Since the conditional probability densities are also
positive definite and assumed to have finite moments to all
orders, we may associate with them operators N,({k ) such that

pnglng, = j)

1 N1
= — — limIm(y"| ((an +15)1—N,§fk>) vy,

The operator IV( R,) We wish to associate with the variable
ng, should be that M,({k ’ which corresponds to the particular
configuration j which np, takes. A natural generalization then
takes the form

Ne,=Y PPN/ @I®I®: (16)
J

where P1(e£ ) are the projection operators which project onto the
eigenstates | j) of Mg, .

The operators associated with all further sites R, are
the same as equation (4), as they are uncorrelated with R,. The

Figure 1. The translational symmetry for homogeneous SRO. The
plaquettes shown have correlated site occupation.

basic augmented space theorem still holds good rigorously, but
N r,» instead of being of the form given by equation (4), now
has the form given by equation (16). For electronic structure
calculations in a disordered system, f is chosen to be the
matrix element of the Green function (zI — H)™', where H
describes the random Hamiltonian of the system and np are
the site occupation variables.

The construction of different operators in augmented
space associated with the site occupation variables for
correlated disorder in binary alloys has already been discussed
in detail by Mookerjee and Prasad [8]. Here and in the
following we shall derive a similar theory of correlated disorder
for random ternary alloys which is not a trivial generalization
of the previous theory.

For a ternary alloy the SRO is described by three distinct
Warren-Cowley parameters B, o€ and oA which describe
pair correlations between occupations of the three distinct pairs
of components. If P** is the probability of the central site Ry
being occupied by a X type atom and the site R being occupied
by a A type atom, then by definition:

PAB — XB(I _ (XAB) PAC — XC(I _ aAC)

PAA —1— (PAB + PAC) — (-XA +XB(XAB +XC(XAC)

where x5 + xg + xc = 1.

The conditional probability densities p(ng |ng, = J)
(j = 1,0, —1) associated with the sites belonging to the first
nearest neighbor shell can be expressed in terms of the Warren—
Cowley SRO parameters as

plngng, = j) = X{8(ng, — 1) + Xy 8(ng,)
+ XP8(ng, + 1)

where

a7

XX) = xa + (xgoap + Xcaac) X](gl) = xg(l — aap)

X9 = xc(1 — aac) X = xo(1 — aap)
X = xp + (xa@ap + xcanc) X = xc(1 — ape)
X = xa(1 — aac) X = xp(1 — ape)

1
X(C) = xc + (xaxac + XBaBC).
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When there is no SRO ie. app = opc = aac =
0, the conditional probabilities of the second variable ng,
become identical to the unrestricted probability density of the
variable ng,. Since we have chosen to include conditional
probabilities which incorporate pairwise correlations alone,
these are the only correlation coefficients in the model. Three
site correlations would have required further such parameters:
Q(A,BC), Q(B,AC), %(C,aB) and a(apc). These we have ignored in
our present model.

The representation of the conditional operators are
(compare with equation (4)):

Ny = a’ Py +a" Py +a Pr +b T +6 T2 (18)

where
) () ()y.
a’ =X} = x";

2 . . . .

)y () 0 ()G
A9 — 4 Xp pi? _ x) _ Xp 4 Ay
W% _ ) 2 B p?
T4 |
OB _ D
03 = —az — (11 .

In equation (16) we also require representations of
the projection operators P1(eﬁ ). The representation of these

operators in the basis of eigenfunctions of N R, are very simple:

1 0 0 00 0 0 0 O
(0 0 0) (l 0 0) (0 0 0).
0 0 O 00 O 1 00

However, all our representations so far have been in the
basis in which Mg, was tri-diagonal. This basis |v§°), |v]R°)
and |v2R ) may be generated by a recursion, as described before.
We refer back to the generation of the orthogonal basis in ¢r
and obtain the orthogonal transformation matrix between the
eigenstates of Mp, and the basis in which that operator is tri-
diagonal:

[vo) 1) VEA JxB /xC
<|V1))=U(|Q)> U=<h1 hy  hs )
[v2) 1) g1 & &3

Thus any operator Q whose representation in the basis of
eigenfunctions is known can be transformed to the other basis
viaa Q'=U"-Q-U

The representations of the projection operators in this new
basis are then:

1 XA NJXAXB  /XaXC
PI(QQ) = A/ XAXB XB A/ XBXC
N XAXC A/ XBXC XC

h hihy hihs
Py = (h hy h3  hoh )
Ro 112 5 2n3

hihs  hahy  h3

and 5
(T) 81 81§2 8183
PRO =1 818 8> 8283 | -

8183 8283 832

Explicit expressions for the operators N(Rk) are given in
the appendix. Unlike the operators for the case without SRO,
which creates or annihilates a configuration fluctuation only
at the site Ry, now the generalized operator not only creates
or annihilates a configuration fluctuation at the site Ry, but
also one at the correlated site Ry. In addition it also creates
or annihilates two configuration fluctuations simultaneously at
the sites Ry and Ry. In this sense, SRO introduces off-diagonal
disorder, which single-site mean-field approaches cannot take
care of without further approximations.

3. Results and discussion

The first application of the formalism developed in section 2
will be to the stainless steel alloy FegsNij4Cryo. The upper
panels of figure 2 show the atom-projected density of states of
stainless steel (left) and the total density of states (right), which
is their concentration weighted sum. The alloy is in a face-
centered cubic structure and the lattice constant is taken to be
that at which the total energy is a minimum. The lower panel
shows the density of states of pure Fe, Ni and Cr in the same
face-centered cubic lattice as the alloy and with the same lattice
constant (left) and their concentration weighted sum (right).
The lower panels are shown in order to compare these densities
of states with those for the fully disordered alloy, in order to
analyze the results. We note the following features:

(1) The energy spectra of Fe and Ni have considerable
overlap, while both have much smaller overlap with the
spectrum of Cr. FeCr and NiCr form ‘split band’ alloys,
while FeNi structures overlap and hybridize considerably.
The ternary alloy should show all these features.

(i) The main structure in the density of states of the alloy has
its origin in those of the individual constituents Fe, Ni and
Cr.

(ii1) It is known that alloying non-iso-electronic constituents
lead to charge transfer between them. One of the
consequences of charge transfer is the shifting of band
centers. Comparison between the left and right panels
shows that the Cr spectrum is pushed to higher energies,
while those of Fe and Ni are pushed lower.

(iv) One of the main effects of disorder induced scattering
of Bloch-like electron states in ordered systems is the
smoothing out of the sharp structures in the density of
states. This ‘smoothing’ is the result of the imaginary
part of the self-energy which arises because of scattering
by configuration fluctuations. Such smooth structures are
evident in our results. The real part of the self-energy
leads to the shifting of the energy spectrum, described in
section 2. However, the self-energy is sufficiently small
so that the main structures of the partial (atom-projected)
density of states are preserved.

The effect of composition variation of the alloy on
the densities of states is shown in figure 3. Here we
show the partial (atom-projected) and total densities of states
for two other alloy compositions: Feg 9sNig0sCrog99 and
Fep.99Nip0sCrps. In the case (shown in the top panel of
figure 3) where Fe and Ni are almost dilute impurities in
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Figure 2. Top panel: the atom-projected or partial (left) and total (right) densities of states of the FeqsNi;4Cry alloy. The color scheme is as
follows: the red curve stands for Fe-projected, blue curve for Ni-projected, green curve for Cr-projected and the black curve for total density
of states of the alloy. The vertical dashed line marks the position of the Fermi level (Eg). Bottom panel: the densities of states of pure Ni, Fe
and Cr superposed on one another (left) and their concentration weighted average (right).

Cr, their densities of states are narrower than stainless steel
composition. This is characteristic of impurity like bands in a
nearly split band situation. When Fe is the main constituent
and Ni and Cr are in dilution, the hybridization between the
bands arising out of the constituents is much stronger and the
partial density of states is much smoother than in the previous
example.

The next application is to study the effect of short ranged
order on the electronic structure of stainless steel. We shall
use our pairwise correlated model. The accompanying table 1
explains the consequences of specific triads of values of the
three Warren—Cowley parameters.

We have chosen a few specific examples, where the
physical interpretation is simple. For example, the first choice
is aap = 1,aac = 1 and agc = 0. Here, in the alloy A
atoms do not like to sit next to either B or C atoms. The
alloying between B and C is, on the other hand, random
without any tendency either to segregate or order. In this
alloy, then, the A component tends to segregate out of the
perfectly random BC alloy component. In the leftmost frame
of the top row of figure 4 we show the density of states
for this example. Next to it, for comparison, we show the

Table 1. Specific cases of Warren—Cowley parameters and their
interpretation.

oap  aac  opc  lype of correlation Example

1 1 0 BC alloyed, A segregated  NiCr—Fe

1 0 1 AC alloyed, B segregated  FeCr—Ni

0 1 1 AB alloyed, C segregated  FeCr—Cr

1 0 0 AC, BC alloyed but FeCr-NiCr
pairwise segregated

0 1 0 AB, BC alloyed but FeNi-NiCr
pairwise segregated

0 0 1 AB, AC alloyed but FeNi-FeCr
pairwise segregated

1 1 1 A, B, C all segregated Fe-Ni—Cr

density of states of pure Fe (in a face-centered cubic lattice
with the same lattice constant as the ternary alloy) and that
of ordered NiCr, again in a face-centered cubic lattice with
the same lattice constant as the ternary alloy. This ordered
alloy is equi-atomic and hence in an L10 configuration. The
comparison clearly indicates the origin of the two peaked
structures in the configuration averaged density of states. The
higher peak around —0.2 Ryd arises out of contributions both
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from segregated Fe and the Ni partial density of states of the
NiCr alloy, while the peak around 0.2 Ryd comes from the Cr
partial density of the NiCr alloy. We see both the structure
shifting due to charge transfer on alloying and broadening due
to scattering by configuration fluctuations. The next frame on
the top row shows the situation where B (Ni) segregates from
a random AC (FeCr) binary component. The structure is now
rather different, with a two peaked structure with equal weights
arising out of the FeCr alloy and a lower energy structure
around —0.4 Ryd arising out of the segregated Ni component.
This Ni structure showed up as a shoulder around —0.4 Ryd in
the first example as well, however here it is more prominent.
This is because the structure of a segregated Ni atom sitting
in an FeCr environment is much more pronounced than the
equivalent structure in an NiCr alloy.

At a first glance most of the densities of states shown in
figure 4 appear to be of two specific types. Their differences in
structure are not immediately visually apparent. A more subtle
analysis of these differences is through the energy moment
functions of the densities of states:

E
M, (E) = / dE'E"n(E").

The second moment (n = 2) tells us how spread out the
density of states is about its mean value. The fourth moment
(n = 4) tells us about the kurtosis of the energy distribution.
These characteristics are standard in the analysis of the shapes
of distribution functions and help to carefully distinguish
between almost similar shapes. It will be interesting to note
that the analysis of the ‘convergence’ of the recursion method
which is linked to the convergence of the shape of the density
of states is also related to the convergence of these moment

functions (Haydock [18]). These energy moment functions are
shown in figure 5.

‘We note that the second moment functions are arranged as
follows M,(110) < M,(101) < M,(011). This reflects the
fact that for example, the lowest moment is for Fe segregated
from an NiCr random alloy. The main spread comes from
the NiCr structure. Segregated Fe has states which hybridize
with that of the Ni partial density in NiCr, producing simply
a shoulder in the structure. The next higher moment occurs
for Ni segregated from a random FeCr alloy. The segregated
Ni states are rather more separated from the two peaked
FeCr structure, producing a much more pronounced ‘impurity’
structure at around —0.4 Ryd. This three peaked structure has a
larger energy spread. Finally the highest moment in this series
is for Cr segregated in a FeNi alloy. Fe and Ni bands overlap
considerably, whereas Cr bands are split from the FeNi ones.
Segregated Cr states then form sharp ‘impurity’ structures
which make the spread for this example the highest. Second
moments for the other examples can be discussed similarly.
Here M,(100) < M,(010) < M,(001).

The fourth moment measures kurtosis or the sharper than
Gaussian ‘localization’ of the distribution shape. For the first
three examples M4(110) < M4(101) < M4(011). The
kurtosis for any ‘impurity’ like split band is usually much
larger than a wide hybridized band. This is reflected in the
above inequality.

4. Conclusion

In this paper we have proposed a methodology to study
the electronic structure of random ternary alloys. This is a
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Figure 4. Densities of states for various values of the Warren—Cowley parameters for the ternary alloy. The averaged densities of states are
compared with the densities of states of the pure constituents and the corresponding ordered binary alloys. The label (1-1-0) refers to

apg = 1, ac = 1 and apc = 0. Top panel, second and fourth graphs: dashed curves refer to NiCr and full curves to Fe or Ni, respectively.
Second panel, second and fourth graphs: dashed curves refer to FeNi and NiCr and full curves to Cr and NiCr, respectively. Third panel,
second and fourth graphs: dashed curves refer to NiCr and FeCr and full curves to FeNi in both graphs. Bottom panel, second graph: full
curve refers to Ni, dashed to Fe and dashed—dotted to Cr.

generalization of the density functional self-consistent tight- indicated, in detail, how to incorporate short range order in
binding linear muffin-tin orbital augmented space recursion the ternary alloys through binary correlations between the
(TB-LMTO-ASR) for random binary alloys. We have also constituents. The implementation of the methodology, which
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Figure 5. Second and fourth energy moments of the density of states for the examples shown in figure 4.

takes into account the effect of configuration fluctuations
beyond those for the coherent potential approximation and
based on the ASR maintains the necessary symmetry
properties and analyticities of the configuration averaged
Green functions, is certainly feasible. We have applied our
method to the stainless steel alloy and two other compositions
in the Fe-Ni—Cr ternary series. In this paper we have not
analyzed magnetism in stainless steel. This analysis, which
may involve the study of non-collinear magnetism and spin-
glass like phases, we shall keep for a later communication.
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Appendix
An explicit expression for the operator N. R, can be given here:
Ng, = [p,gy Ny + PO NY + PP ® N,gy] QIR
= [Vl I+ %) 751130 + ‘/3751230 + V475?3k + V575,23k + V()Ij;lgol
+ VTl 4+ VTt + VoI + VieTp!
+ VPR, ® Py + VP, ® Pr + -+ + ViaPg, ® Py
+ Vl47512e0 ® 75ka + V1575?gU ® ’Zﬁ?: + V16751%0 ® Ij}@lkz + -
+ V]775]230 ® ’j']?k] + V]g?slzgo ® i—R]kz + V]gj']g)] ® 75]03k

+ VaoZg! @ Pp 4+ + VaTp, @ P, + VarIp” ® Py,
+ V237~—1?02 ® 75;0;k + V247~—1?02 ® 75,23k +-
+ stﬁ?(]l ® j}g‘il + V267~}2J1 ® ’]N}glkz + Vz77~]q102 ® f,?kl
+ VT2 @ Tp> + -+ + Voo TP @ Tj)!
+ VT2 @ T2, (19)
The different coefficients V;;i = 1, 30 are given in terms

of x, Xp. xc, 1, ha, h3, g1, g2, 83,0y, @i, af, by and by

as
1 2 3
Vi = xpay” + hiai” + giap”
1 2 3
Vo = xla,( ) +hx]af ) +gxlaf )

1 2 3
Vs = xay” +hya” + gy’

V4 = xgd + h% dx; + g% dx,

Vs = xpda + h3 dy; + g3 dy»
Ve = \/Mai” + hlhzafz) + glgzaf)
Vi = \/)?xcafl) + h2h3a§2) + 82830?)

Vg = ,/xCanfl) + h3h1a](2) + g3g16l§3)

Vo = xabl!) + Wb + g2

10
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Vio = biél) + h%bf) + g%bf) here,

(1) (1)
X] = XA — X Xo=Xc— X di=a,’ —a
Vit = xidy + hy, dx; + gy, dx2 P=2A—8 rTAeT B ! ! 2

_ WM 0 .
V]2 ZX]dQ +hx1 dy1 +gx1 dyz dz —613 a2 hxl /’l] h2 h),l /’l3 h2

d = q@ _ @ do = q@ _ @ Y
Viz = xody + hy, dx1 + gy, dx2 g 1 2 n=% 2 8x = 81— &
3 _ 03 3 3
8y =8 — & dy,=a; —a dy, =ay’ —ay” .
Vis = xady + hy, dy1 + gy, dy2 . R T o
Vis = x1b}” + hay b1 + g1, b
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