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Ordering and segregation inXPt (XÄV, Cu, and Au… random alloys
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We examine the phase stability and the ordering tendencies of some Pt-based fcc random alloys using the
generalized perturbation method~GPM! implemented in the linear muffin-tin orbitals~LMTO! basis. The
reference medium for the GPM is chosen as the completely disordered state of the alloy and its electronic
structure is described in the coherent potential approximation~CPA!. Ordering tendencies and phase stability
are examined via effective pair interactions and their lattice Fourier transforms. Relativistic effects on the
ground state cohesive properties and the ordering tendencies are determined by carrying out nonrelativistic and
fully relativistic ~in some cases also scalar-relativistic! LMTO-CPA calculations. In all cases considered,
namelyXPt with X5V, Cu, and Au, the correct ordering tendency is obtained. The ordering tendency is found
to be somewhat overestimated in the GPM. Relativistic effects are found to be most prominent in AuPt, where
the nonrelativistic LMTO-CPA-GPM description shows a tendency towardsL11 ordering and the correct
result, i.e., phase segregation, is obtained only in the fully relativistic description. The sensitivity of the
ordering tendency to factors such as lattice relaxation and volume per atom is examined briefly. Finally, the
effect on the phase stability of adding a third component, such as V or Au to CuPt alloy, is studied by extending
the formalism to the case of a ternary alloy.

DOI: 10.1103/PhysRevB.64.134111 PACS number~s!: 71.20.Lp, 64.60.Cn, 71.15.Nc, 71.15.Rf
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I. INTRODUCTION

Phase stability of alloys is an important problem from t
viewpoint of both theory and practical applications. Num
ous methods, with varying degrees of sophistication, h
been used to study this problem. Recent studies have
volved statistical mechanical models based on reliable ca
lations of the electronic structure of the alloy.1,2 Most elec-
tronic structure calculations for alloys are eith
nonrelativistic or scalar relativistic. In this work we consid
three platinum-based fcc alloys, VPt, CuPt, and AuPt, a
carry out nonrelativistic, scalar-relativistic, and fully relati
istic calculations of their electronic structure and the ord
ing tendency. The method we have chosen to study the
dering tendency is the generalized perturbation met
~GPM!.1,3 The reference medium for the GPM is chosen
be the completely disordered state of the alloy. We desc
the electronic structure of this~high temperature! disordered
state using the coherent potential approximation~CPA! and
the linear muffin-tin orbitals~LMTO! basis.4 The aim of the
present work is twofold:~i! to examine the effectiveness o
the LMTO-CPA-GPM ~Refs. 5–7! method to describe the
ordering tendency of a group of Pt-based alloys, show
remarkably different ordering tendencies, and~ii ! to study
the importance of relativistic effects on the ordering te
dency. In addition, we examine the effect of adding Au or
in small concentrations, on the phase stability of the C
alloys.

Several authors have studied ordering behavior of e
atomic Pt-based fcc alloys. Alloys of early 3d transition
metal~TM! series like Ti50Pt50 and V50Pt50 showL10 order-
ing. Wolvertonet al. 8 used a cluster expansion technique
determine effective cluster interactions based on direct c
0163-1829/2001/64~13!/134111~10!/$20.00 64 1341
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figurational averaging and the tight-binding lineariz
muffin-tin orbital ~TB-LMTO! method.4 The results show
strongL10 ordering tendencies, as observed experimenta
Ordering in these alloys can be understood in terms of ba
filling arguments,9,10 which suggest that transition meta
~TM! alloys should order if the Fermi energyEF falls near
half filling of their d-band and phase separate ifEF lies near
either band edge. Experimentally, alloys within a given T
series are found to obey this trend, although to a lesser ex
as we go from 3d to the 5d series. For isoelectronic TM
alloys there are several exceptions to this rule.9 A notable
example is the Ni-Pt alloy, which showsL10 ordering in
equiatomic composition. This system has been studied
several groups11–17 and in most cases the correct orderi
tendency has been obtained, albeit using different metho

While Ni orders inL10 structure with Pt, its immediate
neighbor Cu orders inL11 structure. Clarket al.18 calculated
the Warren-Cowley short-range order parameter for Cu
which indicated an instability to concentration fluctuatio

with a wave vector of (12 , 1
2 , 1

2 ), consistent withL11 ordering.
They argued that this ordering vector originates from
large joint density of states associated withL point andX
point van Hove singularities which lie near the Fermi ener
While Cu-Au and Cu-Pt both form ordered alloys, Au-
shows phase segregation.17,19 Nonrelativistic calculations for
this alloy show a tendency towards ordering, in contradict
to the observed behavior. According to Luet al,17 charge
transfer from the higher Aus-p band into the Ptd band
stabilizes the ordered structure in the nonrelativistic desc
tion. Relativistic corrections shift the Aus band to deeper
binding energies, reducing hybridization between Aus and
Pt d bands. There is thus less charge transfer between Au
©2001 The American Physical Society11-1
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Pt. They concluded that when both the elements are he
relativity promotes phase separation through increased
ume deformation energy and diminished charge tran
energy.

In the light of the varied ordering tendencies, rangi
from ordering in two different structures (L10 and L11) to
phase segregation, it is of interest to test the effectivenes
LMTO-CPA-GPM for these Pt-based alloys and to exam
the importance of relativistic effects in the phase stabi
and ordering. In the GPM the difference in the grand pot
tials ~at absolute zero temperature! for the ordered and the
completely disordered~random! alloy is cast into an effective
Ising model. The parameters of this Ising model, the eff
tive pair interactions~EPI!, are a function of band filling and
also depend on various other factors, such as volume
atom, and local lattice distortions~relaxations! due to size-
mismatch of the constituent atoms. Whenever appropr
and relevant, we examine the effects of these factors on
EPI’s and their lattice Fourier transforms. Several drawba
of this approach should be kept in mind while analyzing
extent of the success or failure of the method. First of all,
use of the single site CPA in describing the disordered s
of the alloy completely ignores any chemical short-range
der present in the real disordered alloy, which has a sign
cant effect on the relative stability of the ordered and dis
dered states. Secondly, GPM in its present version does
include the lattice vibration energy. Thus the calculated
dering tendency refers to the instability of the disorde
state of the alloy against zero-temperature ordered struc
In addition, any lattice strain energy is also neglected.
nally, the total energy in the grand potential is approxima
by the band energy alone. The errors due to the dou
counting of certain energy terms entering the calculations
assumed to be small by appealing to the so-called ‘‘lo
force theorem’’ of Andersen.20–22

II. METHODOLOGY

A. LMTO-CPA-GPM

Nonrelativistic~or scalar-relativistic! ~Refs. 5–7! versions
of the GPM based on the LMTO-CPA approach have b
described in recent publications. A fully relativistic versio
of LMTO-CPA method is also available.23 The central idea is
the expansion of the thermodynamic potential of the rand
alloy in a given configuration about a reference medium. T
latter is chosen as the completely disordered state of the
loy with its scattering property being described by the coh
ent potential. The temperature of the system is chosen a
absolute zero, i.e., the entropy effects are neglected. The
pansion in occupation indices generates terms depende
‘‘pair,’’ ‘‘triplet,’’ and higher-order ‘‘multiplets’’ of atoms.
Truncated at the ‘‘pair’’ term, the grand potential is identifie
as a generalized Ising Hamiltonian:

HI5e01(
R

(
Q

DR
QhR

Q1
1

2 (
R,R8

(
Q,Q8

VRR8
QQ8hR

QhR8
Q81•••,

~1!
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where Q’s are the atom speciesA and B, e0 is the
configuration-independent part of the alloy internal ener

andDR
Q andVRR8

QQ8 are the on-site and pair-interaction term
respectively.hR

Q’s are the occupation indices denoting th
probability that the siteR is occupied with an atom of type
Q. The pair term is important in the present case and it
be evaluated as

VRR8
QQ852

1

p
limd→01E

2`

EF
Im

3Tr@ tR
Q~z!^gR,R8~z!&tR8

Q8^gR8R~z!&#dE, ~2!

wherez5E1 id, andEF is the Fermi energy.t is the single-
site scattering matrix, determined by the potential funct
PR

Q(z) for atom typeQ at siteR, the coherent potential func
tion PR(z) and the averaged auxiliary Green function^g(z)&.
The averaged auxiliary Green function^g(z)& is completely
determined by the coherent potential function and the str
ture of the underlying lattice.

B. Phase stability in binary and ternary alloys

Binary alloy. Using the lattice gas transformation, th
Ising Hamiltonian can be rewritten in terms of the effecti
pair interactions ~EPI! VRR8(VRR85VRR8

AA
1VRR8

BB
2VRR8

AB

2VRR8
BA ). The ordering tendency of the alloy can be studi

by considering the relative strengths of the EPI’s for vario
shells of neighbors, and also by considering their Blo
transformV(k). The occurrence of a deep minimum~with a
negative value! in V(k) at a symmetry point of the Brillouin
zone of the disordered lattice indicates the instability of
disordered alloy against the ordered structure character
by the corresponding wave vector.24 A minimum in V(k) at
zero wave vector indicates phase separation. The mean-
spinodal temperatureT0 can be evaluated24 as

T052
c~12c!

kB
minV~k!, ~3!

wherec is the concentration andkB is the Boltzmann con-
stant.

Ternary alloy. A mean-field approach to the phase stab
ity of a ternary alloy was described briefly in one of o
earlier publications25 ~in the context of the disordered loca
moment model of the binary Fe-Al alloy!. For the benefit of
the readers some details of the method are presented b
Interested readers may also consult the concentration w
approach for multicomponent alloys discussed by Althoffet
al.26 and Johnsonet al.27 The free energy of the alloy, assum
ing a pair-summable form for the total energy, can be writ
as

F5
1

2 (
RR8

(
QQ8

VRR8
QQ8hR

QhR8
Q81Q(

R,Q
hR

Qln~hQR!, ~4!

whereVRR8
QQ8 is the interaction energy of atoms of typesQ and

Q8 located at sitesR andR8, respectively.hR
Q’s are occupa-

tion indices as described before.Q is the same askBT, where
1-2
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T is the alloy temperature. In the completely disordered s
of the alloy hR

Q5cQ, the concentration of atom typeQ, in-
dependent of the site indexR. A general state of the alloy ca
be viewed as a deviation from this completely disorde
state, withhR

Q5cQ1dhR
Q . Retaining terms to second orde

in dhR
Q ,

F5F01
1

2 (
R,R8

(
Q,Q8

FVRR8
QQ81

Q

cQ
dRR8dQQ8GdhR

QdhR8
Q8 .

~5!

Terms linear indhR
Q vanish because of the following con

straints: ~a! (RdhR
Q50 for all Q and ~b! (R8Q8VRR8

QQ8cQ8

5const for allR andQ. Taking the Bloch transform ofVRR8
QQ8

anddhR
Q ,

F5F01
1

2 (
k

(
Q,Q8

FVQQ8~k!1
Q

cQ
dQQ8G

3@dhQ~k!#* dhQ8~k!, ~6!

with (QdhQ(k)50 for all k. The free energy of the alloy
with respect to the completely disordered state,DF5F
2F0, is a quadratic form indhQ(k). For highQ it is posi-
tive definite. With decreasing temperatureQ, it can cease to
be positive definite. This condition leads to the required
genvalue problem for the critical temperature.

We define a concentration matrix in terms of the conc
trations ofA, B, andC types of atoms as

c5S cA 0 0

0 cB 0

0 0 cC

D .

Concentration fluctuations can be expressed in a ma
form as

S dhA

dhB

dhC
D 5dh~k!Y~k!5dh~k!S yA~k!

yB~k!

yC~k!
D ,

while the pair interactions form a 333 matrix

V5S VAA~k! VAB~k! VAC~k!

VBA~k! VBB~k! VBC~k!

VCA~k! VCB~k! VCC~k!
D .

In terms of these matrices

DF5
1

2 (
k

(BZ)

Y†~k!@V~k!1Qc21#Y~k!udh~k!u2. ~7!

BZ denotes the first Brillouin zone of the disordered l
tice. One has to find the largest value ofQ for which l(k)
50 for somek by solving the eigenvalue problem
13411
te

d

i-

-
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-

@V~k!1Qc21#Y~k!5l~k!Y~k!, (
Q

yQ~k!50. ~8!

These can be rewritten as

ṼX52QX, (
Q

AcQxQ50, ~9!

whereṼ5c1/2Vc1/2 andX5c21/2Y.
The above 333 eigenvalue problem along with the su

sidiary condition(QAcQxQ50, can be converted into a 2
32 eigenvalue problem without any subsidiary condition
introducing an orthonormal basis of vectors

e05S AcA

AcB

AcC

D , e15S A cB

cA1cB

2A cA

cA1cB

0

D ,

e25S A cAcC

cA1cB

A cBcC

cA1cB

2AcA1cB

D ,

with ei
Tej5d i j ( i , j 50,1,2) ande0

TX50 whereT is the trans-
pose. In this basis,

ṼS z

j
D 52QS z

j
D , ~10!

whereṼ5ei
TṼej ( i , j 51,2),X5je11ze2. The largest eigen-

valueQ of the above equation yields the spinodal tempe
ture T0. The wave vectork0 corresponding to this larges
eigenvalue determines the nature of the transition. Ifk0 is a
symmetry point of the BZ of the disordered lattice, then t
disordered state is unstable against the ordered state g
ated by the concentration wave of wave vectork0. If k050,
then the disordered state is unstable against the segreg
phase.

III. RESULTS AND DISCUSSION

A. Binary alloys

We have determined the equilibrium lattice parameters
the random alloys using the fully relativistic and nonrelat
istic LMTO-CPA methods in the atomic sphere approxim
tion ~ASA!.4 Phase stabilities of these alloys were studied
these equilibrium~minimum energy! lattice constants. The
exchange correlation functional used in most of our calcu
tions is that due to Ceperley and Alder28 as parametrized by
Perdew and Zunger.29 In all calculations the maximum angu
lar momentum quantum numberl was restricted to 2 and
core orbitals were determined self-consistently~all-electron
calculations!. k space integrations were performed over t
1-3
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irreducible wedge of the Brillouin zone using 280k points.
Energy integrations were performed using a semicircle c
tour in the complex energy plane for 12 points. In all t
calculations, we included the lattice relaxation effects us
the approximate treatment suggested by Kudrnovsky´ and
Drchal.30 Also, to avoid having to compute the Madelun
energy, the constituent spheres were made charge ne
~with charge transfer;1/10 000th of an electron!. The
choices of radii were made carefully to insure that the sph
overlaps stay within the range of validity of ASA.

For the binary alloys scalar-relativistic calculations we
performed in addition to nonrelativistic and fully relativist
calculations. Scalar-relativistic results were found to be
termediate between the nonrelativistic and fully relativis
results, as expected. In all cases, relativistic effects red
the equilibrium lattice constants and increase the b
moduli, e.g., from 1.66 MBar~nonrelativistic! to 2.45 MBar
~fully relativistic! in case of Au50Pt50. As expected, the
smallest difference between the lattice parameters in the
relativistic and fully relativistic treatments is obtained f
VPt ~2.67%!. The largest difference is for AuPt, 5.25%. F
CuPt the difference is about 3%. The actual values of
nonrelativistic~NR! and fully relativistic~FR! lattice param-
eters in atomic units are 7.459,7.265~VPt!; 7.391,7.165
~CuPt!; and 8.127,7.721~AuPt!, respectively. In all case
Vegard’s31 or Zen’s32,33 law values for the lattice paramete
are found to be closer to the FR values than the NR valu
The Vegard’s and Zen’s law lattice parameters for a giv
alloy are found to be almost identical.

In Au50Pt50 relativistic effects cause~i! significant down-
ward shift in the energies ofs andp states, as revealed by th
changes in thes- andp-partial DOS’s projected on Au and P
atoms, and~ii ! a broadening of thed-band, with both Au and

FIG. 1. Partial and averaged densities of states of AuPt alloy
the ~a! nonrelativistic and~b! fully relativistic cases~bold lines: Au
PDOS; dotted lines: Pt PDOS; dashed lines: averaged DOS!. Verti-
cal lines show the positions of the Fermi levels.
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Pt projectedd partial DOS’s showing this trend~Fig. 1!.
Total bandwidth increases as a result. In spite of the bro
ening of the bands there is an increase in the DOS at
Fermi level, increasing the band energy. This results in
upward shift of the ordering energy~positive in this case!,
which is reflected in turn in an increase in the segregat
tendency of the alloy. Spin-orbit coupling introduces ad
tional structure~peaks! in the DOS. PDOS for Au hasd3/2
and d5/2 states around20.55 Ryd and20.35 Ryd, respec-
tively, which can be seen in Fig. 1~b!. For Pt, this happens
for 20.45 Ryd and20.2 Ryd. Similar spin-orbit coupling
induced structures are observed in the two other alloys s
ied, the change with respect to the nonrelativistic case be
of course the most pronounced in case of Au50Pt50. How-
ever, the effect of mass velocity and Darwin terms as wel
the spin-orbit coupling on the band and ordering energie
quite the opposite. In VPt and CuPt~where the alloy shows
ordering! the relativistic effects cause a downward shift
the ordering energy, increasing the ordering tendency.

The ordering energiesEord based on EPI’s up to the fourt
neighbor shell34

Eord52 1
2 V11 3

4 V22V31 3
2 V4 ~L10! ~11!

52 3
4 V21 3

2 V4 ~L11! ~12!

are shown in Fig. 2, where the corresponding structures
which the ordering energies were calculated are also sho
A positive ~negative! ordering energy indicates segregatio
~ordering!. The behavior of Au-Pt is in sharp contrast wi
the other two alloys. The EPI’s for the first and second ne

r

FIG. 2. Schematic diagram showing the ordering energies of
alloys in the nonrelativistic~NR! and fully relativistic ~FR! treat-
ments. The ordered structures for which the ordering energies
calculated@using Eqs.~11! or ~12!# are shown.
1-4
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est neighbor shells, obtained in nonrelativistic and fully re
tivistic treatments, are given in Table I. Except for AuPt, t
nearest neighbor EPI is much larger than the next nea
neighbor EPI. For VPt the nearest neighbor EPIV1 increases
in the relativistic description. Thus for VPt, which show
L10 ordering dominated by first neighbor EPIV1 @Eq. ~11!#,
the ordering energy becomes more negative in the relativ
treatment. CuPt showsL11 ordering and here the orderin
energy is dictated by second neighbor EPIV2 @Eq. ~12!#.
Relativistic effects increaseV2 ~Table I! for this alloy and
thus increase theL11 ordering tendency. For AuPt the orde
ing energy is negative in the nonrelativistic treatment a
becomes positive in the fully relativistic treatment. The
clusion of scalar relativistic effects, i.e., the mass veloc
and Darwin terms, changes the sign of the nearest neig
EPI in AuPt @see Fig. 3~a!# from positive to negative. How-
ever, the ordering energy still remains negative. Only in
fully relativistic treatment does the ordering energy beco
positive. For AuPt the nearest and next nearest neigh
EPI’s (V1 and V2) are of comparable magnitude. Althoug
the nearest neighbor EPI changes its sign from positive
negative upon inclusion of the scalar-relativistic effects, c
tributing towards a tendency to phase segregation@see Fig.
3~a!#, the second neighbor EPIV2 still remains sufficiently
positive to yield theL11 long-range order. The segregatio
tendency further increases in the fully relativistic treatm
~with the inclusion of spin-orbit interaction! due to further
lowering of bothV1 andV2. For theL10 structure a positive
value for the EPI at the second neighbor shell encoura
segregation by promotingA-B pairs at the second shell, e
fectively increasing the probability ofA-A or B-B pairs at
the nearest neighbor sites. Thus VPt the positive value oV1
and the negative value ofV2 both promote ordering in the
L10 structure.

In Fig. 3 we provide a comparison of the EPI’s and ET
for AuPt for the nonrelativistic~NR!, scalar relativistic~SR!,
and fully relativistic~FR! treatments. The object is twofold
to show the relative magnitudes of the EPI’s and the ET
and to show the change from NR to SR and from SR to
treatment. The EPI’s corresponding to further neighbors
the effective triplet interactions~ETI! may play a significant
role for weakly ordered or segregated alloys, in general w
the band-filling is such that the Fermi level is close to
minimum of the nearest neighbor EPI,V1. Thus of the alloys
studied in this work ETI’s may be of some importance on
in AuPt. The upper panel~a! of Fig. 3 shows the EPI’s in
AuPt and also the corresponding ordering vectork0 at which

TABLE I. Effective pair interactions~EPI! for first and second
nearest neighbor shells (V1 and V2) in nonrelativistic ~NR! and
fully relativistic ~FR! treatments.

Alloy EPI ~in mRyd/atom!

system NR FR
V1 V2 V1 V2

VPt 9.566 23.378 25.686 24.749
CuPt 8.753 2.214 6.498 3.308
AuPt 1.135 1.865 22.276 1.154
13411
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the lattice Fourier transform of the EPI’sV(k) has its mini-
mum.V(k) was calculated by considering the EPI’s up to t
15th neighbor shell. Figure 3 shows that the differenc
among the NR, SR, and FR treatments are appreciable
up to the fourth shell EPI,V4. Also, beyond the 6th shell the
EPI’s are negligible and have little effect on the orderi
tendency. For the nonrelativistic~NR! treatmentV(k) has its
minimum at the symmetry pointL of the Brillouin zone of
the fcc lattice@~0.5, 0.5, 0.5! in units of 2p/a, wherea is the
fcc lattice parameter#, indicating that theL11 ordered struc-
ture is stable against the disordered state. The sca
relativistic treatment changes the sign of the nearest neigh
EPI from positive to negative, suppressing the formation
the nearest neighborA-B pair. However, the second neighbo
EPI remains sufficiently positive to yield a negative orderi
energy for theL11 structure. Thus even in the SR treatme
the ordering vector stays at~0.5, 0.5, 0.5!. Only in the fully
relativistic treatment does the ordering vectork0 reduce to
~0, 0, 0!, showing the stability of the segregated pha
against the disordered alloy. More accurate full potential
tal energy calculations by Luet al.17 show that scalar-
relativistic corrections~mass velocity and Darwin! already
yield the correct ground state~phase separation! for the AuPt
alloy at equiatomic composition. As pointed out in the la
paragraph of Sec. I~Introduction! one source of error in the
GPM lies in approximating the total energy difference by t
difference in the band energy alone. The use of the ato

FIG. 3. Effective ~a! pair and ~b! triplet interactions in AuPt
obtained via nonrelativistic~NR!, scalar-relativistic~SR! and fully
relativistic~FR! LMTO-CPA-GPM. Pair interactions are shown as
function of the various neighbor shells at which they are calcula
See text~Sec. III A! for the description of some of the triplets fo
which the ETI’s are shown in panel~b!. The ordering vectorsk0

@panel~a!# for the three cases are in units of 2p/a, wherea is the
lattice parameter of the underlying fcc lattice.
1-5
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FIG. 4. Nearest neighbor ef
fective pair interactions (V1) vs
effective Fermi energies for the
nonrelativistic ~NR! and fully
relativistic~FR! cases:~a! VPt, ~b!
CuPt, and~c! AuPt. The bold and
the dotted lines show the position
of Fermi energies for the fully
relativistic and nonrelativistic
cases, respectively.
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sphere approximation~ASA!, which replaces the full poten
tial with a spherical approximation in our implementation
the LMTO method, leads to additional errors. Our scal
relativistic result for AuPt showing a tendency to ordering
similar to that obtained by Watsonet al.35 using the linear-
ized Slater-type-orbital~LASTO! method. Their scalar-
relativistic calculation, based on spherical potentials, yield
negative enthalpy of formation for AuPt in the B2 structure.

The lower panel~b! of Fig. 3 shows the ETI’s for various
triplets. Only a few ETI’s are comparable in magnitude to t
EPI’s up to the 6th neighbor shell. The triplet no. 1 is co
posed entirely of nearest neighbors, i.e., the three pairs
volved are the nearest neighbors of each other. The se
triplet consists of two nearest neighbor pairs and one sec
neighbor pair. The third triplet consists of two nearest nei
bor pairs and one third neighbor pair. Triplet no. 8, the trip
with the largest magnitude, consists of the linear array
atoms along the face diagonal of the conventional cubic c
Triplet no. 9 is the triangle formed by two edges and the fa
diagonal of the conventional cube. The fact that the shor
linear triplet is of the largest magnitude is due to the angu
dependence of the hopping or transfer integrals. This resu
consistent with the general trend in the relative strength
various multiatom interactions discussed by Bieber a
Gautier.36 Further discussion on the relativistic effects
AuPt and its qualitative difference with respect to other
loys studied in this work is provided at a later point.

Of the three alloys studied the strongest ordering tende
is obtained for V50Pt50. This is of course also the allo
where the usual band-filling argument would sugges
strong ordering tendency. Fully relativistic treatment
creases the ordering tendency, with the ordering energy
coming more negative compared with its nonrelativis
value. This can be seen from Fig. 4~a! where the energy-
dependent first neighbor effective pair interaction (V1) is
plotted. In Fig. 5 energy-dependent effective pair inter
tions, up to the fourth nearest neighbor shell, are shown
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function of varying Fermi energyE @i.e., calculated by re-
placing the upper limit in the integral in Eq.~6! by E]. It is
seen that all other EPI’s become irrelevant compared to
first nearest-neighbor EPI in this strongly ordered alloy. O
dering in VPt is mainly governed by the nearest neighb
pair interactionV1, which is 3–5 times larger than the se
ond neighbor EPI~Table I!, and several orders of magnitud
larger than the more distant ones. The wave vector co
sponding to the minimum ofV(k) is ~1,0,0!, indicatingL10
type ordering. This is in accordance with the results obtain
by Wolvertonet al.8 using the cluster expansion method
the TB-LMTO basis. Calculated spinodal temperatureT0
varies from ;3200 K ~NR! to ;6500 K ~FR!, grossly

FIG. 5. Effective pair interactions~EPI! for VPt in fully relativ-
istic treatment. Bold, dotted, dashed, and long-dashed lines co
spond toV1 , V2 , V3, andV4, respectively, whereVn is the EPI for
the nth neighbor shell. The vertical line shows the position of t
Fermi level.
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overestimated values, partly due to the mean-field appr
mation @Eq. ~3!# but mainly due to the fact that EPI’s ar
overestimated in GPM, some reasons for which have b
discussed in one of our earlier publications.25 In this case,
diagonal disorder~large difference in the centers of th
d-bands of the two components! drives the system toward
ordering.

For comparison with VPt, in Figs. 4~b! and 4~c! we
present the energy-dependent first neighbor EPI’s for C
and AuPt, respectively. Figure 4 clearly shows the nontriv
differences in the shape of the energy-dependent first ne
bor EPI’s of the three alloys. There is no generic sha
which could be used together with band-filling arguments
understand the ordering in all three alloys. This is not s
prising, as such arguments usually apply to alloys acros
given transition metal~TM! series only. In addition, the va
lidity of such arguments is often limited to a few adjace
members of a given TM series. Note that for theL11 order-
ing of CuPt the decrease inV1 due to relativistic effects
shown in Fig. 4~b! is irrelevant. As mentioned earlier, th
increased ordering tendency in the FR treatment for C
results from an increase in the second neighbor EPIV2, as
shown in Table I. The ordering energy in this case is g
erned byV2 andV4 @see Eq.~12!#. SinceV4 is much smaller
than V2, the change in the latter dictates the change in
ordering tendency.

Cu50Pt50 is unique in the sense that it is the only Pt-bas
fcc metallic alloy that showsL11 ordering with alternating
fcc ~1, 1, 1! layers of Cu and Pt.18 Clark et al.18 have shown
that the stability of CuPt inL11 ordered structure is due t
van Hove–like singularities at two high-symmetry pointsX

and L. The spanning vector betweenX and L is ( 1
2 , 1

2 , 1
2 ),

which is a member of the star ofL, the ordering vector for
L11 structure. The results obtained by Clarket al.18 ~as well
as by Pinskiet al.12 for NiPt! are not based on the decom
position of electronic energy into pairwise contribution
They, in effect, contain all higher order interactions. Our c
culations, based on pair interactions only, lead to very sim
results. The wave vector corresponding to the minimum

V(k) is found to be (12 , 1
2 , 1

2 ), showingL11 ordering in both
nonrelativistic and fully relativistic treatments. The spinod
temperatureT0 varies from;1200 K ~NR! to ;1600 K
~FR!.

For alloys between transition metals and Pt relativis
effects increase the value ofV1, while for alloys between
noble metals and Pt relativistic effects reduce the value
V1. This effect becomes more prominent as one goes d
the noble metal column to Ag and Au and one finds t
relativity leads to increasingly clustering tendencies. The
fect is prominent in AuPt. Pt and the transition metals ha
d-like states at the Fermi level. The noble metals haves-like
states at the Fermi level. Relativistic effects shift the no
metals-band to deeper binding energies, making it less a
to provide charge to the Ptd-band. The potential parameterC
in the LMTO Hamiltonian, which is a measure of the cen
of the band, is20.39 Ry and20.58 Ry for nonrelativistic
and fully relativistic Aus-bands, respectively. Thus, as not
earlier by Luet al.,17 decreased charge transfer from nob
13411
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metal s- ~and p-! band to the Ptd-band makes the ordere
structure less stable in a relativistic description. The effec
the opposite for alloys of Pt with transition metals where t
states at the Fermi level ared-like.

All results presented so far were calculated by consider
the lattice relaxation effects in the disordered state in an
proximate way as suggested by Kudrnovsky´ and Drchal.30 In
general, the inclusion of lattice relaxation decreases the
ordered state~CPA! energy. Thus with lattice relaxation, th
system has a diminished tendency to move away from
disordered state into an ordered state. According to Eqs~1!
and ~2! this means that EPI’s calculated in the unrelax
state are higher.

Volume per atom has a noticeable effect on the calcula
EPI’s ~see Table II!. In general, as the volume per atom i
creases, the nearest neighbor EPI acquires a positive s
For AuPt this results in a diminished segregation tenden
while for all other alloys studied this means an increas
ordering tendency. Increased volume per atom results in
hybridization and less charge transfer, both of which
creases the disordered state energy, resulting in a pos
shift of the EPI.

B. Ternary alloys

In this section, we present some results on the change
phase stability of a binary alloy such as CuPt with t
gradual addition of a third component. The results presen
are for scalar-relativistic calculations and charge neu
spheres, with lattice relaxation taken into account as in p
vious cases. In all calculations, the ternary alloy has b
modeled to beA(12x)/2B(12x)/2Cx whereC is the component
which is added to theA-B alloy in equiatomic composition
Vegard’s law has been assumed for the lattice constant
these ternary alloys. We have chosen V and Au to be
third component to be added gradually to the CuPt all
This choice was motivated by the fact that simple ban
filling arguments9,10would dictate that the addition of V~Au!
should lead to an increase~decrease! in the ordering ten-
dency. However, changes in the ordering tendency are so
what complicated by the fact that while VPt orders, Cu a
V are immiscible. Similarly, while Au-Pt segregates, Cu-A
orders—making it worthwhile studying the changes in t

TABLE II. Effective pair interactions~EPI! for first to fourth
nearest neighbor shells (V1 to V4) and lattice Fourier transform o
EPI’s @V(k)#, calculated by considering EPI’s up to the fifteen
neighbor shell, for AuPt alloy in fully relativistic~FR! treatment, for
three different lattice parameters. ‘‘Eq.’’ denotes the equilibriu
lattice parameter.

Lattice parameters~in a.u.!
7.22 7.72~eq.! 8.20

V1 23.273 22.276 21.753
V2 1.049 1.154 1.046
V3 0.517 0.302 0.185
V4 20.654 20.346 20.172
V~k) 20.033 20.020 20.014
1-7
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FIG. 6. Partial and averaged DOS’s for the ternary alloys:~a! V1.0Cu49.5Pt49.5, ~b! V25Cu37.5Pt37.5, ~c! Au1.0Cu49.5Pt49.5, and ~d!
Au25Cu37.5Pt37.5. @Bold: V~Au! partial DOS; dotted: Cu DOS; dashed: Pt DOS, long-dashed: averaged DOS#. Vertical lines show the position
of Fermi levels.
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ordering tendency in CuPt as a result of the addition of A
Partial and averaged DOS’s for some of the ternary alloys
presented in Figs. 6~a!–6~d!. In Fig. 6~a!, the DOS’s of the
ternary alloy V1.0Cu49.5Pt49.5 are shown. The effect of addin
V is to create an impurity-type peak above the Fermi lev
widely separated from the bulk of the Cu and Pt DOS’s. W
increasing concentration of V this peak becomes broader
hybridizes with Cu and Pt bands@see Fig. 6~b!, where V is
25%!. Figure 7 shows the effect of V addition on the near

FIG. 7. Effective pair interactions~EPI! between Cu and P
atoms in ternary alloys vs concentration of the third compone
The curve joining the diamonds is for V in CuPt alloy, while th
curve joining the triangles is for Au in CuPt.
13411
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neighbor Cu-Pt EPI. We have seen that in pure Cu50Pt50 alloy

( 1
2 , 1

2 , 1
2 ) ordering exists and the nearest neighbor EPI’s

positive. When V is gradually added to CuPt the value
nearest neighbor Cu-Pt EPI increases at first up to; 5% V
and then decreases. This is also reflected in the orde

wave vector which changes from (1
2 , 1

2 , 1
2 ) to ~0,0,0!, indicat-

ing a transition from ordering to segregation. This transiti
is possible for a very small concentration of V, since V a
Cu are immiscible. Calculation for a binary Cu12xVx alloy,
with x;5%, indeed shows a very large segregation tempe
ture (;16 000 K). In the ternary CuPtV alloy~with small V
concentration! the nearest neighbor EPI between Cu and
has a high negative value~approximately211 mRyd!. This
supersedes the positive EPI between Cu and Pt.

In ~c! and ~d! of Fig. 6, the alloys shown are
Au 1.0Cu49.5Pt49.5 and Au25Cu37.5Pt37.5, respectively. For low
concentration of Au~1%!, the impurity peak is well below
the peaks of Cu and Pt and wider due to thes-character of
Au. As the concentration of Au increases there is increas
hybridization of Au bands with those of Pt and Cu. We se
gradual increase in ordering tendency as the EPI between
and Pt increases with the increasing concentration of Au.

ordering vector changes from (1
2 , 1

2 , 1
2 ) to ~1,0,0! around 10%

of Au. This is understandable, as the (1
2 , 1

2 , 1
2 ) ordering of

CuPt is not particularly stable, being dependent on v
Hove–like singularities atX and L points of the Brillouin
zone of the disordered lattice. As discussed by Clarket al.,18

with a change in the Fermi level, or equivalently electron p

t.
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atom ratio (e/a), this ordering can change either to cluste
ing or ~1,0,0! type ordering. Our GPM calculation yields
spinodal temperature of 1830 K for 25% Au while for bina
Cu50Pt50, it yields a value of 1600 K.

As an application of the ternary alloy formulation pr
sented in Sec. II B we have also examined the effect of p
ting 1% vacancy in CuPt alloy. Results for EPI’s show th
the ordering tendency is increased in the presence of va
cies. The first nearest neighbor EPI (V1) between Cu and P
increases by 3% in the presence of vacancies. There
corresponding increase of 12% in ordering temperature.

ordering vector still stays at (1
2 , 1

2 , 1
2 ). The 12% increase in

the ordering temperature accompanying a 3% increase in
nearest neighbor EPI simply reflects the fact that the EP
involving further neighbors cannot be ignored for this te
nary case. All lattice Fourier transforms for the ternary all
calculation were obtained by including the EPI’s up to t
fifteenth neighbor shell. The relationship between the ord
ing temperature and the EPI for the case of ternary allo
not exactly linear, as shown in Sec. II B. The results for t
1% vacancy in CuPt indicates that vacancies may play
important role in ordering. Although experimental investig
tions of the role of vacancies in ordering in some alloys ha
t
e

.

-

.

y

M

13411
-

t-
t
n-

a
e

he
’s
-

r-
is
e
n

-
e

been carried out,37 theoretical studies in this regard are lac
ing. We are currently carrying out a detailed study of the r
of vacancies in ordering in binary alloys.

IV. CONCLUSION

We have presented results related to the phase stabili
three Pt-based alloys using nonrelativistic and fully rela
istic TB-LMTO-CPA-GPM method. Two of these alloys, VP
and CuPt, are known to order inL10 and L11 structures,
respectively, while AuPt phase segregates. Our calculate
sults for these alloys, showing remarkably different order
tendencies, are in agreement with existing experimental
servation. We have shown that relativistic effects are imp
tant for these Pt-based alloys, particularly for AuPt. Our c
culations for ternary alloys show some interesting tren
which are amenable to experimental verification. The ex
ing body of experimental data is insufficient in this regar
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