PHYSICAL REVIEW B, VOLUME 64, 134111

Ordering and segregation inXPt (X=V, 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 methd@&PM) implemented in the linear muffin-tin orbitaldMTO) 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 approximd@#A). 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-relativistldMTO-CPA calculations. In all cases considered,
namelyXPt with X=V, 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 towé&rtls 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.
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I. INTRODUCTION figurational averaging and the tight-binding linearized
muffin-tin orbital (TB-LMTO) method* The results show
Phase stability of alloys is an important problem from thestrongL 1, ordering tendencies, as observed experimentally.
viewpoint of both theory and practical applications. Numer-Ordering in these alloys can be understood in terms of band-
ous methods, with varying degrees of sophistication, havéilling arguments*'® which suggest that transition metal
been used to study this problem. Recent studies have ifTM) alloys should order if the Fermi enerdy falls near
volved statistical mechanical models based on reliable calcwhalf filling of their d-band and phase separaté&jf lies near
lations of the electronic structure of the altbyMost elec-  either band edge. Experimentally, alloys within a given TM
tronic  structure calculations for alloys are either series are found to obey this trend, although to a lesser extent
nonrelativistic or scalar relativistic. In this work we consider g5 we go from @ to the & series. For isoelectronic TM
three platinum-based fcc alloys, VPt, CuPt, and AuPt, andyjioys there are several exceptions to this fuke.notable

carry out nonrelativistic, scalar-relativistic, and fully relativ- example is the Ni-Pt alloy, which showsl, ordering in

istic calculations of their electronic structure and the Order'equiatomic composition. This system has been studied by

ing tendency. The method we have chosen to study the Ot orq grougd=17 and in most cases the correct ordering
dering tendency is the generalized perturbation metho

13 . . endency has been obtained, albeit using different methods.
(GPM)."" The reference medium for the GPM is chosen to While Ni orders inL1, structure with Pt, its immediate

be the completely disordered state of the alloy. We describe . )
the electronic structure of thiigh temperaturedisordered Reighbor Cu orders ih1, structure. Clarlet al.*® calculated
state using the coherent potential approximaiiGRA) and the_ qure_n-CowIey _short-rgnge order parameter for C_U'Pt’
the linear muffin-tin orbital{LMTO) basis® The aim of the which indicated an instability to concentration fluctuations
present work is twofold(i) to examine the effectiveness of with a wave vector of£,3,3), consistent with_1, ordering.
the LMTO-CPA-GPM (Refs. 5—7 method to describe the They argued that this ordering vector originates from the
ordering tendency of a group of Pt-based alloys, showindarge joint density of states associated withpoint and X
remarkably different ordering tendencies, afiid to study point van Hove singularities which lie near the Fermi energy.
the importance of relativistic effects on the ordering ten-While Cu-Au and Cu-Pt both form ordered alloys, Au-Pt
dency. In addition, we examine the effect of adding Au or V,shows phase segregatitit® Nonrelativistic calculations for
in small concentrations, on the phase stability of the CuPthis alloy show a tendency towards ordering, in contradiction
alloys. to the observed behavior. According to lai al'’ charge
Several authors have studied ordering behavior of equitransfer from the higher Aws-p band into the Pd band
atomic Pt-based fcc alloys. Alloys of earlyd3transition  stabilizes the ordered structure in the nonrelativistic descrip-
metal (TM) series like TigPto and V5oPtsg showlL 1, order-  tion. Relativistic corrections shift the As band to deeper
ing. Wolvertonet al.  used a cluster expansion technique tobinding energies, reducing hybridization between $\and
determine effective cluster interactions based on direct corPtd bands. There is thus less charge transfer between Au and
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Pt. They concluded that when both the elements are heavwhere Q’'s are the atom specie® and B, ¢, is the
relativity promotes phase separation through increased votonfiguration-independent part of the alloy internal energy,

ume deformation energy and diminished charge transfeéndDg andvgg,/ are the on-site and pair-interaction terms,
energy.

In the light of the varied ordering tendencies, rangingrespectwely.nRs are the occupation indices denoting the

from ordering in two different structured (o, andL1,) to probability that the siteR is occupied with an atom of type

phase segregation, it is of interest to test the effectiveness %Qe ZCZIS:tI(raée;rsn is important in the present case and it can

LMTO-CPA-GPM for these Pt-based alloys and to examine

the importance of relativistic effects in the phase stability . 1 Er
and ordering. In the GPM the difference in the grand poten- VSS, =——lim 5H0+J Im
tials (at absolute zero temperatur®r the ordered and the ™ o

completely disordere@tandom alloy is cast into an effective ,

Ising model. The parameters of this Ising model, the effec- XTtR(2)(Grr (D)tR (Grir(2)]DE,  (2)
tive pair interactiongEPI), are a function of band filling and \vherez=E +i 8, andE; is the Fermi energyt is the single-
also depend on various other factors, such as volume pejite scattering matrix, determined by the potential function
atom, and local lattice distortionselaxation due to size- - pQ(z) for atom typeQ at siteR, the coherent potential func-
mismatch of the const_ituent atoms. Whenever appropriatgq, Px(2) and the averaged auxiliary Green functi@{z)).
and relevant, we examine the effects of these factors on they,o averaged auxiliary Green functiég(z)) is completely

EPI's and their lattice Fourier transforms. Several drawback§iatermined by the coherent potential function and the struc-
of this approach should be kept in mind while analyzing they 1o of the underlying lattice.

extent of the success or failure of the method. First of all, the
use of the single site CPA in describing the disordered state
of the alloy completely ignores any chemical short-range or-
der present in the real disordered alloy, which has a signifi- Binary alloy. Using the lattice gas transformation, the
cant effect on the relative stability of the ordered and disordsing Hamiltonian can be rewritten in terms of the effective
dered states. Secondly, GPM in its present version does nghir interactions (EPI) VRR,(VRR,=VQQ,+V§§,—VQE
include the lattice vibration energy. Thus the calculated or-— VE’Q’)_ The ordering tendency of the alloy can be studied
dering tendency refers to the instability of the disordered,y considering the relative strengths of the EPI's for various
state of the alloy against zero-temperature ordered structurgnejis of neighbors, and also by considering their Bloch
In addition, any lattice strain energy is also neglected. Fi'transformV(k). The occurrence of a deep minimumith a
nally, the total energy in the grand potential is approximate egative valugin V(k) at a symmetry point of the Brillouin

by the band energy alone. The errors due to the doublg,nq of the disordered lattice indicates the instability of the
counting of certain energy terms entering the calculations argisqrdered alloy against the ordered structure characterized

assumed to be small by appealing to the so-called "Iocaby the corresponding wave vecf8rA minimum in V(k) at

” _22
force theorem” of Anderseff zero wave vector indicates phase separation. The mean-field
spinodal temperatur&, can be evaluatéas

B. Phase stability in binary and ternary alloys

Il. METHODOLOGY c(l-c)

0 minV(k), 3
A. LMTO-CPA-GPM kg

Nonrelativistic(or scalar-relativistic (Refs. 5—7 versions  wherec is the concentration anklz is the Boltzmann con-
of the GPM based on the LMTO-CPA approach have beestant.
described in recent publications. A fully relativistic version  Ternary alloy A mean-field approach to the phase stabil-
of LMTO-CPA method is also availabfé The central idea is ity of a ternary alloy was described briefly in one of our
the expansion of the thermodynamic potential of the randonearlier publication® (in the context of the disordered local
alloy in a given configuration about a reference medium. Thanoment model of the binary Fe-Al allpyFor the benefit of
latter is chosen as the completely disordered state of the alhe readers some details of the method are presented below.
loy with its scattering property being described by the coherinterested readers may also consult the concentration wave
ent potential. The temperature of the system is chosen as tlag@proach for multicomponent alloys discussed by Altretff
absolute zero, i.e., the entropy effects are neglected. The e#t.?® and Johnsoet al?’ The free energy of the alloy, assum-
pansion in occupation indices generates terms dependent @my a pair-summable form for the total energy, can be written
“pair,” “triplet,” and higher-order “multiplets” of atoms. as
Truncated at the “pair” term, the grand potential is identified

as a generalized Ising Hamiltonian: 1 , '
’ ’ F=5 2 X ViR 7 02 mfin(r%), (&)

RR QQ’
1 / : whereVSQ is the interaction energy of atoms of typ@sind
H'= e+ D994+ = VQQ, Q Q,_,___,' RR i ]
€ ; % RTRTZ R% Q%, RR TRTTR Q’ located at siteR andR’, respectively.n3’'s are occupa-

1 tion indices as described befof®.is the same akg T, where
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T is the alloy temperature. In the completely disordered state . o
of the alloy 73=c?, the concentration of atom typ@, in- [V(K) +O0c YK =X (K)Y(k), > yk)=0. (8

dependent of the site indéx A general state of the alloy can ©
be viewed as a deviation from this completely disordered These can be rewritten as
state, with»3=cQ+ 673 . Retaining terms to second order
in 673, -
R UX=-0X, % Jeoxo=0, )

1
F=Fo+ 5 > >

R,R" Q,Q'

Snom, . whereV=c¥a/c"2 andX=c~12y.
®) The above X3 eigenvalue problem along with the sub-
sidiary condition=4+/coXqo=0, can be converted into a 2
Terms linear inéng vanish because of the following con- X 2 eigenvalue problem without any subsidiary condition by
straints: (a) =ré73=0 for all Q and (b) ER,Q,VSS,’CQ,

)
QQ
VRR, + C_QaRRr 5QQ!

introducing an orthonormal basis of vectors

=const for allR andQ. Taking the Bloch transform dfgg Cs
and 673, Vea CatCg
€= \/g y €1= Ca )
1 , (C] -
2% Qo c®
: 0
X[87°(k)]* 87 (K), (6)
[ CaCc
with EQénQ(k)zo for all k. The free energy of the alloy CatCp
with respect to the completely disordered statd;=F _
—Fo, is a quadratic form ins7°(k). For high® it is posi- €= A/ CsCc |,
tive definite. With decreasing temperatife it can cease to CatCp
be positive definite. This condition leads to the required ei- —\Jcatcg

genvalue problem for the critical temperature.
We define a concentration matrix in terms of the concenwith eiTej =¢;(i,j=0,1,2) andeéXzO whereT is the trans-

trations ofA, B, andC types of atoms as pose. In this basis,
ca 0 O ~< { ) ((
Y |=—0| |, (10
c= O CB O é: §
0 0 cc whereV= eiTT/ej(i ,j=1,2) X= e+ {e,. The largest eigen-

. . , value ® of the above equation yields the spinodal tempera-
Concentration fluctuations can be expressed in a matrix o T,. The wave vectok, corresponding to this largest
form as eigenvalue determines the nature of the transitiofiiylis a
symmetry point of the BZ of the disordered lattice, then the

A A
on y“(k) disordered state is unstable against the ordered state gener-
n® | =sp(k)Y(k)=dn(k)| YB(K) |, ated by the concentration wave of wave vedtgrIf k,=0,
5nC C(k then the disordered state is unstable against the segregated
n y=(k) phase

while the pair interactions form a>33 matrix
I1l. RESULTS AND DISCUSSION
VAA(k) VAB(k) VAC(k)

A. Binary alloys
v=| VB VER(k) vEC(K) Y

cA cB ce We have determined the equilibrium lattice parameters of
VEA(k) - VEE(k) - VE(K) the random alloys using the fully relativistic and nonrelativ-
istic LMTO-CPA methods in the atomic sphere approxima-
tion (ASA).* Phase stabilities of these alloys were studied at
(B2) these equilibrium(minimum energy lattice constants. The
== t -1 2 exchange correlation functional used in most of our calcula-
AF 2 ; ViV + e (ol an()l% - (7 tions is that due to Ceperley and Ald&as parametrized by
Perdew and Zungé.In all calculations the maximum angu-
BZ denotes the first Brillouin zone of the disordered lat-lar momentum quantum numbérwas restricted to 2 and
tice. One has to find the largest value ®@ffor which \ (k) core orbitals were determined self-consisteritijl-electron
=0 for somek by solving the eigenvalue problem calculation$. k space integrations were performed over the

In terms of these matrices

134111-3



B. SANYAL, S.K. BOSE, V. DRCHAL, AND J. KUDRNOVSKY PHYSICAL REVIEW B 64 134111

60
oL NR FR 4
s @ R | AuPt ~ /(Lll) —~ AuPt
u
40 L | F-— " —_——s——T T
CuPt
30 f
=3 F \(Lll)\ -
A | g CuPt
10t S
4
‘e‘% 0 - Z
> 0.8 0 -8 r T
g g
g & VPt —mMmMMMM
& %
£ -13r i
§ (L1,
Qo
-18 + i
0 L 1 L
-0. -0.6 -0.4 -0.2 0 L —— VPt
Energy (Ry)
FIG. 1. Partial and averaged densities of states of AuPt alloy for -23

the (a) nonrelativistic andb) fully relativistic casegbold lines: Au
PDQOS; dotted lines: Pt PDOS; dashed lines: averaged) D@&®ti-
cal lines show the positions of the Fermi levels.

FIG. 2. Schematic diagram showing the ordering energies of the
alloys in the nonrelativisti¢NR) and fully relativistic (FR) treat-
ments. The ordered structures for which the ordering energies are
calculated using Eqgs.(11) or (12)] are shown.
irreducible wedge of the Brillouin zone using 280points.

Energy integrations were performed using a_semicircle CONpt projectedd partial DOS’s showing this trendFig. 1).

tour in the complex energy plane for 12 points. In all the1ota handwidth increases as a result. In spite of the broad-
calculations, we included the lattice relaxation effects usiNgning of the bands there is an increase in the DOS at the
the ap?%roxmate treatment suggested by Kudrnovakyl  permi jevel, increasing the band energy. This results in an
Drchal™ Also, to avoid having to compute the Madelung ypward shift of the ordering energpositive in this case
energy, the constituent spheres were made charge neutighich js reflected in turn in an increase in the segregation
(with charge transfer~1/10000th of an electron The  tendency of the alloy. Spin-orbit coupling introduces addi-
choices of radii were made carefully to insure that the sphergg structure(peaks in the DOS. PDOS for Au hads,
overlaps stay within the range of validity of ASA. and ds, states around-0.55 Ryd and—0.35 Ryd, respec-

For the binary alloys scalar-relativistic calculations Wereyyely, which can be seen in Fig(H). For Pt, this happens
performed in addition to nonrelativistic and fully relativistic 5, Zg 45 Ryd and—0.2 Ryd. Similar spin-orbit coupling
calculations. Scalar-relativistic results were found to be injhquced structures are observed in the two other alloys stud-
termediate between the nonrelativistic and fully relativisticied, the change with respect to the nonrelativistic case being
results, as expected. In all cases, relativistic effects reducgs course the most pronounced in case Ofyfi,. How-
the equilibrium lattice constants and increase the bulkyer the effect of mass velocity and Darwin terms as well as
moduli, e.g., from 1.66 MBafnonrelativistig to 2.45 MBar  hq gpin-orbit coupling on the band and ordering energies is
(fully relativistic) in case of AugPko. As expected, the qite the opposite. In VPt and CuRthere the alloy shows
smallest difference between the lattice parameters in the NOBrdering the relativistic effects cause a downward shift in
relativistic and fully relativistic treatments is obtained for i, ordering energy, increasing the ordering tendency.

VPt (2.67%. The largest difference is for AuPt, 5.25%. For = ¢ ordering energiei, s based on EPI's up to the fourth
CuPt the difference is about 3%. The actual values of th%eighbor shefft

nonrelativistic(NR) and fully relativistic(FR) lattice param-
eters in atomic units are 7.459,7.26¥Pt); 7.391,7.165
(CuPb; and 8.127,7.721AuP?), respectively. In all cases
Vegard's! or Zen's?33law values for the lattice parameters

Eorg=— 3 Va+ §Vo—Va+ 3V, (L1 (11

are found to be closer to the FR values than the NR values. =—3Vv,+3v, (L1) (12
The Vegard’'s and Zen’'s law lattice parameters for a given
alloy are found to be almost identical. are shown in Fig. 2, where the corresponding structures for

In AusgPtsg relativistic effects causé) significant down-  which the ordering energies were calculated are also shown.
ward shift in the energies afandp states, as revealed by the A positive (negativg ordering energy indicates segregation
changes in the- andp-partial DOS'’s projected on Au and Pt (ordering. The behavior of Au-Pt is in sharp contrast with
atoms, andii) a broadening of the-band, with both Au and the other two alloys. The EPI’s for the first and second near-
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o——oFR; k,=(0,0,0)
o---08R; K,=(05,05,05)
5--2NR; k,=(05,0.5,05)

o ‘A //g\\r R, S . |

W

TABLE |. Effective pair interactiongEPI) for first and second
nearest neighbor shells/( and V,) in nonrelativistic(NR) and
fully relativistic (FR) treatments.

Alloy EPI (in mRyd/atom
system NR FR
Vi Va Vi Va

=

EPI (mRy/atom)

VPt 9.566 —3.378 25.686 —4.749
CuPt 8.753 2.214 6.498 3.308
AuPt 1.135 1.865 —2.276 1.154

est neighbor shells, obtained in nonrelativistic and fully rela- ©o 4 s 12 16
tivistic treatments, are given in Table I. Except for AuPt, the Shell no.
nearest neighbor EPI is much larger than the next neares
neighbor EPI. For VPt the nearest neighbor ERlincreases 0.25
in the relativistic description. Thus for VPt, which shows
L1, ordering dominated by first neighbor ER} [Eq. (11)],
the ordering energy becomes more negative in the relativistic
treatment. CuPt showis1; ordering and here the ordering
energy is dictated by second neighbor BRJ [Eq. (12)].
Relativistic effects increas¥, (Table ) for this alloy and Triplet no.
thus increase the1, ordering tendency. For AuPt the order-
ing energy is negative in the nonrelativistic treatment and FIG. 3. Effective(a) pair and(b) triplet interactions in AuPt
becomes positive in the fully relativistic treatment. The in-obtained via nonrelativisti¢NR), scalar-relativistiqSR) and fully
clusion of scalar relativistic effects, i.e., the mass velocityrelativistic(FR) LMTO-CPA-GPM. Pair interactions are shown as a
and Darwin terms, changes the sign of the nearest neighbdnction of the various neighbor shells at which they are calculated.
EPI in AuPt[see Fig. 8)] from positive to negative. How- See text(Sec. Il A) for the description of some of the triplets for
ever, the ordering energy still remains negative. Only in the¥hich the ETI's are shown in pangb). The ordering vectors,
fully relativistic treatment does the ordering energy becomédPanel(@] for the three cases are in units ofr2a, wherea is the
positive. For AuPt the nearest and next nearest neighbdfticé parameter of the underlying fcc lattice.
EPI's (V, andV,) are of comparable magnitude. Although
the nearest neighbor EPI changes its sign from positive tthe lattice Fourier transform of the EPN&k) has its mini-
negative upon inclusion of the scalar-relativistic effects, conmum.V(k) was calculated by considering the EPI's up to the
tributing towards a tendency to phase segregdtime Fig. 15th neighbor shell. Figure 3 shows that the differences
3(a)], the second neighbor ERI, still remains sufficiently among the NR, SR, and FR treatments are appreciable only
positive to yield thelL1; long-range order. The segregation up to the fourth shell EPV,. Also, beyond the 6th shell the
tendency further increases in the fully relativistic treatmentEPI's are negligible and have little effect on the ordering
(with the inclusion of spin-orbit interactiordue to further tendency. For the nonrelativistidlR) treatmentV(k) has its
lowering of bothV; andV,. For theL 1, structure a positive minimum at the symmetry poirit of the Brillouin zone of
value for the EPI at the second neighbor shell encouragethe fcc lattice[(0.5, 0.5, 0.5 in units of 2#/a, wherea is the
segregation by promoting-B pairs at the second shell, ef- fcc lattice parametéyr indicating that thed_1, ordered struc-
fectively increasing the probability oA-A or B-B pairs at ture is stable against the disordered state. The scalar-
the nearest neighbor sites. Thus VPt the positive valug,of relativistic treatment changes the sign of the nearest neighbor
and the negative value &f, both promote ordering in the EPI from positive to negative, suppressing the formation of
L1, structure. the nearest neighbdt-B pair. However, the second neighbor

In Fig. 3 we provide a comparison of the EPI's and ETI's EPI remains sufficiently positive to yield a negative ordering
for AuPt for the nonrelativisti€NR), scalar relativistidSR), energy for theL 1, structure. Thus even in the SR treatment
and fully relativistic(FR) treatments. The object is twofold: the ordering vector stays &.5, 0.5, 0.5. Only in the fully
to show the relative magnitudes of the EPI's and the ETI'srelativistic treatment does the ordering veckgrreduce to
and to show the change from NR to SR and from SR to FRO, 0, 0, showing the stability of the segregated phase
treatment. The EPI's corresponding to further neighbors andgainst the disordered alloy. More accurate full potential to-
the effective triplet interaction€ETI) may play a significant tal energy calculations by Lwet al’ show that scalar-
role for weakly ordered or segregated alloys, in general wherelativistic correctiongdmass velocity and Darwjnalready
the band-filling is such that the Fermi level is close to ayield the correct ground statphase separatigfior the AuPt
minimum of the nearest neighbor ER1;. Thus of the alloys alloy at equiatomic composition. As pointed out in the last
studied in this work ETI's may be of some importance onlyparagraph of Sec. (Introduction one source of error in the
in AuPt. The upper pangl) of Fig. 3 shows the EPI's in GPM lies in approximating the total energy difference by the
AuPt and also the corresponding ordering ve&ipat which  difference in the band energy alone. The use of the atomic

ETI (mRy/atom)
o

|

o

v

3]
(=1
£
@
—-
N
-
o
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VPt CuPt AuPt
40 ; T 20 T : : .
" 1 15¢
14
FIG. 4. Nearest neighbor ef-
'g 1 197 fective pair interactions\(;) vs
& 6 L effective Fermi energies for the
T : nonrelativistic (NR) and fully
E L7 NR T relativistic (FR) cases(@) VP, (b)
> kY, CuPt, and(c) AuPt. The bold and
o 27 the dotted lines show the positions
w g 0 . .
of Fermi energies for the fully
¥ o relativistic and nonrelativistic
1 5l | -1 G 1 cases, respectively.
-50 : -10 : -18 !
-0.8 -0.3 0.2 -0.8 -0.3 0.2 -0.8 -0.3 0.2

Effective Fermi Energy (Ry)

sphere approximatiofASA), which replaces the full poten- function of varying Fermi energ¥ [i.e., calculated by re-
tial with a spherical approximation in our implementation of placing the upper limit in the integral in E¢) by EJ. It is

the LMTO method, leads to additional errors. Our scalarseen that all other EPI's become irrelevant compared to the
relativistic result for AuPt showing a tendency to ordering isfirst nearest-neighbor EPI in this strongly ordered alloy. Or-
similar to that obtained by Watscet al® using the linear- dering in VPt is mainly governed by the nearest neighbor
ized Slater-type-orbital(LASTO) method. Their scalar- pair interactionV,, which is 3-5 times larger than the sec-
relativistic calculation, based on spherical potentials, yields @nd neighbor EP(Table |), and several orders of magnitude
negative enthalpy of formation for AuPt in the,Btructure. larger than the more distant ones. The wave vector corre-

The lower pane(b) of Fig. 3 shows the ETI’s for various sponding to the minimum o¥(k) is (1,0,0, indicatingL 1,
triplets. Only a few ETI's are comparable in magnitude to thetype ordering. This is in accordance with the results obtained
EPI's up to the 6th neighbor shell. The triplet no. 1 is com-by Wolvertonet al® using the cluster expansion method in
posed entirely of nearest neighbors, i.e., the three pairs irthe TB-LMTO basis. Calculated spinodal temperatdig
volved are the nearest neighbors of each other. The secondries from ~3200 K (NR) to ~6500 K (FR), grossly
triplet consists of two nearest neighbor pairs and one second
neighbor pair. The third triplet consists of two nearest neigh- 4
bor pairs and one third neighbor pair. Triplet no. 8, the triplet
with the largest magnitude, consists of the linear array of 30|
atoms along the face diagonal of the conventional cubic cell.
Triplet no. 9 is the triangle formed by two edges and the face 20}
diagonal of the conventional cube. The fact that the shortest
linear triplet is of the largest magnitude is due to the angular g 10t
dependence of the hopping or transfer integrals. This result is£
consistent with the general trend in the relative strength of & g o
various multiatom interactions discussed by Bieber and z z
Gautier’® Further discussion on the relativistic effects in
AuPt and its qualitative difference with respect to other al-
loys studied in this work is provided at a later point.

Of the three alloys studied the strongest ordering tendency
is obtained for \{Pty. This is of course also the alloy
where the usual band-filling argument would suggest a . . .
strong ordering tendency. Fully relativistic treatment in- 08 o5 o2 0.1

. . . Effective Fermi energy (Ry)
creases the ordering tendency, with the ordering energy be-
coming more negative compared with its nonrelativistic FIG. 5. Effective pair interaction€EPI) for VPt in fully relativ-
value. This can be seen from Fig(a# where the energy- istic treatment. Bold, dotted, dashed, and long-dashed lines corre-
dependent first neighbor effective pair interactiov) is spond toV,, V., V3, andV,, respectively, wher¥, is the EPI for
plotted. In Fig. 5 energy-dependent effective pair interacthe nth neighbor shell. The vertical line shows the position of the
tions, up to the fourth nearest neighbor shell, are shown as leermi level.

-10 }
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overestimated values, partly due to the mean-field approxi- TABLE II. Effective pair interactions(EP)) for first to fourth
mation [Eqg. (3)] but mainly due to the fact that EPI's are nearest neighbor shell¥/( to V,) and lattice Fourier transform of
overestimated in GPM, some reasons for which have beeRP!'s [V(K)], calculated by considering EPI's up to the fifteenth
discussed in one of our earlier publicati(fﬁsln this case, neighbqr shell, forAuPt aIoninfuIIy“reIat"ivistid:R) treatmentl,.for
diagonal disorder(large difference in the centers of the thr(_ee different lattice parameters. “Eq.” denotes the equilibrium
d-bands of the two componentdrives the system towards lattice parameter.

ordering. . . . . Lattice parameterén a.u)

For comparison with VPt, in Figs. () and 4c) we 792 7.72(eq) 8.20
present the energy-dependent first neighbor EPI's for CuPRt
and AuPt, respectively. Figure 4 clearly shows the nontrivial Vi —3.273 —2.276 —1.753
differences in the shape of the energy-dependent first neigh-V2 1.049 1.154 1.046
bor EPI's of the three alloys. There is no generic shape, Vs 0.517 0.302 0.185
which could be used together with band-filling arguments, to V.4 —0.654 —0.346 —0.172
understand the ordering in all three alloys. This is not sur- V(k) —-0.033 —-0.020 —-0.014

prising, as such arguments usually apply to alloys across &
given transition meta{TM) series only. In addition, the va-
lidity of such arguments is often limited to a few adjacentmetals- (and p-) band to the Pd-band makes the ordered
members of a given TM series. Note that for the, order-  structure less stable in a relativistic description. The effect is
ing of CuPt the decrease ¥, due to relativistic effects the opposite for alloys of Pt with transition metals where the
shown in Fig. 4b) is irrelevant. As mentioned earlier, the states at the Fermi level atklike.
increased ordering tendency in the FR treatment for CuPt All results presented so far were calculated by considering
results from an increase in the second neighbor ¥Plas  the lattice relaxation effects in the disordered state in an ap-
shown in Table I. The ordering energy in this case is govproximate way as suggested by Kudrnovskyd Drchaf® In
erned byV, andV, [see Eq(12)]. SinceV, is much smaller general, the inclusion of lattice relaxation decreases the dis-
thanV,, the change in the latter dictates the change in it®rdered stat¢éCPA) energy. Thus with lattice relaxation, the
ordering tendency. system has a diminished tendency to move away from the
CusoPty is unique in the sense that it is the only Pt-baseddisordered state into an ordered state. According to Egs.
fcc metallic alloy that show& 1; ordering with alternating and (2) this means that EPI's calculated in the unrelaxed
fcc (1, 1, 1) layers of Cu and PE Clark et al.'® have shown State are higher. _
that the stability of CuPt i1, ordered structure is due to __Volume per atom has a noticeable effect on the calculated

van Hove—like singularities at two high-symmetry poitts EPI'S (see Table Il. In general, as the volume per atom in-
and L. The spanning vector betweetiand L is (&,1,1), creases, thg nearest .nelghl_ao_r EPI acquires a positive shift.
which is a member of the star 4f the ordering vector for For AuPt this results in a d|m|.n|she(_j segregation .tendency,
L1. structure. The results obtainéd by Clazkal ® (as well wh|Ie_for all other alloys studied this means an mcrgased
as lby Pinskiét al’2 for NiPY) are not based oﬁ the decom- orde_rlr_lg t_endency. Increased volume per atom result_s in _Iess
X hybridization and less charge transfer, both of which in-

position of electronlp energy Into pairwise 9°nt”bu“°ns'creases the disordered state energy, resulting in a positive
They, in effect, contain all higher order interactions. Our Cal'shift of the EPI

culations, based on pair interactions only, lead to very similar
results. The wave vector corresponding to the minimum of
V(k) is found to be §,%,3), showingL1; ordering in both B. Ternary alloys
nonrelativistic and fully relativistic treatments. The spinodal In this section, we present some results on the changes in
temperaturel varies from~1200 K (NR) to ~1600 K  phase stability of a binary alloy such as CuPt with the
(FR). gradual addition of a third component. The results presented
For alloys between transition metals and Pt relativisticare for scalar-relativistic calculations and charge neutral
effects increase the value &f;, while for alloys between spheres, with lattice relaxation taken into account as in pre-
noble metals and Pt relativistic effects reduce the value o¥ious cases. In all calculations, the ternary alloy has been
V. This effect becomes more prominent as one goes dowmodeled to beA; 2B 1 )2Cx whereC is the component
the noble metal column to Ag and Au and one finds thatwhich is added to thé-B alloy in equiatomic composition.
relativity leads to increasingly clustering tendencies. The efVegard’s law has been assumed for the lattice constants of
fect is prominent in AuPt. Pt and the transition metals havehese ternary alloys. We have chosen V and Au to be the
d-like states at the Fermi level. The noble metals halike  third component to be added gradually to the CuPt alloy.
states at the Fermi level. Relativistic effects shift the nobleThis choice was motivated by the fact that simple band-
metals-band to deeper binding energies, making it less abldilling argument&°would dictate that the addition of YAu)
to provide charge to the Btband. The potential parameter should lead to an increaselecreasgin the ordering ten-
in the LMTO Hamiltonian, which is a measure of the centerdency. However, changes in the ordering tendency are some-
of the band, is—0.39 Ry and—0.58 Ry for nonrelativistic =~ what complicated by the fact that while VPt orders, Cu and
and fully relativistic Aus-bands, respectively. Thus, as noted V are immiscible. Similarly, while Au-Pt segregates, Cu-Au
earlier by Luet al,}” decreased charge transfer from nobleorders—making it worthwhile studying the changes in the
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5 0 T T
(a) V1.0Cu49 5Pt49‘5 \4 40 (C) AuMCu 49 5Pt 495 B
40 | |

30 -

DOS (states/Ry atom spin)

20 | ]

Energy (Ry)

FIG. 6. Partial and averaged DOS'’s for the ternary alloyg: V; (CUsg Pligs, (0) VosClsz Plizs, (€) Aug Clsg Pligs, and (d)
Au,sCus7 P37 5. [Bold: V(Au) partial DOS; dotted: Cu DOS; dashed: Pt DOS, long-dashed: average{l @&digal lines show the position

of Fermi levels.

ordering tendency in CuPt as a result of the addition of Auneighbor Cu-Pt EPI. We have seen that in pure2t, alloy
Partial and averaged DOS's for some of the terna’ry alloys argl 1 1y ordering exists and the nearest neighbor EPI's are
presented in Figs.(8)—6(d). In Fig. &a), the DOS's of the  qitive. When V is gradually added to CuPt the value of
ternary alloy , (Clyg Plig s are ShOWk”- -t[;he effhect of addlmg nearest neighbor Cu-Pt EPI increases at first up t6% V
V is to create an impurity-type peak above the Fermi level, o . :
widely separated from the bulk of the Cu and Pt DOS's. Withand then decrgases. This is alsol rleflected N Fhe. ordering
increasing concentration of V this peak becomes broader aif@ve vector which changes from ,3) to (0,0,0, indicat-
hybridizes with Cu and Pt bandsee Fig. ), where V is  ing a transition from ordering to segregation. This transition
25%). Figure 7 shows the effect of V addition on the nearests possible for a very small concentration of V, since V and
Cu are immiscible. Calculation for a binary CyV, alloy,

5.6 \ \ \ \ \ with x~5%, indeed shows a very large segregation tempera-
ture (~16 000 K). In the ternary CuPtV allojvith small V
concentratioh the nearest neighbor EPI between Cu and V
has a high negative valuapproximately—11 mRyd. This
supersedes the positive EPI between Cu and Pt.

In (¢) and (d) of Fig. 6, the alloys shown are
AU 1 Clsg Plg s and Au,sClg; P37 5, respectively. For low
¥—v Au,Cu;,,,Pt. concentration of Au1%), the impurity peak is well below
the peaks of Cu and Pt and wider due to theharacter of
Au. As the concentration of Au increases there is increasing
hybridization of Au bands with those of Pt and Cu. We see a
gradual increase in ordering tendency as the EPI between Cu
and Pt increases with the increasing concentration of Au. The

H 11
. obs o o = o ordering vector changes frong (3,3) to (1,0,0 around 10%
V/Au concentration of Au. This is understandable, as thé,£,3) ordering of

FIG. 7. Effective pair interaction$EPI) between Cu and Pt CuPt is not particularly stable, being dependent on van
atoms in ternary alloys vs concentration of the third componentHove—like singularities aX and L points of the Brillouin
The curve joining the diamonds is for V in CuPt alloy, while the zone of the disordered lattice. As discussed by Ceral. '8
curve joining the triangles is for Au in CuPt. with a change in the Fermi level, or equivalently electron per

54
=1 chuu-x)/zptu-x)/z

52 -

EPI between Cu & Pt (mRy/atom spin)
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atom ratio €/a), this ordering can change either to cluster- been carried out’ theoretical studies in this regard are lack-
ing or (1,0,0 type ordering. Our GPM calculation yields a ing. We are currently carrying out a detailed study of the role
spinodal temperature of 1830 K for 25% Au while for binary of vacancies in ordering in binary alloys.

CusPtsg, it yields a value of 1600 K.

As an application of the ternary alloy formulation pre-
sented in Sec. || B we have also examined the effect of put-
ting 1% vacancy in CuPt alloy. Results for EPI's show that We have presented results related to the phase stability of
the ordering tendency is increased in the presence of vacathree Pt-based alloys using nonrelativistic and fully relativ-
cies. The first nearest neighbor ERA,§ between Cu and Pt istic TB-LMTO-CPA-GPM method. Two of these alloys, VPt
increases by 3% in the presence of vacancies. There is @nd CuPt, are known to order inl, and L1, structures,
corresponding increase of 12% in ordering temperature. Theespectively, while AuPt phase segregates. Our calculated re-
ordering vector still stays at3(3,3). The 12% increase in sults for these alloys, showing remarkably different ordering
the ordering temperature accompanying a 3% increase in tHgndencies, are in agreement with existing experimental ob-
nearest neighbor EPI S|mp|y reflects the fact that the EP|’§erVati0n. We haVe ShOWh that I’e|atiViStiC eﬁects are impor-
involving further neighbors cannot be ignored for this ter-tant for these Pt-based alloys, particularly for AuPt. Our cal-
nary case. All lattice Fourier transforms for the ternary alloyculations for ternary alloys show some interesting trends,
calculation were obtained by including the EPI's up to thewhich are amenable to experimental verification. The exist-
fifteenth neighbor shell. The relationship between the ordering body of experimental data is insufficient in this regard.
ing temperature and the EPI for the case of ternary alloy is
not exactly linear, as shown in Sec. Il B. The results for the
1% vacancy in CuPt indicates that vacancies may play an
important role in ordering. Although experimental investiga- Financial support for this work was provided by the Natu-
tions of the role of vacancies in ordering in some alloys haveal Sciences and Engineering Research Council of Canada.

IV. CONCLUSION
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