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Relativity-Induced Ordering and Phase Separation 
in Intermetallic Compounds. 

Z. W. L u ,  5.-H. WEI and A. ZUNGER 
National Renewable Energy Laboratory - Golden, CO 80401, USA 

(received 31 August 1992; accepted in final form 29 October 1992) 

PACS. 71.10 - General theories and computational techniques. 
PACS. 61.55H - Alloys. 

Abstract. - The formation enthalpies of ordered compounds and the mixing enthalpies of random 
alloys were calculated for Ni-Au, Ni-Pt, and Au-Pt using an Ising-like cluster expansion based on 
the local-density formalism. We show that relativity i) induces long-range order in Ni-Pt due to a 
reduction in packing strain and enhancement of s-d coupling, but U) it leads to phase separation in 
Au-Pt due to suppression of the Au(s, p )  + Pt(d) charge transfer. 

Despite their profound effects on atomic and molecular spectroscopy [l], relativistic 
effects have so far been implicated in 

compounds (size mismatch, relaxation, and charge transfer) in terms of a first-principles 
electronic-structure theory. 

The central energetic quantities used in the theoretical discussion of phase stability 

[2-51 
are the formation enthalpy AHF(r,) of the ordered (ord) compound A/B in structure Q and 
the mixing enthalpy AH- (x) of a random (rand) alloy AI - , B, of composition x. These are 
defined as the excess energies taken with respect to the equivalent amounts of the solid 
constituents A and B at their equilibrium volumes V, and VB: 

(1) 

(2) 

~ F ( Q , )  = E,(ord) - [(I - x ) E A  + X E g ] ,  

AH-(x) = E,(rand) - [(l - X)EA + XEB 1. 
The <<ordering energy. is defined as the difference 

gEord (Qz = m~ (0, - m- (2) (3) 

If &Eod e 0, the random alloy could develop short-range order of the type underlying the 
structure Q. When LW~ (c) e 0, the long-range-ordered configuration Q could become a stable 
<<ground-state structure., whereas AHF(g) > 0 means that the ordered structure Q is 
unstable with respect to phase separation into A and B. 

Further insight into of the factors governing such stability trends can be obtained by 
decomposing the energies (1)-(3) into a sequential process (e.g., ref.[61), as follows: 
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First, deform hydrostatically pure A and B from their equilibrium volumes VA and VB to 
the volume V, akin to the find compound Q with composition x. In doing so we invest a 
wolume deformation. 0) energy AEW: it vanishes if the constituents are size-matched 
(V' = VB Vu) and is positive (i.e. promotes phase separation) othervise. Since, to within a 
good approximation, the molar volumes of structures at the same composition are equal [6], 
AEW depends essentially on the composition x but not on the atomic configuration Q. 

Second, permit A(V,) and B(V,), both prepared at the find volume Vu, to form the 
compound cr(V,) in its ideal structure. In this constant-volume and constant-geometry 
reaction one permits charge-transfer, the formation of hybridized energy bands, etc.; the 
energy change will thus be called the <<charge exchange. (CE) energy AEcE. 

Finally, permit the atoms in configuration Q to relax to their energy-minimizing 
positions. Such strain-relieving relaxations (REL) change the energy by AEREL (0). This 
includes both cell-internal displacements as well as cell-external deformation (e.g., changing 
the c / a  ratio in the Llo structure). Like the volume deformation, the energy AEREL(u)  too 
tends to vanish for size-matched t f i n i t e atemerfatur aw 
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Since the input to eq. (6) is a set {AHF (a)} of formation enthalpies for ordered compounds, 
and since each of these can be decomposed according to eq. (4), the final random alloy energy 
AH- (2) can also be represented in the form (5). Consequently, the .ordering energy. of eq. 
(3) can be expressed as 

(7) 

permitting its analysis in terms of excess relaxation and charge exchange relative to the 
random alloy. Note that arguments[4] 

suggest that 

all alloys of late transition metals will phase-separate (rather than order) a t  low 
temperatures (since the antibonding part of the d band is nearly filled), NiPt exhibits strong 
Llo ordering[12]. ii) While charge transfer and hybridization were predicted to lead to 
long-range ordering in NiPt [9], the NiAu system that has a 50% larger electronegativity 
difference is known to phase-separate [12]. iii) However, despite its phase separation at  low 
temperatures [12], NiAu exhibits Llo-type short-range order at high temperatures [13]. 

We have carried out the formalism described here using in eq. (6) the No = 8 structures: 
f.c.c. (A and B), L12 (A,B and AB,), Llo, Lll, .hTd
(]TJ
0.03 0.88Bt0 13 17s

(general )Tj
0 Tc 
-34.6422 -1.054 Td
[(potential )-149.1(linearized )]TJ
0.00999 Tc 
8.1927 0 Td
[(augmented )-60.2(plane )]TJ
-0.01001 Tc 
7.3119 0 Td
(wave )Tj
0 Tc 
11 0 0 11.5 231.6 322.1 Tm
((LAPW) )Tj
10.9 0 0 11.1 272.4 322.1 Tm
(method )Tj
-0.03001 Tc 
3.2844 0 Td
([14] )Tj
0 Tc 
1.8257 0 Td
(with )Tj
0.04999 Tc 
2.1376 0 Td
(the )Tj
0.12999 Tc 
1.6238 0 Td
(Wiper )Tj
0 Tc 
3.3945 0 Td
(exchange )Tj
0.00999 Tc 
-33.9358 -1.036 Td
(correlation )Tj
0 Tc 
4.8716 0 Td
(potential. )Tj
-0.01001 Tc 
4.2018 0 Td
(We )Tj
0 Tc 
1.8073 0 Td
(include )Tj
0.01999 Tc 
3.3211 0 Td
(mass )Tj
-0.01001 Tc 
2.4954 0 Td
(velocity )Tj
0.01999 Tc 
3.5871 0 Td
(and )Tj
/F7 1 Tf -0.21001 Tc 
13.1 0 0 12.6 278.6 310.6 Tm
(Darwin )Tj
/F17 1 Tf 0.04999 Tc 
10.9 0 0 11.1 316.3 310.6 Tm
(terms )Tj
0.03 Tc 
2.844 0 Td
(but )Tj
0 Tc 
1.8257 0 Td
[(neglect )-256.5(spin-orbit )]TJ
-0.01001 Tc 
-30.3578 -1.063 Td
[(coupling )45.2(which )]TJ
0.00999 Tc 
6.2569 0 Td
(has )Tj
0 Tc 
1.6697 0 Td
[(a )-39.9(small )22.5(effect )]TJ
/F2 1 Tf -0.19 Tc 
15.4 0 0 15 183.2 298.8 Tm
((9 )Tj
/F17 1 Tf 0 Tc 
10.9 0 0 11.1 196.4 298.8 Tm
(on )Tj
0.04999 Tc 
1.2385 0 Td
(the )Tj
0 Tc 
1.578 0 Td
(formation )Tj
0.00999 Tc 
4.2294 0 Td
[(energies. )14.5(Inside )]TJ
0.04999 Tc 
6.6973 0 Td
(the )Tj
0 Tc 
1.5596 0 Td
(muffin-tin )Tj
0.01999 Tc 
4.3211 0 Td
(spheres, )Tj
0.03 Tc 
-34.3395 -1.036 Td
(the )Tj
0 Tc 
1.6055 0 Td
(nonspherical )Tj
0.01999 Tc 
5.4404 0 Td
(charge )Tj
0.00999 Tc 
3.0642 0 Td
(density )Tj
0.01999 Tc 
3.2294 0 Td
(and )Tj
0 Tc 
1.8073 0 Td
(potential )Tj
12 0 0 11.6 243.1 287.3 Tm
(are )Tj
10.9 0 0 11.1 260.9 287.3 Tm
[(expanded )-55.6(in )]TJ
0.03 Tc 
5.2202 0 Td
(terms )Tj
-0.10001 Tc 
2.7064 0 Td
(of )Tj
0.00999 Tc 
1.055 0 Td
(lattice )Tj
0 Tc 
2.8165 0 Td
(harmonics )Tj
-0.08 Tc 
4.4954 0 Td
(of )Tj
0.00999 Tc 
-36.9083 -1.063 Td
3 T3wmcg399 Tc 
6 
1.055 0 Td1 Tf -0.215uTd
(has )Tj
0 Tc 
1.T3wmcg3994ml3f3)ity 
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Fig. 1. - Calculated relaxed excess energies of a) A Q . ~ P ~ ~ ~  and b)  N&.sPt,).6. We show separately 
nonrelativistic (NR) and scalar-relativistic (SR) results. The energies of the constituents are_calculated 
both at their equilibrium volumes V, (the energy zero) as well as at the 50%- 50% volume (VI. See eqs. 
(1)-(3). 

produce large errors relative to a full potential calculation. For example, Amador et al. [181 
find AHF (L1, ) = - 80.2 and AHF (22) = - 53 meV/atom for NiPt, while our full potential 
calculation gives AHF (151, ) = - 29.5 and AHF (22) = + 3.2 meV/atom, respectively. 

The main results of this work are illustrated in fig. 1. They show the excess energies of the 
random alloy and of ordered compounds as obtained in a nonrelativistic and scalar-relativistic 
calculations. The ordering energy can be read off as the difference (eq. (3)) between ordered 
and random energies. To isolate the effects of volume deformation, we show in each figure 
the energy of A +  B before and after they are volume deformed. Table I gives the 
decomposition of eqs. (4) and (7) for ordered and disordered structures. Our analysis shows 
the following features: 

i) A nonrelativistic description of NiPt predicts phase separation as the ground state, 
despite the fact that the ordering energy 8Eord (Llo) is negative. Neglecting AEm must phase-separate 

rather than order. Hence, a correct nonrelativistic description does not produce 

LRO at any 
temperature. This illustrates the fact that neglect of relaxation [3] can lead to large errors in 
order-disorder transition temperatures, and that, in general, LRO cannot be predicted from 
a theory of 8Eord. A similar conclusion is apparent in the relativistic description of NiAu (table 
I): we find that AHH, (L1, ) > 0 despite 8EOd (Ll, ) e 0. This is consistent with the observation 
of (001) short-range order in high-temperature NiAu alloys which phase-separates at lower 
temperatures [131. 

ii) The reason why the nonrelativistic ground state of NiPt is phase separation is the 
dominance of volume deformation over charge exchange and relaxation (table I). Indeed, the 
calculated nonrelativistic lattice constants of the f.c.c. constituents (aNi = 3.479A and aR = 
= 4.107A) show a large (16.6%) relative size mismatch leading to a large destabilizing AEm . 
Relativity stabilizes 
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TABLE E. - Contributions of volume deformation (VD), charge exchange (CE), and relaxation (REL) to 
the excess enthalpies (eqs. (4) and (7)). Results are in meV/atom. 

Nonrelativistic Relativistic 
Lln Random Lln Random 

~~~~~ ~ ~~ 

NbbPt0.6 

mCE - 398.4 - 307.0 - 504.5 - 403.3 
~ R E L  - 51.6 - 60.5 - 18.0 - 53.8 

SEOd - 82.5 

mvD + 543.6 + 543.6 + 426.8 + 426.8 

AH + 93.6 + 176.1 - 95.7 - 30.3 - - 66.4 - 
A~od'to~,  
hEvD + 42.3 
mCE - 113.5 
~ R E L  -0 
AH - 71.2 
6Ed - 10.0 

+ 42.3 
- 103.5 
-0 
- 61.2 

+ 48.6 

+ 76.8 
+ 28.2 
-0 

+ 26.7 

+ 48.6 + 1.5 
-0 + 50.1 

- 

NbKAUod 
mvlJ + 722.2 + 722.2 + si.8 + 561.8 
~ R E L  - 11.9 - 82.5 - 20.2 - 68.3 
@Od 

mCE - 337.8 - 283.8 - 464.8 - 369.2 
AH + 372.5 + 355.9 + 76.8 + 124.3 + 16.6 - - 47.5 - 

stabilization. The same effects exist in other compounds in which only one of the two 
elements is heavy; see, for example, AEvD in NiAu, table I. Second, relativity leads to a 
significant lowering of AECE. Examination of the density of states and charge transfer shows 
the reason: relativistic effects lower the Pt s band more than the Ni s band, leading to a more 
effective Ni + Pt charge transfer and s-d hybridization. The combined effect of reduced 
repulsiveness of AEm and increased attractiveness of AECE leads in a relativistic description 
to a negative MF (Ll,) = - 95.7 meV/atom, i.e. ordering. 

iii) A nonrelativistic description of AuPt leads to ordering, while a relativistic descrip- 
tion leads to the observed [12] phase-separating behavior: the reason is again twofold. First, 
while relativity does not significantly change the lattice mismatch if both atoms are heavy, it 
raises significantly the bulk moduli B of heavy elements: nonrelativistically BR = 1.79 Mbar 
and BAu = 1.03 mar, while relativistically BR = 2.87 Mbar and BAu = 1.83 Mbar. (The 
measured values are 2.78Mbar and 1.73Mbar, respectively.) This leads to a (small) 
relativistic increase in AEm, hence destabhation. Second, relativity diminisha strongly 
the stabilizing effects of charge exchange in AuPt (indeed, it even changes the sign of MCE; 
see table I). The reason is evident by inspecting 

s - p band into the Pt d band (the 
calculated excess charge AQ; = Q;(Ll,) - Q;(f.c.c.) in the a-th muffin-tin sphere is AQ? = 
= 0.13 e).  However, relativity shifts the Au s band to deeper binding energies; this band is then 
less able to  provide charge to the Pt d band (the Pt charge now comes predominantly from 
the Au d band). Hence, ordered AuPt is less stable in a relativistic description. 
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Considering the Au-Ni-Pt triangle, we conclude that when both elements are heavy 
(AuPt), relativity promotes phase separation through increased AEm and diminished AEcE, 
while when only one of the two elements is heavy ( N P t  and NiAu), relativity reduces AEw 
and increases AECE, thus contributing to ordering. 

iv) Relaxation can have a profound effect both on the short-range order (underlying 
GEod) and on the LRO. Table I shows for example that a nonrelativistic description of NiAu 
gives GEord(Llo) = AECE(LlO) - AEcE(rand) < 0 in the absence of relaxation. In contrast, 
when relaxation is permitted one finds &Eord(Llo) > 0 (since the random alloy relaxes more 
than the ordered Llo structure). In general the relaxation energy depends strongly on the 
symmetry of the structure: A E R E L  for the Llo , L l l ,  and the 22 structures are - 20.2, - 28.0, 
and - 177.8 meV/atom in NiAu, and - 18.0, - 24.5, and - 134.0meV/atom in NiF't. The 
neglect of relaxation effects by previous methods [2-4] can hence cloud the predictions of both 
formation energies and ordering energies. 

The method illustrated here offers a general way of analyzing trends in phase stability in 
terms of electronic-structure constructs obtained from first-principles studies. 

* * *  
This work was supported by the US Department of Energy, Office of Energy Research, 

Basic Energy Science, Grant DE-AC02-83-CH10093. 
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