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Previously unknown cubic ordered Ni7Al and Cu7Pt compounds have recently been theoretically predicted
to be stable phases in the Ni-Al and Cu-Pt systems. While Cu7Pt was subsequently synthesized and identified,
Ni7Al remains experimentally unobserved. Using first-principles total energy calculations, we reinvestigate the
stability of this Ni7Al compound. We find the stability of this compound to be qualitatively effected by spin
polarization, ignored in previous calculations. The effect of ferromagnetism is to stabilize the two-phase
mixture of Ni1Ni3Al relative to the Ni7Al compound such that the latter is stable in nonmagnetic calculations,
but unstable when spin polarization is taken into account. This reversal of relative stabilities of Ni7Al and
Ni1Ni3Al with magnetism also has a dramatic effect on the calculated Ni3Al/Ni interfacial energys and
spin-polarized calculations lead to a positive value ofs, which is in qualitative agreement with values obtained
from precipitation experiments.@S0163-1829~99!05319-9#
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The Ni-rich portion of the Ni-Al phase diagram1,2 has
been extensively studied due to the interest in Ni3Al as a
high-temperature alloy and a strengthener in Ni-based su
alloys. Although the currently assessed Ni-Al pha
diagram1,2 contains no ordered phases for composit
ranges between that of Ni3Al and Ni, Lu et al.3 predicted the
stability of a cubic-ordered Ni7Al phase (Ca7Ge-type, space

group: Fm3̄m, Pearson symbolcF32). Because this cubic
phase does not have a Strukturbericht notation, these au
denoted this phase ‘‘D7,’’ a notation that we adopt~Fig. 1!.
The sameA7B structure was previously unknown in th
Cu-Pt phase diagram, but was predicted by Luet al.3,4 Sub-
sequently, Cu7Pt was synthesized and identified via x-r
diffraction.5 Subsequent to the prediction for Ni7Al, Chen
and Ardell6 examined irradiated samples near the Ni7Al
composition for signs of the ordered phase. Irradia
samples were used in hopes of speeding the sluggish kin
at low temperature, where the compound was predicted t
stable. This technique has been used to produce other h
to-stabilize compounds with relatively dilute composition
such asA8B compounds.7 Although the predictedA7B com-
pound should be clearly observable in Ni-Al~as was the case
in Cu7Pt) due to superlattice peaks at1

2 ^111& ~which are not
present in either Ni3Al or Ni !, no such superlattice peak
were found by Chen and Ardell. Also, diffuse scatteri
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from a single crystal of the high-temperature Ni-8.9%
solid solution phase was measured by Schoenfeldet al.8

These authors examined the measured short-range o
present in the solid solution to look for ‘‘signatures’’ of th
predicted low-temperature Ni7Al phase, but no such finger
prints were found.

The previous theoretical prediction of the stability of th
D7 phase of Ni7Al utilized a first-principle total energy ap
proach, although three approximations were used:~i! The
energy of theD7 phase was not calculateddirectly from a
local-density approximation~LDA ! approach, but rather wa
interpolated using a cluster expansion approach in wh
LDA energies of several ordered Ni-Al compounds were

FIG. 1. Structures of Ni3Al ( L12) and Ni7Al ( D7) phases.
12 165 ©1999 The American Physical Society
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to an Ising-like model, which was then used to predict
energies of other phases not calculated~such asD7). ~ii ! The
previous approach for Ni-Al~but not Cu-Pt! ~Ref. 3! utilized
LDA energies based on the method of linear muffin-tin
bitals within the atomic sphere approximation~LMTO-ASA!
rather than a full-potential approach.~iii ! Nonmagnetic cal-
culations were employed. Due to the absence of experim
tal evidence for this phase in Ni-Al and the approximatio
involved in the previous prediction, we decided to reinves
gate this problem theoretically. Thus, we wish to re-exam
the stability of the cubic Ni7Al phase without using any o
the approximations of the previous study. Hence, we perfo
this study using:~i! direct LDA total energies~i.e., not a
cluster expansion!, ~ii ! full-potential linearized augmente
plane-wave ~LAPW! calculations9 ~rather than LMTO-
ASA!, and ~iii ! spin-polarized calculations~both with and
without spin-orbit interaction!.

In this paper, we do not perform a complete ground-st
search, i.e., find the phase has the lowest energy of any c
pound at that composition~including two-phase mixtures o
compounds at other compositions!. Instead, we concentrat
on a much simpler problem of directly studying the energ
ics of threegivenphases: Ni, Ni3Al, and Ni7Al. Specifically,
we will examine the relative stability of cubic Ni7Al ( D7)
and Ni1Ni3Al ( L12):

dE5 1
8 $E~Ni7Al, D7!2@4E~Ni,fcc!1E~Ni3Al, L12!#%.

~1!

Thus,dE gives the energy~per atom! by which D7 differs
from a two-phase mixture of Ni and Ni3Al. dE,0 is a nec-
essary~but not sufficient! condition for the stability of the
D7 phase. However, ifdE.0 then theD7 phase cannot be
the ground state.

We find that~i! a direct approach~rather than cluster ex
pansion! or ~ii ! a full potential LAPW approach~rather than
LMTO-ASA! both givedE,0, indicating the stability of the
D7 phase, in agreement with the findings of Luet al. How-
ever,~iii ! allowing for ferromagnetic spin polarization lead
to dE.0. Specifically, spin polarization lowers the ener
of Ni significantly more than either Ni3Al or Ni7Al. Thus,
magnetic interactions destabilize Ni7Al preventing it from
being a ground state.~Such magnetic interactions are n
present in Cu7Pt since Cu is not magnetic.! Finally, theD7
phase is simply a short-period@111# superlattice between N
and Ni3Al, and therefore the energydE is related to the
Ni/Ni3Al @111# interfacial energy,s(Ni/Ni3Al; @111#). We
find that the reversal of sign ofdE upon spin polarization
also leads to a reversal of the calculated sign of the inte
cial energy, and brings the calculated value into qualitat
agreement with experimental values.

We have performed LAPW calculations in both nonma
netic and ferromagnetic spin configurations. We used the
change correlation of Ceperley and Alder,10 as parametrized
by Perdew and Zunger.11 Also, to check the sensitivity of the
results to the specific functional, some nonmagnetic calc
tions were also performed with the Wigner exchan
correlation.12 The muffin-tin radii are chosen to be 2.2 a.
for Ni and 2.4 a.u. for Al. A basis set corresponding to
energy cutoff of 16.7 Ry (RKmax59.0) was used. Brillouin-
zone integrations are performed using the equivalentk-point
sampling method.13 We used 60, 20, and 10k points in the
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irreducible zone for the Ni ~fcc!, Ni3Al ( L12), and
Ni7Al ( D7) structures, respectively, with each set mapp
onto to same 60 specialk points14 for the fcc structure. This
mapping guarantees that the total energy per atom of an
emental metal calculated either with the fcc unit cell or w
a larger cell (L12 or D7) are identical. All total energies ar
optimized with respect only to volume as the phases con
ered are all cubic with no cell-internal degrees of freedom

The calculated energeticsdE ~meV/atom! @Eq. ~2!# for
Ni7Al are

dE529.8 Nonmagnetic

112.8 Ferromagnetic. ~2!

We next discuss our results.
~1! Nonmagnetic Calculations: The energy ofD7 is be-

low that of a mixture of Ni1Ni3Al, i.e., dENM,0. Thus,D7
is stable with respect to a two-phase mixture of nonmagn
Ni and Ni3Al. This nonmagnetic result is in line with the
prediction of Luet al.3 implying that two of the approxima-
tions in their calculation@~i! the use of a cluster expansio
rather than direct LDA and~ii ! the use of the atomic spher
approximation# do not qualitatively change the stability o
the Ni7Al phase. Also, the results in Eq.~2! are given for the
Ceperley-Alder exchange correlation, we have also ca
lated these energetics with the Wigner functional, and
also find dENM,0. It is interesting to note that within a
nearest-neighbor-only Ising-like alloy description,dE50,
thus, theD7 structure is exactly degenerate with a two-pha
mixture of L12 and fcc. It is not until first- through fourth-
neighbor pairs are considered that theD7 structure can be-
come a ground state of the fcc ordering problem.15

~2! Ferromagnetic Spin Arrangements: Despite the fact
that ferromagnetism does not significantly lower the ene
of Ni3Al or Ni7Al, both these structures are predicted to
weakly ferromagnetic. The energetics change qualitativ
from dENM,0 to dEFM.0. The energetic effect of spin
polarization is to lower the energy of Ni much more than th
of Ni7Al or Ni3Al and hence, to lower the energy of th
two-phase mixture Ni1Ni3Al below that of Ni7Al. The same
trend inrelativestabilization energies is seen in the Ni ma
netic moment being 0.59, 0.20, and 0.16/0.26mB /atom in
Ni, Ni3Al, and the two inequivalent sites in Ni7Al,
respectively.16 Thus,magnetism stabilizesNi7Al by less than
Ni1Ni3Al, so that the D7 structure is not stable, and th
these calculations are consistent with the lack of observa
of this structure.Inclusion of the spin-orbit interaction in a
second variational procedure17 does not change the resul
for the destabilization of the Ni7Al structure. The spin-orbit
interaction reduces the energy of Ni, Ni3Al, and Ni7Al all by
similar amounts, and leaves the value ofdE virtually un-
changed. We have performed similar calculations for Ni
and Ni-Ti and interestingly, Ni7Si is also stable nonmagnet
cally and destabilized by magnetism (dENM520.8 and
dEFM5120.8), but Ni7Ti is not stable either with or with-
out magnetism (dENM5122.9 anddEFM5148.6).

The values calculated in Eq.~2! are within thelocal spin-
density approximation~LSDA!. Ni is difficult to describe
accurately within the LSDA, as evidenced by the famo
discrepancies that exist between calculated and experime
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values of exchange splitting and bandwidth.18–21 The calcu-
lated magnetic moment in pure Ni (0.59mB /atom) is in
good agreement with the observed value (0.61mB /atom);
however, as in previous calculations,22–25 the calculated
magnetic moment of Ni in the Ni3Al compound
(0.20mB /atom) is higher than the experimental value 0.
mB /atom).26

~3! Implication of Magnetism on Superlattice Stabilit:
The destabilization of the Ni7Al structure with spin polariza-
tion also has interesting consequences on the calcul
Ni/Ni3Al interfacial energies. The energy of a coherentApBp
superlattice between materialsA andB can be separated int
two components:27 ~a! Coherency Strain: the strain energy
required to maintain coherency between the~lattice mis-
matched! materialsA andB, and~b! Interfacial Energy: the
energy associated with the interactions between materia
theA/B interface~s!. To define these terms, it is useful to fir
consider the infinite period superlattice limitp→`, for a
superlattice along an orientationĜ with lattice constantsai

anda' parallel and perpendicular toĜ, respectively. In this
infinite-period case,A/B interfacial interactions~which scale
as theareaof the interface! contribute a negligible amount t
the superlattice formation energydESL ~which scales as the
volumeof the superlattice!

dESL~p→`,Ĝ![dECS~Ĝ!

5min
a'

@ 1
2 dEA

epi~a' ,ai
A ,Ĝ!

1 1
2 dEB

epi~a' ,ai
B ,Ĝ!#, ~3!

wheredESL is the energy of the superlattice relative to equ
valent amounts ofA and B in their equilibrium bulk geom-
etries. In Eq.~3!, the materialsA andB are deformed in an
‘‘epitaxial’’ geometry: Both materials are brought to a com
mon lattice constanta' perpendicular toĜ, and the energy
of each material is individually minimized with respect to t
lattice constantai parallel toĜ. The epitaxial energiesdEepi
are the energies ofA and B in these epitaxial geometrie
relative to their equilibrium bulk energy. Summing togeth
these ‘‘epitaxial’’ energies and subsequently minimizi
with respect to the common lattice constant gives the co
ency strain energy of Eq.~3!. For finite-period superlattices
the energy~per atom! is determined not only by the cohe
ency stain energy, but also by the interfacial energys, which
is proportional to the number of interfaces per atom per u
cell, 2/2p. We define this interfacial energy as

dESL~p,Ĝ!2dESL~p→`,Ĝ![
s~p,Ĝ!

p
. ~4!

Combining Eqs.~3! and~4!, we see the decomposition of th
superlattice energy~for anyperiod! into strain and interfacia
components

dESL~p,Ĝ!5
s~p,Ĝ!

p
1dECS~Ĝ!. ~5!

The D7 Ni7Al structure can be considered a very sho
period (p51) superlattice betweenA5Ni3Al and B5Ni
ed

at

r

r-

it

-

along theĜ5@111# direction. Thus, the energy of Ni7Al
relative to Ni3Al and Ni in Eq. ~2! gives us dESL(p
51,@111#). The coherency strain of Eq.~3! is calculated by
epitaxially deforming the ‘‘constituents’’ of the superlattic
Ni3Al ( L12) and Ni, along the@111# direction, obtaining
dECS(p51,@111#). We then obtain the Ni3Al/Ni interfacial
energys(1,@111#) from Eq. ~4!.29

The calculated coherency strain energies~meV/atom! are

dECS~@111# !512.1 Nonmagnetic

12.1 Ferromagnetic ~6!

and the resulting Ni3Al/Ni interfacial energies (mJ/m2) are

s~1,@111# !5237 Nonmagnetic

133 Ferromagnetic. ~7!

Of course, the reversal in stability of the Ni7Al phase with
spin polarization implies that the superlattice energydESL of
Eq. ~2! changes upon inclusion of ferromagnetism. Howev
the fact thatdECS,udESLu also implies thatthe calculated
Ni3Al/Ni interfacial energys changes from negative to pos
tive with spin polarization. The ferromagnetic results29 are in
qualitative agreement with experimental results extrac
from Ostwald ripening measurments of Ni3Al precipitation
in Ni-rich alloys: 18.160.2 mJ/m2.28 Although the calcu-
lated result is much larger than the experimental value,
consider this agreement to be reasonable when one cons
that the calculation of the interfacial energy is approxim
for several reasons: The zero-temperature calculation is f
very short-period superlattice, the interfacial energy is cal
lated between stoichiometric, ferromagnetic Ni and Ni3Al
~whereas in the experiment it is at high temperature betw
Ni3Al and a Ni-rich solid solution30!, and the calculation is
for a ~111! interface~whereas the data extracted from pr
cipitation kinetics involves an aging schedule in which t
precipitates evolve from a spherical to a more cuboi
shape, and thus can only be considered an ‘‘average’’ val!.
The change in sign of the interfacial energy with spin pol
ization is also consistent with the calculation of Price a
Cooper25 who calculated the~100! Ni3Al/Ni interfacial ener-
gies and also found negative~positive! interfacial energies in
their nonmagnetic~ferromagnetic! calculations. However,
these authors found even larger interfacial energies~63-88
mJ/m2) than our results.

In sum, we have reinvestigated the stability of the p
dicted Ni7Al phase using state-of-the-art first-principles too
based on the local spin-density approximation. We find t
spin polarization qualitatively changes the stability of th
phase with respect to decomposition into Ni3Al1Ni, and that
the ferromagnetic calculations demonstrate that the Ni7Al
phase isnot stable. Furthermore, this qualitative shift of en
ergetics upon spin polarization also dramatically affects
Ni3Al/Ni interfacial energies, bringing them into qualitativ
agreement with values deduced from precipitation exp
ments.

The work at NREL was supported by the Office of Ener
Research~OER! @Division of Materials Science of the Office
of Basic Energy Sciences~BES!#, U. S. Department of En-
ergy, under Contract No. DE-AC36-83CH10093.
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