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Ab initio molecular-dynamics study of highly nonideal structural and thermodynamic properties
of liquid Ni-Al alloys
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Atomic and electronic structure, and diffusion coefficients in liquid Ni-Al alloys, have been calculated byab
initio molecular-dynamics simulations. The chemically short-range ordered structure of liquid Ni20Al80 mea-
sured by neutron scattering is well reproduced in these simulations. We calculate a significant electronic
contribution (DSel520.4 kB /atom) to the formation entropy of NiAl at 1900 K, originating from a simulta-
neous narrowing and shifting of the Nid band to higher binding energies accompanying alloying with Al. This
value ofDSel , combined with an estimate for the configurational entropy based on calculated radial distribu-
tion functions and a nonadditive hard-sphere model, accounts for the large negative excess entropy of mixing
measured in liquid Ni-Al alloys.

DOI: 10.1103/PhysRevB.64.020201 PACS number~s!: 61.25.Mv, 71.22.1i, 65.20.1w, 65.40.Gr
a
te

ie
us
h
ic
ic
tie
de
th
of
ui
ye
u

ac

or
b

tia
o
ie
e
e
s
l

on

g
xin
-
-

e
ifi

e
-

e-
tri-
re-

of
in

Al

o-

ft
ve
lied

f
r

of
Al,

he
the
ally
ion

re
Transition-metal-aluminum~TM-Al ! alloys form a tech-
nologically important class of materials that are of fund
mental interest due to the structural complexity associa
with many of their intermetallic phases. While the propert
of crystalline TM-Al alloys have been topics of numero
theoretical and experimental studies, far less attention
been devoted to noncrystalline phases and liquids in part
lar. TM-Al alloys are the basis for a variety of bulk metall
glass forming systems, and efforts to optimize the proper
of these materials have led to increasing interest in un
standing the thermodynamic and kinetic properties of
liquid phases from which they form. The Ni-Al system is
particular interest in this context since properties in the liq
phase are relatively well characterized experimentally
uncertainties persist in theoretical models of bonding, str
ture, and thermodynamics in these alloys.

The structure of liquid Ni20Al80 was measured by Maretet
al.1 using isotope substitution neutron scattering to extr
each of the three independent structure factors atT
51330 K. A significant degree of chemical short-range
der~SRO! was measured in these liquids, as characterized
a pronounced peak in the chemical-chemical Bha
Thornton structure factor.2 Consistent with the tendency t
form chemical SRO, the solution thermodynamic propert
of liquid Ni-Al alloys are highly nonideal. Specifically, th
excess entropy of mixing (DSxs , the difference between th
actual and ideal entropies of mixing! is measured to be a
large as21.6 kB /atom.4,5 Within a model-pseudopotentia
formalism combined with thermodynamic pertubati
theory, Landa and co-workers6 studied the origin of the
highly nonideal thermodynamic properties in NiAl and su
gested that the large values of the excess entropy of mi
could be attributed to two effects:~i! a large negative devia
tion in liquid alloy atomic volumes from Vegard’s law, lead
ing to a sizeable packing entropy38–40 contribution toDSxs ,
and ~ii ! a charge transfer effect whereby the Nid band is
filled upon alloying with Al, leading to a reduction in th
electronic density of states at the Fermi level and a sign
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cant negativeelectronic entropycontribution toDSxs .7 More
recently, Pasturel and co-workers8–10 have emphasized th
importance of~iii ! chemical SRO in modeling the thermody
namic properties of liquid Ni-Al alloys. Effects~i!–~iii ! have
not yet been modeled within a consistent theoretical fram
work, and the relative magnitudes of these different con
butions to the excess thermodynamic properties therefore
mains unclear. To further clarify the microscopic origins
the highly nonideal solution thermodynamic properties
this system we have undertaken a study of liquid Ni-
based uponab initio molecular-dynamics~AIMD ! simula-
tions.

AIMD simulations of liquid Ni-Al alloys were performed
using theab initio total-energy and molecular-dynamics pr
gram VASP ~Vienna ab initio simulation package! devel-
oped at the Institut fu¨r Material-physik of the Universita¨t
Wien.11,12 The VASP code makes use of ultraso
pseudopotentials,13 and an expansion of the electronic wa
functions in plane waves. This approach has been app
widely in AIMD simulations of liquid metals and alloys~see,
for example, Refs. 14–24!. Simulations were performed in
the local density approximation25 using a plane-wave cutof
of 242 eV. G-point sampling was used in simulations fo
Ni20Al80 liquids at 1300 K, whereas in the calculations
electronic densities of states and electronic entropy for
Ni, and NiAl at 1900 K use was made of a 23232 and 4
3434 Monkhorst-Packk-point meshes.26 Electronic levels
were occupied according to Fermi-Dirac statistics with t
electronic temperature set equal to that of the ions. All of
simulations reported here were performed at experiment
measured liquid densities. Newton’s equations of mot
were integrated using the Verlet algorithm27 with a time step
of 3 fs, and use was made of a Nose´ thermostat28 to control
temperature.

In Fig. 1 we compare our calculated and measured1 struc-
ture factors for a Ni20Al80 liquid. Figure 1~a! features a com-
parison between AIMD results for the Bhatia-Thornton2 cor-
relation functions, with results extracted from structu
©2001 The American Physical Society01-1
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factors measured as a function of Ni isotope concentrati1

Since the extraction of partial structure factors from expe
mental data can be subject to uncertainties, we also com
calculated and measured values fortotal structure factors in
Fig. 1~b!. In both figures calculated results were obtained
Fourier transforming partial-pair correlation functions d
rived from 256 atom simulations performed at 1300 K. R
dial distribution functions were averaged during a simulat
lasting 6.9 ps which followed a 1.3 ps equilibration pha
beginning with atomic positions extracted from embedd
atom-method~EAM! based Monte Carlo simulations.32 The
agreement between experiment and theory displayed in
1~a! is seen to be good for both the number-number a
number-chemical correlation functions, SNN(q) and SNC(q).
The AIMD simulations also reproduce the pronounced p
in the chemical-chemical structure factor (SCC), indicative
of chemical SRO in the liquid. The first peak in the calc
lated SCC(q) is slightly larger than measurements suggest
a higher degree of chemical SRO in the AIMD simulation
Overall the level of agreement is comparable to that obtai
in a previous molecular-dynamics study based upon tig
binding potentials by Phuonget al.3 The level of agreemen
between experiment and theory for total structure factors

FIG. 1. Calculated~solid lines! and measured~circles! ~Ref. 1!
Bhatia-Thornton structure factors~a! and total structure factors~b!
for liquid Ni20Al80.
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played in Fig. 1~b! is also found to be quite reasonable. Sp
cifically, the prepeak features measured experimentally
well characterized. Computed positions for the first peak
shifted to slightly higher values ofq, suggesting that the
bond lengths are underestimated on average by the AI
calculations relative to experiment.

Nearest-neighbor bond lengths, obtained from the po
tion of the first peak in each of the partial pair correlati
functions, are reported in Table I. While the AIMD calcu
lated values show quantitative differences~as large as 4%!
compared to experimental results, they capture the trend
the shortest bond length is betweenunlike neighbor bonds
~Ni-Al !.33 It is interesting to note that in Table I the AIMD
calculated NiAl bond length~2.41 Å! is significantly smaller
than the values ofR(NiAl) obtained in all of the previous
classical simulation studies,3,32 with the exception of the re-
sult based on the EAM potentials developed by Ludwig a
Gumbsch31 which were the only set fit to a data base inclu
ing first-principles calculated energetics for Ni-Al interm
tallic compounds.

In Table I are listed values of the Ni and Al diffusio
coefficients (DNi andDAl) in liquid Ni20Al80 obtained from
AIMD and classical EAM simulations32 at 1300 K. Values of
DNi and DAl have been calculated from MD simulations
the standard manner from the long-time slope of the m
square displacement: ^ur i(t01t)2r i(t0)u2&→6Dit, as
t→`.34 The AIMD diffusion coefficient for Ni is nearly a
factor of two lower than that computed for Al, and bothDAl
andDNi values calculated from EAM are substantially high
than theab initio results.

Electronic densities of states~DOS! for liquid NiAl, and
elemental liquid Al and Ni, at 1900 K are plotted in Fig.
These results were obtained by averaging over DOS ge
ated from ten snapshots taken during the course of 3 ps
simulations for equilibrated 64-atom liquid structures. T
most pronounced feature of the results shown in Fig. 2 is
narrowing of the Nid-band in the alloy and its shift to highe
binding energies, relative to elemental liquid Ni. To expla
this feature of the electronic DOS in liquid NiAl, we con

TABLE I. Nearest-neighbor distances (R), chemical SRO pa-
rameters (a), and diffusion coefficients (DNi andDAl) for Ni20Al80

at T51300 K. Nearest-neighbor spacings are given in Å, wh
diffusion coefficients are in units of 1024 cm2 s21.

R(NiNi) R(NiAl) R(AlAl) DNi DAl

AIMD 2.67 2.41 2.73 0.246 0.02 0.426 0.04
Expt.a 2.63 2.54 2.82
EAMb 2.52 2.54 2.74 0.75 0.83
EAMc 2.50 2.52 2.75 0.86 0.90
EAMd 2.56 2.44 2.77 0.52 0.79
TBe 2.55 2.55 2.78

aExperimental measurements~Ref. 1!.
bVoter and Chen~Ref. 29! EAM potentials.
cFoiles and Daw~Ref. 30! EAM potentials.
dLudwig and Gumbsch~Ref. 31! EAM potentials.
eTight-binding ~Ref. 3! potentials.
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sider the much simpler bccB2 ordered alloy. The main fea
tures of the liquid DOS are replicated there, and the sim
interpretation accessible to theB2 alloy will carry over to the
liquid. For interpretation we employ the method of line
muffin-tin orbitals ~LMTO! in the atomic spheres approx
mation ~ASA!,35 which partitions space by circumscribin
spheres around each nucleus with a radiusRs chosen to
match the atomic volume. The ASA is particularly use
here because it provides an easily understood common
erence potential with which to align bands of the separ
compounds, as we now describe. In elemental Ni and Al,
evident that each sphere is neutral; consequently atRs we
choose the electrostatic potential to be zero, which fixes
reference in those cases. In theB2 alloy, the potential atRs
is the Madelung potential. ASA calculations show a cha
transfer of 0.4 electrons from the Al to the Ni spheres, wh
results in a Madelung potential of68 meV. This shift is so
small that we can neglect it. For this reference, the Fe
level of fcc Al and Ni were calculated to be20.080 eV and
21.011 eV, respectively~each calculated at its own equilib
rium volume!. Thus on formation of the alloy charge shif
from the Al to the more electronegative Ni, as we not
above. In elemental Ni thed DOS overlaps the Fermi energ
(EF), with about 9.5 states occupied and 0.5 states ab
EF , while in liquid and B2 NiAl the d states are shifted
deeper relative toEF , as Fig. 2 shows. This net shift is
result of two shifts occurring simultaneously. The Nid cen-
ter of gravity shifts upwards about 1.4 eV~owing largely to
an increase in atomic volume!, while at the same timeEF
rises to 0.8 eV~a shift of 1.8 eV relative to elemental Ni!;
these combine for downward shift of 0.4 eV forB2 NiAl in
the band center of gravity. Second, there is a narrowing
the NiAl d bands relative to elemental Ni. In part this can
ascribed to a volume effect: well known canonical ba
theory36 predicts that, in the absence of mixing withs andp
states the bandwidth scales asV25/3 with V the atomic vol-
ume. In the present case canonical theory accounts for

FIG. 2. Calculated electronic densities of states for liquid N
and elemental Ni and Al at 1900 K. The thick and thin lines in t
bottom panel correspond to total and partial densities of states
spectively.
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percent narrowing of the bands. Further narrowing is
plained by the fact that Ni has fewer neighbors of like ki
in the alloy, thus reducing thed bandwidth.

As a consequence of the narrowing and shifting of the
d-band upon alloying, the DOS nearEF in liquid NiAl is
substantially reduced relative to what would be expec
from a composition-weighted average of the density of sta
for the elemental constituents. These results therefore
gest a large electronic contribution to the entropy of form
tion of liquid NiAl alloys, as proposed previously.6,10 Spe-
cifically, from the standard expression for the electron
entropy in the independent electron approximation,37 inte-
grated over the DOS generated from ten liquid structu
each for Al, Ni, and NiAl at 1900 K, we compute an ele
tronic formation entropy for liquid NiAl equal toDSel5
20.4260.01 kB /atom~where the quoted error estimate re
resents the standard deviation computed from ten snapsh!.

With the above calculated value ofDSel we can analyze in
further detail the origin of the large excess mixing entro
measured for liquid Ni-Al alloys. In addition to the elec
tronic contribution discussed above, we follow Pastu
et al.7 and estimate the magnitude of the configurational
tropy within a hard-sphere model. In the present case
consider a nonadditive hard-sphere model of mixtures to
count for the fact that Ni-Al bondlengths are calculated to
much less than the average of those for like-atom neighb
~see Table I!. We make use of an analytical expression d
rived recently within first-order pertubation theory by A
et al.41 In this framework, the excess configurational entro
is written in the form:DSHS5DSgas1DSp1DSna , where
DSgas is the ideal gas contribution,DSp is the packing en-
tropy for a reference additive-hard-sphere mixture, andDSna
is the correction to the entropy resulting from nonadditiv
of the hard-sphere diameters. ForDSp we use the equation o
state for additive hard sphere mixtures developed by B
blik, Mansoori, Carnahan, Starling, and Leland.38–40Further,
from the work of Ali et al. the nonadditivity correction take
the form ~for an equiatomic composition! DSna5

2kBprs̄2DsgNiAl (sNiAl ) in terms of the density (r) of the
alloy, the radial distribution at the point of contact (sNiAl ),
the average hard-sphere diameter@s̄5(sAlAl 1sNiNi)/2#,
and the deviation from additivity of hard-sphere diamete
Ds5s̄2sNiAl . For liquid Ni, Al, and NiAl at 1900 K val-
ues of the geometrical quantities entering into the analyt
hard-sphere entropy expressions described above have
determined from experimentally measured liquid densit
~we emphasize that all AIMD simulations were performed
experimentally measured densities! and calculated radial dis
tribution functions. ForDSp we compute a relatively large
value of 20.42 kB /atom. The magnitude of this term re
flects the fact that the packing fraction in the NiAl alloy
considerably higher than the average of the values for p
Ni and Al. Due to the large negative deviation in Vegard
law for the liquid densities, the ideal-gas contribution
DSHS is non-negligible:DSgas520.1 kB /atom. Finally, ow-
ing to the nonadditive nature of the bond lengths in Ni-
melts a significant correction to the additive-hard-sphere
tropy is calculated:DSna520.62kB /atom. When these thre
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contributions are combined, the following estimate for t
configurational entropy results:DSHS521.14 kB /atom.
The sum ofDSHS andDSel estimated above gives a value f
the excess entropy of mixing equal to21.56 kB /atom. This
value is comparable to the large excess entropies meas
for Ni-rich alloys.4,5
q-
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