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Ab initio statistical mechanics for alloy phase diagrams and ordering phenomena
including the effect of vacancies
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The effect of vacancies on the phase diagram and the order-disorder transition of a binary alloy is studied
within the framework of arab initio statistical mechanics. It is shown that for systems with structural vacan-
cies the phase diagrams are substantially modified by the vacancies, both qualit@pmdarance of new
vacancy-ordered phagesnd quantitatively(stabilization of phases for a wider composition range, decrease of
transition temperaturgsThe interplay of vacancies and antistructure atoms for the order-disorder transition is
elucidated.
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Intermetallic compounds have attracted considerable athe Ni,Al; phase which is observed experimentally when
tention in the last years because of their potential technologigoing from the Al-richB2 phase to even smaller Ni concen-
cal application as high-temperature structural matératsl  trations may be interpreted as an ordering of vacancies in
because there is a large variety of interesting questions coguch a way that every third sheet of Ni atoms perpendicular
cerning the fundamental physics, encompassing the phasg the cube diagonal of thB2 structure is absent. The va-
stability and kinetics of phase transformations in the bulk cancies are also important for the thermal disordering which
and, for epitaxial alloys order-disorder phenomena and seg-proceed® in B2-NiAl at low temperatures via the formation
regation phenomena in the bulk and at the surfdciatomic  of triple defects(two vacancies on one sublattice and an
defects and diffusiofi,® structure and dynamics of antistructure atom on the other sublatiicé/e assume that
dislocations;>* and the complex electronic bonding this mechanism of disordering must be modified at higher
properties:” Concerning phase diagrams, the technologicallytemperatures because otherwise the volume expansion due to
important compounds often exhibit many stable and metathe creation of vacancies would become enormously large.
stable phases, and the experimental determination of equilibfhe preceding discussion illustrates that vacancies should be
rium phase diagrams is complicated and time-consumingaken into account for a calculation of the phase diagram and
Therefore, theoretical support for the determination, predicthe thermal disordering of intermetallic compounds with
tion, and design of phase diagrams is highly desirable. Behigh vacancy concentrations.
cause the electronic properties of the intermetallic com- |n the present paper we demonstrate how this may be
pounds often are rather complicatédphenomenological achieved within the framework odb initio statistical me-
and semiempirical models are not always reliable andlan chanics. The calculations are for a model system consisting
initio statistical mechanics is requiréd*where the energet- of Ni and Al atoms with phases which appear only on a bcc
ics is described by solving the full electronic-structure prob-parent lattice and which does not melt. In reality, there are
lem. also phases with other symmetries in the NiAl phase dia-

The ab initio statistical mechanics has been rather sucgram, and real NiAl melts before the various ordered phases
cessfully applied to many compounds assuming in nearly aléxhibit a transition to a disordered solid phase. It is the ob-
studies that each lattice site is occupied by an atom. Howjective of our paper to elucidate qualitatively the possible
ever, it is well knowfi™® that in many intermetallic com- effects of vacancies on the phase diagram and the mecha-
pounds (especially those with bcc-type phagdbere is a  nism of thermal disordering, rather than to obtain a realistic
high concentration of thermally excited vacancies, and irdescription of the system NiAl occuring in nature.
some nonstoichiometric bcc-type compoufids!® e.g., The calculations were performed within the framework of
B2-NiAl, there are also structural vacancies, i.e., vacanciethe real-space cluster expansi@g) techniqué®*4for the
which survive in thermal equilibrium in order to guarantee energetics and of the cluster variation methid&2°(CvM)
the deviations from the stoichiometric compositions whenfor the configurational entropy. In the CE a parent lattice
going to low temperatures. It is suggesting itself to assumavith N sitesi is chosen and each configuration is described
that these vacancies may have a considerable influence day assigning a spin variab® to each site of the lattice. For
the form of the phase diagram and on the mechanism dhe binary system NiAl with vacancies the variaBleexhib-
thermal disordering. For instance, tB2 phase of NiAl is its the valuest 1, — 1, or O if sitei is occupied by a Ni atom,
nearly exclusively confined to the Ni-rich part of the calcu-an Al atom, or a vacancy, respectively, i.e., we treat the
lated phase diagrantsee Fig. 2 and Refs. 14 and )16 vacancy as a third component in a “quasiternary” system.
whereas it appears also in the Al-rich part of the experimenThe energye(o) ==, ZJms?ms o) Of each configuratiowr
tal phase diagram. Our conjecture is that for Al-rich systemshen may be exactly described by an infinite sum of contri-
theB2 phase of NiAl is stabilized by the occurrence of struc-butions arising from all possible spin clustenon the parent
tural vacancie$® Furthermore, it has been suggesfethat lattice, i.e., nearest-neighbor pairs and further distant pairs,

0163-1829/2000/63)/0121044)/$15.00 63012104-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 63012104

triplets of different shapes, quartets, and so on. hg(o) Al, or vacancy, and they were determined by minimizing
are appropriate cluster functions of the spin variables of théhe grand potential with the natural iteration metfidd.
clusters and thé,,s are the corresponding interaction param- Thereby one has to prescribe the symmetries of the phases
eters. The index marks the different cluster functions be- Which are assumed to compete for the phase diagram. In the
longing to the same clust&?.We confined ourselves to the following we consider only the phase diagram on the bcc
tetrahedron approximation, i.e., we considered only contribuP@rent lattice, and we represent the bcc lattice by a superpo-
tions from the 21 crystallographically inequivalent cluster Sition of four interpenetrating fcc sublattices. Four possible
functions which may be formed on the smallest possible tetSYMMetries were assumed, i.e., te structure(all sublat-

: s tices are crystallograpically equivalent, corresponding to a
rahedron of the bcc parent lattice. The 21 coefficiehtsof . : )
the CE were determined via the structure inversion méthod disordered bec allgy theB2 structure(respectively two sub

- o lattices corresponding to the next-nearest-neighbor distance
from the calculated total energi€g o) for 21 periodic ref- P 9 g

! . ) are equivalent the B32 structure(respectively two sublat-
erence supercell configurationswhich were selected to be ices corresponding to the nearest-neighbor distance are
linear independent within the tetrahedron approximation toequivalenl, and the DO, structure (two sublattices are

guarantee that the above equation Edir) can be inverted  gquivalent but different from the other two mutually distinct
for the J,s. This was achieved by the following structures: gypjattice
bce-Ni, DO3-NizAl, B2-NiAl, B32-Ni,Al,, D05-NiAl 3, and The quality of the CE was tested by comparing for con-
bce-Al, as well as structures which were generated by takingigurations which were not used as reference configurations
an ideal 32-atom supercell &@2-NiAl and then replacing the energies as obtained by the CE with the energies ob-
the central tetrahedron of the ideBR structure by a tetra- tained by the directb initio pseudopotential calculation.
hedron with, respectively, one of the 15 various tetrahedrom\mong the various tests the most important one was to cal-
configurations which contain at least one vacancy. The totatulate by the CE the defect formation paramét&tsor va-
supercell energies were determined by dfieinitio pseudo-  cancies on both sublattices and for the antistructure atoms on
potential methof with a mixed basis set of plane waves and both sublatticegthese latter configurations were not included
five localized nonoverlapping orbitals per Ni atonf> Be-  in the fit) which describe the change in energy when intro-
cause of the different atomic sizes of Al and Ni atoms, re-ducing one of these isolated defects in an otherwise perfect
laxation effects are essential, giving rise to volume relaxB2-NiAl. From these parameters we calculated the effective
ations of the supercells and structural relaxations oformation energies for these four defects by statistical me-
individual atoms in the supercells. For the volume relax-chanics for uncorrelated defetfs and compared with the
ations the local relaxation approximatfémwas adopted, i.e., results obtained from a direb initio calculation of the
each total energf (o) was obtained at the lattice constant defect formation parameters. The deviations were smaller
for which E(o) is minimized. For the subsequent thermody-than 1.5%, except for the Al antistructure atom (3.7%).
namic treatment this corresponds to the assumption that coffhese tests demonstrate that the tetrahedron CE should be
figuration o appears in thermal equilibrium locally at its re- accurate enough to explore the qualitative effects of the va-
spective minimum energy volume; i.e., the constraints on theancies.
bond lengths exerted by the rest of the lattice are ignored. It should be noted that for binary systems it is the present
We plan to account for these constraints by adding an elasticalculational state of the art to go beyond the tetrahedron
energy term to the internal energy obtained by the incompatapproximation, whereas there have been only extremely few
ibility method of the stochastic elasticity theory which was attempts to do this for ternary systems. We treat our vacancy
already successfully used to determine atomic level internads a third componenfwith chemical potential zejoin a
stresses in metallic glass&sConcerning the structural relax- “quasiternary” system and we therefore confined ourselves
ations of individual atoms two sets of total energy data wereo the tetrahedron approximation. It should also be noted that
obtained, one with and one without structural relaxationsthere areab initio calculations in the literatuf® for the in-
Because the convergence of the tetrahedron approximatiaercalation compound LCoO, where vacancies are allowed
disapproved when taking into account the structural relaxio appear on one sublatti¢the Li sublattice of the consid-
ation, we present in the following only the “unrelaxed” re- ered phase. In this case the vacancies are treated as a second
sults, keeping in mind that we only want to elucidate for acomponent in a “quasibinary” expansion. In our approach
model system the new qualitative features related to the ethe vacancies may appear on all sublattices and we therefore
fect of vacancies. are able to describe such interesting phenomena like a tran-
The configurational energy was represented in the CVMsition from a phase with an overall distribution of vacancies
by a linear combination of entropies of all clusters includedto a phase where the vacancies are condensed on one sublat-
in the tetrahedron. The contribution of the vibrational en-tice (see below:.
tropy was neglected. Then the grand potential was calculated Figure 1 shows the concentration of vacancies and anti-
from the internal energy, the configurational entropy, and the&tructure atoms on the two sublattices of stoichiometric
chemical potentialgey; and up (the chemical potential of B2-NiAl. It should be recalled that in reality thB2-NiAl
the vacancy is zero because the number of vacancies canneklts before theB2-A2 transition. The results at high tem-
be prescribed independently of the state variallles, and  peratures therefore are not representative for real NiAl, but
N) as a function of the tetrahedron probabilitigs,, . These the qualitative effects discussed below are certainly relevant
quantities describe the probability to find the tetrahedron irfor systems with high concentrations of structural or thermal
the configuration given by the subscrigisith i,j,k,I=Ni,  vacancies and with ordering energies smaller than the one of
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FIG. 1. The concentrations of atomic defe@isrmalized to the FIG. 2. The phase diagram of the system NiAl on the bcc parent

number of lattice sitgsfor a model stoichiometri®2-NiAl which  |attice without (solid line9 and with (dashed linesthe effect of
does not melt before thi82-A2 transition occurgsee textas func-  vacancies. Note that we found nearly the same phase boundary lines
tion of temperature. Solid line: Al antistructure atom. Dash-dottedyith and without vacancies for the0; phase and the correspond-

line: Ni antistrus:ture atom. DaShed. line: Al vacancy. Dotted line: Ni mg mixed phases because of the small number of vacancies at those
vacancy. The line fof >6980 K gives the total vacancy concen- concentrations and temperatures.
tration.

NiAl so that the order-disorder transition is further advancedsystém which appear with and without vacancies. For the
than in NiAl (e.g., B2-CoAl, B2-NiGa) or even complete A_I-rlch part of t_he phase diagram the qalculatl_on_s ylelc_i a
(e.g.,B2-FeAl). The order-disorder transition in our model Nigh concentration of structural vacancies. This is in line
system is complete at about 6980 K, i.e., above this temperé(‘-"th the results of t_heab initio s'gat|st|cal mechanics of un-
ture there is the disorderedi2 phase for which we cannot correlated defect® i.e., vacancies appear to be structurgl
distinguish between the two sublattices and for which we c:aﬁiefects not qnly for low defect concentratlons.'The vacancies
define just a total concentration of vacancies. The figurd2ve essentially three effects on the phase diagram.
clearly demonstrates the above expected change in the () The B2 phase is stabilized by the vacancies, i.e., it
mechanism of thermal disordering with increasing tempera€xt€nds to lower Ni concentrations. _

ture: At low T the concentration of Ni vacancies is twice as (i) There is a new phagevhich we call the NiA} phase
large as the concentration of Ni antistructure atoms, i.e Which results from an ordering of Ni vacancies on third-
triple defects are excited. In contrast, close to the transitioff€areést-neighbor sitéghe interaction of two Ni vacancies is
temperature the thermal excitation of antistructure atoms ofgPulsive for the next-nearest-neighbor sitésmay be con-
both sublattices dominates, the Ni vacancies are partially re=€ived as & 05 structure for which at the composition NiAl
filed and therefore their concentration decreases, and th@he sublattice is totally empty due to the ordering of vacan-
concentration of Al vacancies increases strongly. From thé&l€S. The transition from the NiAlphase to théB2 phase
temperature dependence of the defect concentrations at loWith increasing temperature corresponds to a continuous
temperatures we obtained the effective formation energiegrder-disorder transition of the vacancies. When increasing
for the vacancies and antistructure atoms, and the result§® Ni concentration, this empty sublattice is gradually filled
were in very good agreement with those obtainedabyini- by Ni atoms. The NiAJ structure resembles the experimen-
tio statistical mechanics for uncorrelated deféttse., for ~ tally observed NiAl; structure(see abovein the sense that
the low-defect-concentration regime of the stoichiometricPOth structures represent a vacancy ordering on third-nearest-
compound the defect-defect interactions can be neglected. eighbor sites, albeit the details of the structures being dif-
should be noted that the concentrations of atomic defectérent. (It should be noted that we find an even more stable
have been calculated not only by the statistical mechanics dgthase than this NiAlphase when we allow that all fcc sub-
uncorrelated defectdbut also by the CVM, describing the lattices are crystallogra_phically inequivalent. This corre-
energetics by an empirical pair-interaction model includingsponds to the so-calleB43m symmetry group. The phase
fitting parameterd’ Because of the complex electronic struc- boundaries for this phase, however, are hard to locate by our
ture, such a pair-interaction model is not reliable in NtAl, natural iteration algorithm.

and we therefore apply in the present letter #ie initio (iii ) The transition temperature for tf82-A2 phase tran-
CVM to a system for which the effect of vacancies is essensition is lowered by the vacancies. To conclude, we have
tial. performed for an ordered binary compoundaminitio cal-

In Fig. 2 the principal effects of vacancies on the phaseculation of a phase diagram and of an order-disorder transi-
diagram are explored by considering the phases of our modé&bn which includes the influence of vacancies in a general
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manner, i.e., treating the vacancy as third component of abundant vacancies in the technologically important refrac-
“guasiternary” system. The vacancies modify the phase diatory titanium monocarbide TiC , with x~0.4. Furthermore,
grams quantitatively(stabilization of phases for a wider we are convinced that vacancies have an essential effect also
composition range, decrease of transition temperat@ed  on the ordering and segregation phenomena at the surfaces of
qualitatively (appearance of new vacancy-ordered phasesglloys with high vacancy concentrations and therefore should
and have a considerable effect on the order-disorder transjse included in a future development of ah initio statistical

tion. Therefore they should be taken into account in all SySynechanics for surfaces.

tems with high vacancy concentrations. For instance, it

would be highly interesting to investigate by our formalism  The authors are indebted to C. Colinet, A. Pasturel, and
the experimentally observétbrder-disorder transition of the H.-E. Schaefer for helpful discussions.
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