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Atomic defects in the ordered compoundB2-NiAl: A combination of ab initio
electron theory and statistical mechanics
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For an ideal model of a homogeneous thermodynamically stable ordered conpdtMigAl, _, the effec-
tive formation energies and volumes of vacancies and antistructure atoms as well as the Ni and Al activities are
calculated by a combination of theb initio electron theory with a generalized grand canonical statistical
approach. For nonstoichiometric compounds the structural defects are Ni vacdacies 0.5 or Ni anti-
structure atoms on the Al sublatti®r x>0.5). At stoichiometry &=0.5) the calculated effective Ni vacancy
formation energy agrees quite well with experimental data.X<00.5 the theory predicts a shrinkage of the
sample with increasing temperatuiiperimposed to the usual anharmonic lattice expapsioa to thermal
annihilations of structural Ni vacancies, in contrast to the experimental observation. The reason for this
discrepancy is probably deviations of the structure of Bs&Ni,Al,_, from the ideal model.
[S0163-18299)05609-X

I. INTRODUCTION measurements for the Ni atoms in well annealed NiAl
sample& found a monotonic increase of the diffusion coef-

B2-Ni,Al,_, is one of the promising candidates for high- ficient with increasing Ni content, in contrast to former mea-
temperature structural applications, and therefore numerowsirements of Hancock and McDonrelvho found a mini-
investigations of the mechanical properties were carried outnum in the diffusion coefficient close to the stoichiometric
in the past. Nevertheless, there is only little known about theeomposition and diffusion coefficients which were orders of
formation and migration properties of atomic defdstascan-  magnitude larger. Finally, Zob®l obtained for Nj,Alsz an
cies and antistructure atoms on the two simple-cubic sublakeffective vacancy formation energy of 0.21 eV from differ-
tices of theB2 (CsC) structurd in these ordered com- ential thermal-expansion measurements, whereas time-
pounds, which have a great influence on the mechanicalifferential thermal-expansion measureméhyselded a for-
creep resistancefor instance. One of the problems for the mation energy of (1.50.25) eV for a sample with
investigation of the atomic defects is that it is very difficult nominally the same composition. For a better understanding
to prepare samples with well-defined composition and gooaf the properties ofB2-NiAl more experiments on well-
homogeneity which are in a thermodynamically stable statedefined samplé$1>13are indispensable.

Usually the uncertainties in the composition amount to 1 In this complicated situation the help from theory is
at. % at the stoichiometric compositiow=€0.5), and it be-  highly desirable, because there the ideal situation of a homo-
came possible only most recerftlp reduce the uncertainty geneous thermodynamically stable compound can be consid-
to 0.1 at. %. Because for Ni-poor systems structural vacanrered. If the calculations are accurate enough, the quantitative
cies appeafi.e., vacancies which survive even when goingresults obtained for this model may serve as some kind of
to zero temperature to guarantee the deviations from stoichreference, and deviations between theory and experiment
ometry), even small deviations from stoichiometry have amay be discussed in terms of possible deviations from this
strong influence on the defect structure. For nonstoichiometsimple model occurring in real nature. The first calculations
ric samples local concentration inhomogeneities may appeaf this type were performed by the embedded-atom
within one single crystal due to seigering effettBhe for- method!* and it was showt? that various forms of
mation of voids is observéd which may lead to an overes- embedded-atom potentials fitted to various sets of input data
timation of the vacancy concentration when using densitymay yield even qualitatively different results for the defect
measurements. Finally, it is hard to prepare samples in theproperties. An appropriate set of input data has to be chosen
modynamic equilibrium, on the one hand, because of thand the repulsive terms have to be adjusted accordingly in
very slow annealing kinetics due to a high vacancy migratiororder to develop an embedded-atom potential which yields
energy’ on the other hand, by vacancy supersaturation duthe correct structural defects for off-stoichiometric
to surface oxidatioR® a suggestion made in Ref. 3 but ques- samples>*® The ab initio calculations based on the local-
tioned in Ref. 4. density approximatior are free from all these ambiguities,

In view of all the above discussed problems it appears thatowever, they are very costly. The fied initio calculations
measurements on samples with nominally the same compa@f the effective formation energies for stoichiometric
sition may yield drastically different results. For instance, theB2-NiAl were performed by Fiet al® within the frame-
maximum plastic deformation obtained for six “stoichio- work of a supercell method with up to 32 atoms and dhe
metric” NiAl samples was 12.9% in one sample andinitio mixed-basis pseudopotential approatin the mean-
1-2.4% in the five remaining sampléstracer diffusion while, a more efficient and more accurate code for the
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mixed-basis approach has been develébetiich makes the atoms with such a statistical weight that on the average the
use of larger supercells possible. The present paper reportsructure of the material is conserved.

on results for the effective formation energies for stoichio- To calculate the concentrationg (i denotes the type of
metric and nonstoichiometric NiAl obtained with this more gefect, i.e., vacancy or antistructure atom, anthbels the
accurate code for supercells containing up to 54 atoms. Thgp|atticesa and B of the A and B atoms, a generalized
results for the defect properties as functions of compositiorbrand canonical formalism was developed which in its most
are.compared With. previous theor(_atical results and .With EXextended form is described in Refs. 21 and 22. This formal-
perimental data. Finally, the effective defect formation VO"ism is valid for small defect concentrations, i.e., at or close to

umes are calculated and discussed. stoichiometry and far from the order-disorder transition. The
¢{ are obtained by minimizing an appropriate ansatz for the
Gibbs free energy with respect to the numbgfsof various
A. Statistical mechanics grand canonical defect@rand canonical vacancies which

The basic assumption of the theory is that the ordere@'® obtained by totally removing an atom from the system,
compoundA,B; _, is in a homogenous and thermodynami- and grand cgnomcal antistructure atoms where an atom on its
cally stable state. As discussed in Sec. | this is hard t®Wn sublattice is replaced by an atom of the other lype
achieve in real nature, and therefore one way to interpref/hich are introduced in the originally perfectly ordered com-
deviations between theoretical and experimental results is t8ound. The conservation of particle numbétg and Ng is
relate them to deviations from this simple model occurring inguaranteed by means of Lagrangian parameigrand g
nature. If we assume that the homogeneity of the ordere@hich have the meaning of chemical potentials. During the
compound is conserved when raising the temperature théftroduction of a grand canonical defect the energy, the vol-
inevitably various types of atomic defects have to be generime, and the vibrational entropy of the system changes by
ated simultaneously by thermal excitatnZ® Suppose, for &, AV, ands; (defect formation parametgrdVe assume
instance, that only vacancies on the sublattice ofAlsoms  that for small defect concentrations these defect formation
would be generated in thermal equilibrium. Then, with in-parameters are independent of the defect concentrations. The
creasing temperature, more and mératoms would be re- Mminimization of the Gibbs free energy yields the concentra-
moved from theA-atom sublattice of the bulk and deposited tionsc;=N;/2M (2M is the total number of lattice siteas
at inner or outer surfaces, i.e., the homogeneity of the comfunction of temperaturd’, pressurep, and chemical poten-
pound would be destroyed. The only way to avoid this probdials u, and ug. For instance, for the concentration of va-
lem is to generate simultaneously other types of atomic decancies on thex sublattice orA antistructure atoms on the
fects (i.e., vacancies on the other sublattice or antistructuresublattice we find

Il. CALCULATIONAL METHOD

1 ess/kBe—(sg+ pat pAVj)/kBT
Ca:— f 1
V2 14 eSilkeg (e, T uatPAV)IKET | oSplkea (eg+ ma— mpt PAVR)/KgT (1)

1 eSh/kaa— (sA—ma+ up+PAVR)/kgT
B (2

AT 2 1 4 eShlkee— (e~ rat rpt PAVRIKET | osh/kgg— (25 + ng+ PAVH) /kgT

The chemical potentialga(T,p,x) and ug(T,p,x) are de- Egs. (1) and (2) as complicated functions of, p, and x.

rived from the Gibbs-Duhem relation, which yields However, if the temperature and pressure dependences of the
chemical potentials may be linearized in the experimental

g0t pPQo—Tsy ranges, Eqs(1) and (2) may be approximatéd by simple
exponentials

= pua+ pe—keT IN[(1—2¢7 —2¢c5)(1—2c)—2cR)],
()
whereeqy, g, ands, denote the energy, volume, and vi-
brational entropy of the ideal elementary unit c&l By s,
and from the equation The effective formation entropg,, energyE;, and volume

)/ then may be obtained from the concentratiofT, p,x)
o = 5 5 , (4) as in a monoatomic crystal, i.éé: is found by extrapolating
Ng 1=x 1-2cf-2ck+2cq In ¢(1/T) to 1/T—0, and
which guarantees the correct composition of the compound. ,
In general these two equations have to be solved numeri- ~ dIng;

E/=—-k (6)

cally, and then the concentration$ may be calculated from BTy

1 <V =V oY
Ciyziesi lkgg= (E{ +PQ;)/kgT (5

Ny x 1—2c%—2cg+2ch
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~ dinc/ defects of the same type may be generated or annihilated
Qf=—kgT P (7)  together with the thermal excitations of the nonstructural de-
P fects.
However, because in ordered compounds inevitably various B. Ab initio electron theory

types of defects have to be generated simultaneously, the |, yhe following we calculate the defect formation param-
physmal |nterpretat|oln of these effecnve forma_tlon qua”t't'eseterSSi“ andAV? by theab initio electron theory. The defect
is much more comphcated_ than in mqnoatomlc gr_ys(aée entropy parametersy are neglected because it is extremely
Refs. 21-25 and Appendix)Alf certain preconditions are costly to calculate thenab initio.?” This has only a very
fulfilled, approximate analytical expressions for the Imearsma” influence on the effective formation energies and
temperature and pressure dependencegofand ug and \glumes? but of course we cannot discuss the absolute val-
hence analytical expressions for the effective formationes of the concentrations when using this approximation.
quantities may be obtained from Eql)—(4). For non- The defect formation parameter§ andAV; were calcu-
stoichiometric compounds this is the case if the concentragieq by a supercell approach, i.e., large supercells contain-
tions of thermal defects is much smaller than the concentrgng N sites and one defect, respectively, were arranged peri-
tion _of the structural defect and_ if the type of structur_al de-odically ande” or AV? was determined from the difference
fect is known(e.g., from preceding numerical calculations jn energy or equilibrium volume of the supercells with and
For stoichiometric compounds this is the case if the defecfyithout the defect. Supercells containif=16 and 54 at-
concentrations are small and two types of deféittsse with  oms were considered. The calculations were performed by
the smallest effeqwe formatlt_)n energ)|®m|natg strongly. the ab initio electron theory in local-density approxi-
If these preconditions are fulfilled then it is possible to selecinatior”28 and theab initio pseudopotential meth&d (in-
from the many possible defect combinations which conserve|yding the partial core correctidh with a mixed-basis
the homogeneity of the sample and which involve a specifigef929¢consisting of plane waves and five localized and non-
defect under consideration a special defect combination byyeriappingd orbitals per Ni atom. For this mixed-basis
which the considered defect is generated most effectivelypseydopotential method a highly efficient code has been de-
Then the analytical expressions for the effective defect foryg|oped recentff in which in addition former approxima-
mation quantities derived in Appendix A tell us what this tions for the matrix elements of the local part of the pseudo-
special defect combination looks like. If the above discusseghotential involving localized orbitals were removed, which
preconditions are not fulfilled, for instance, if more than twojmproved the accuracy of the total energy and force calcula-
defects coexist with comparable concentrations in some teMon, The structural relaxations of the atoms surrounding the
perature rang¢as is probably the case iB2-FeAl (Refs.  gefects were fully taken into account. For the sampling of the
22-24], then several or even many different defect combi-gyijlouin zone the speciat points of Chadi and Cohéhand
nations may contribute to the generation of the consideregsayssian broadenif® with a smearing parameter of 0.1
defect, and then the concentrations have to be determined, were used. For the calculation of the cohesive properties
numerically from Eqs(1)—(4). o of the ideal stoichiometric compoun@2-NiAl the results
Please note that because of our approximation of defecfiere converged with respect to the plane-wave cunf
formation parameters which do not depend on the concentrgyn the number d points. For the supercell calculations the
tion of the defects and as a consequence of the approximanergies still can be reasonably converged with respect to the
tions involved in the analytical calculation the analytical ex-pnymber ofk points, but the energies are usually quite far
pressions for the effective formation energies exhibit &rom peing converged with respect B, It is shown in
discontinuous behavior: They are independent of the compoxppendix B that — nevertheless — well converged results
sition forx<<0.5 andx>0.5, but they attain different values for the effective formation energies and volumes may be

for x<<0.5,x=0.5, andx>0.5. In contrast, the analytic ex- gptained from supercell calculations which are not yet con-
pressions for the effective formation entropies change with,erged with respect &y -

composition in the whole composition ran¢gee Appendix
A). They diverge foxx— 0.5, however, it must be taken into
account that our approximation adopted for the derivation of . RESULTS

the analytical expressiong.e., the concentration of struc-  concerning the cohesive properties of ideal stoichiometric
tural defects is much larger than the concentration of thermab, _Nial  we determined a lattice parameter cd,

defects$ holds for progressively smaller temperatufeshen =2.837 A, a bulk modulus oB,=185 GPa, and a cohe-

approzgching the stoi.chiometric composition more _a”_dsive energy per unit cell o ,=—11.5 eV, compared to
more<> In order to obtain the concentrations close to st0|ch|—.[he experimental results at room temperature af

ometry at finite temperatures, one has to solve Ebjs:(4) =2.886 A (Ref. 39 and B,=158 GPa®® We thus ob-

C;rr;e;:gi!ﬁI;‘l‘nvsitm'_sa?]fdi%g;%’e%y'elds concentrations WhICh[ained a slight overbinding, as is usual for the local density
: approximation.

The structural defect, i.e., the one Wh.'f:h survives when Table | exhibits for unrelaxed supercells with the lattice
going to zero temperature may be |de~nt|f|ed~from the Con'constantao=2.84 A some tests for the convergence of the
centration equations as the one for whigfr+ p{)=0, i.e.,  effective formation energies of the stoichiometric system
E/=0 for zerop. According to Appendix A, in addition to with respect to the supercell size, the plane-wave cUEgff,
the structural defects which appear even at zero temperaturand the numben, of equivalentk points in the irreducible
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TABLE |. Convergence tests with respect to the supercell size TABLE Il. The effect of structural relaxation and volume relax-
N, the numben, of equivalentk points in the irreducible part of the ation on the effective formation energiéa eV) of stoichiometric
Brillouin zone of the ideal two atom unit cell, and the plane-wave NiAl. The calculations were performed fd,,=12.5 Ry andn,
cutoff Ep,, (in Ry). The calculations were performed for unrelaxed =56. The effective formation energids® and Ef; are identical
supercells of stoichiometric NiAl at the equilibrium lattice constant pecause stoichiometric NiAl is a triple defect systésae Sec. IV,
a,=2.84 A of the ideal unit cell, and the effective formation en-

ergies(in eV) are given for the stoichiometric composition. The N Relaxation EZY Ef Eﬁi EKI
effective formation energie€” and Ef; are identical because
stoichiometric NiAl is a triple defect systefsee Sec. IV 16 Without 1.00 2.13 1.00 2.86
Structural 0.97 211 0.97 2.49
N N Epw = EFf EZ E4 Struct+vol. 0.95 2.03 0.95 2.37
16 20 125 097 212 097 28 gy Without 088 209 088  3.00
6 125 100 213 100 2386 Structural 076 201 076  2.40
160 099 213 099 284 Struct+vol. 074 197 074 236
120 12.5 0.97 2.09 0.97 2.77
54 20 12.5 0.77 1.99 0.77 2.65 The activities were also calculated from the analytical ap-

56 12.5 0.88 2.09 0.88 3.00 proximations for the chemical potential®ppendix A),
16.0 0.88 2.08 0.88 2.99 yielding
120 12.5 0.83 2.01 0.83 2.83

n aa(x)

I . . an(x=0.5
part of the Brillouin zone of the ideal two atom unit cell.
There are only slight differences between the results for the 1 1 1-2x
two supercell sizes. These differences become lafGaile §GolkBT_ §In 2+In 1—x for x<0.5
II) when allowing for the structural relaxation of the atoms _ 1 1 1 4(1-x)2
around the defects and a subsequent volume relaxation of the ™) _ G /k,T— ZIn2+=In———— ©)
supercell(while fixing the scaled positions of the atoms 6 3 2 2x-1
Therefore, the final results for the effective formation ener- for x>0.5
gies were obtained for the 54 atom supercell. The structural
relaxation has a stronger effect than the volume relaxation. Nith
is of the order of magnitude of a few percent or of a few L o
tenths of a percent of the equilibrium lattice constant, being Go=2E; +EN+p(205+05)
strongest for the Al antistructure atom on thesublattice ~ ~
(Table Ill). For the Al vacancy all surrounding atoms relax —T[25}(x=0.5+&;(x=0.5)], (10

towards the vacancy, whereas for all the other defects ther\ﬁhere the constar®, does not depend on the concentration
is an oscillatory relaxation behavior of the surrounding at- 0

X. It turned out that the results of the numerical and the
V gnalytical calculations agreed more or less perfectly except
AV of —28,~47,~26, and+55% of the average volume ¢, 5 ange of compositions very close to the stoichiometric
per atom{)o/2 of the ideal two atom unit cell for ther  one This gives us the possibility to fit E¢9) outside this
vacancy, theg vacancy, the Ni antistructure atom on the  ange to the experimental data reported in Ref. 37, whereby
sublattice and the Al antistructure atom on #esublattice, o, p=0 the only fit parameter is the sum of the effective
respectivelyf. Irt1 becon|1es obr:/ious from Ta;}ble I mtr}ekconi‘ormation entropies ~8§(x=0 5)+~Sf‘,i,-(x=0 5). The dotted
vergence of the results with respect to the nu 0 ) : ' T .

points is not critical, and for the final calculations including curve of F|g.~1 shows that a very good fit is obtalned.for
the relaxations we used,=56. Finally, the results are al- 25, (x=0.5)+{;(x=0.5)=2.25 k. The dashed curve in
ready very well converged fdE,,=12.5 Ryd because the Fig. 1 shows the numenca} results for the Ni .act|V|t(ésr
numerical procedure described in Appendix B is adoptedP=0 ands;=s,=0) for which so far no experimental data
The final results for the effective formation energies and vol-are available.

umes obtained from the analytical expressions derived in

Appendix A for various compositions are given in Table IV. IV. DISCUSSION

Figure 1 represents the Al activities . . . .
g P In this paper we considered the properties of atomic de-

an(x) fects for an ideal homogeneous thermodynamically stable
|nw—:05) =[na(X)—ua(x=0.9]/kgT (8 B2 phase of NiAl. The concentrations of the various defects
were obtained by a generalized grand canonical approach.
as function of the composition fofF=1273 K, which may The only additional approximation entering this approach is
be obtained experimentally by an isopiestic metffoéor  the assumption that the defect formation parameters are in-
instance. The solid curve shows the results which are obdependent of the defect concentrations, which restricts the
tained numerically from Eqg1)—(4) when considering zero applicability of the method to compositions close to stoichi-
pressurep, zero defect entropy parametess and zeros;. ometry and to temperatures far below the order-disorder tran-
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TABLE Ill. Relaxations of the atoms surrounding a defect in various neighbor stielstomic units

a.u). The numbers in parentheses are the relative displacements in percent of the equilibrium lattice constant

of ideal stoichiometric NiAl. A negative sign means that the atom moves towards the defect. The calculations

were performed at the equilibrium lattice constant andEgg=12.5 Ryn,=>56.

Shell N Ni-v Al-v Ni-as Al-as
1 16 —0.059(1.1% —0.018(0.3% —0.004(0.1% +0.144(2.7%
54 —0.110(2.0% —0.026(0.5% +0.029(0.5% +0.223(4.2%
2 16
54 +0.084(1.6% —0.069(1.3% —0.110(2.0% —0.134(2.5%
3 16
54 —0.031(0.6% —0.017(0.3% +0.006(0.1% +0.028(0.5%)

sition. Various types of canonical approaches have beedefect system, i.e., two Ni vacancies on theublattice and
developed®38in the past which yield identical results so that one Ni antistructure atom on the Al sublattice are generated
there are no doubts on the validity of the statistical methodsimultaneously. The effective formation energy for Ni va-
The defect formation parameters appearing in the statisticalancies and Ni antistructure atoms is 0.74 eV, whereas the
approach were calculated by thbé initio electron theory in  effective formation energies for the Al vacancy on tBe
the local-density approximation. This calculation methodsublattice and the Al antistructure atom are much larger so
yields results for the vacancy formation energies of elementhat the precondition for the application of the analytical ex-
tary Li, Na, K, Al, and Mo in excellent agreement with ex- pressions of Appendix A is certainly fulfilled. Our effective
perimental datd® Because there is no reason why theformation energy for the Ni vacancy is slightly smaller than
method should fail for the intermetallic compounds, we asthe one obtained by Fet al!® (0.93 eV}, which was ob-
sume that ougb initio method is indeed highly reliable and tained with the former less accurate mixed-basis code and for
accurate. Altogether, it becomes clear that strong differences supercell with 32 rather than 54 atoms. It is slightly larger
between theory and experiment for the effective formatiorthan the value of 0.68 eV obtained by Mishin and Fatkas
energies mean that real NiAl considered in the experimentwith the embedded-atom method and the value of 0.65 eV
may not be described by the ideal model of a homogeneous
thermodynamically stablB2 phasginhomogeneities which 6.0 . . . . .
act as sinks or sources of atoms, different phases, deviations
from thermodynamical stability due to inhomogeneities or to
a very slow annealing kinetics, ekcSlight deviations may
be related to the assumption of concentration independent
defect formation parameters, to a weak deficiency of the
local-density approximation or to not perfectly convergdxd
initio calculations(see Sec. I\

For a comparison with experiments it should be recalled
that the vibrational entropy parameters were neglected so
that we cannot expect quantitative results for the absolute §

concentrations; . We therefore restrict our discussion to the %
effective formation energies. %
According to Table IV, stoichiometric NiAl is a triple- ¢
TABLE V. Effective formation energiesin eV) and volumes
(in units of the average volume per atdg/2 of the ideal two atom
unit cell) for NiAl at various compositions.
x>0.5 x=0.5 x<0.5
(= 111 0.74 0.0
EA 1.60 1.97 2.71 5o , , , , ,
BB 0.0 0.74 2922 420 46.0 50.0 54.0 58.0 62.0 66.0
N composition x (at% Ni)
ES 3.10 2.36 0.88
FIG. 1. Activities of Al in NiAl at T=1273 K as a function of
0 0.59 0.40 0.0 the compositiorx. The solid curve is calculated with zero defect
~" entropy parameters. The dotted curve is the result after fitting the
08 0.66 0.86 1.26 . .
v entropy terms(see text The experimental data points are taken
Qﬁi 0.0 0.40 1.19 from Krachleret al. (Ref. 37. The dashed curve represents our
Qg 0.29 -0.11 —0.90 numerical results for the activity of the Ni atom as calculated by

neglecting the entropy terms.
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found by Badura-Gergéh with the empirical Bragg- favor the Ni antistructure atoms on the sublattice so
Williams method. For the Al vacancy, however, the strongly that their concentration exceeds the concentration of
embedded-atom method of Mishin and Farkas yields a valuthe Al antistructure atom on the sublattice in spite of the
of 1.23 eV which is much smaller than oab initio value of ~ considerably larger effective formation energy. Because in
1.97 eV. The only experimental value of 0.68 eV for thethat case two Ni vacancies on the sublattice have to be
effective Ni vacancy formation energy of stoichiometric generated simultaneously with the Ni antistructure atom, the
NiAl from differential thermal-expansion measureméfits crystal would expand with increasing temperature, however,
agrees quite well with the theoretical data. with an activation energy of 2.22 eV which is much larger
In the case of nonstoichiometric systems we obtain aghan the two experimental valué.21 and 1.5 e} Finally,
structural defects Ni vacancies on the sublattice for it might also be that our assumption of defect formation pa-
x<0.5 and Ni antistructure atoms on tjfesublattice forx rameters which are independent of the defect concentrations
>0.5. Structural Ni vacancies were also foundifi;-Ni;Sb  fails which, however, is also unlikely because the deviation
by coherent elastic neutron-scattering experinféraad by  from stoichiometry was small for the considered sample and
the ab initio electron theory?® Thus the early suggestion of the thermal defect concentration at the investigated tempera-
Bradley and Taylof? who explained their combined mea- tures[T<<1000 K (Ref. 11] was also small because of the
surements of the density and the lattice parameter for varioudigh order-disorder transition temperature of NiAl. Alto-
compositions in terms of these structural defects, is congether, we think that the first explanation is most likely.
firmed. Forx>0.5 the effective formation energies are Kim et al® have investigated the concentration of atomic
smallest for the vacancies on the two sublattices, i.e., in thigefects for various compositions and two temperat(tég3
case the self-diffusion may be mediated by vacancies on botnd 1573 K by the neutron-diffraction technique. This very
sublattices, whereas in the model system of a homogeneod@hfficult experiment yielded hints to the existence of Al va-
thermodynamically stablB2-FeAl there is only a very small cancies and Al antistructure atoms in considerable concen-
concentration of Al vacancies for all compositicig>*°For  trations (about 1% in addition to the Ni vacancies and Ni
x<0.5 the effective formation energy is by far smallest for antistructure atoms. Because we did not calculate the abso-

the Al antistructure atom on the sublattice (0.88 e\), lute defect concentrations, we cannot comment on these re-
whereby two Ni vacancies are annihilated during the therma$ults. . -
creation of an Al antistructure atotsee Appendix A As a The defect volume parametaiV;’ is largest and positive

result, we expect a shrinkage of the Ni-poor samples wittfor the Al antistructure atom on the sublattice, indicating a

increasing temperature, superimposed to the usual anhdgrge effective size of the Al atom. Nevertheless, the effec-

monic lattice expansion, with an activation energy of 0.88tive formation volume of the Al antistructure atom is

eV. The effective formation energy of the Al vacancy on thestrongly negative fok<<0.5, weakly negative fax=0.5, and

B sublattice is rather high fox<<0.5 which might explain slightly positive forx>0.5. The reason is that the effective

the most recent observatfothat the Ni diffusion constantis formation volume as obtained from E@) is not only deter-

smaller forx<0.5 than forx>0.5, although there are struc- mined by the defect volume parameter of the considered de-

tural Ni vacancies in abundance 0 0.5. fect, but by a combination of the defect volume parameters
The only experimental data for the effective vacancy for-of all defects which have to be generated simultaneously

mation energies of Ni-poor NiAl are from differential with the considered defect in order to conserve the homoge-

thermal-expansion measureméfits and from time- neity of the material. According to E4A16) we have for

differential thermal-expansion measureméntin both ex- x>0.5 and for the case that Ni antistructure atoms onghe

periments it seems to be clear that there is an expansicsublattice are the structural defects the relation

rather than a shrinkage of the sample with increasing tem-

perature. Quantitatively, however, there are considerable dif- QX|=AV,‘§,+AVﬁi, 11

ferences: Both techniques consider a sample of nominally

the same composition (NAlsg), but the differential thermal which yields a positive value because dfAVy)|

expansiof yields an effective formation energy of 0.21 eV, >|AVE|, signAV4 =—signAV&=+1. The underlying

whereas the time-differential thermal expansion gives (1.%hysical mechanism is that and B atoms exchange sites

+0.25) eV. In our opinion both the qualitative difference between thex and 8 sublattice. Foix=0.5 and a triple de-

between theory and experiment as well as the considerabfect system we have E¢A11)

guantitative difference between the two experiments is a

strong hint that possibly the samples cannot be described by ~ . 1 N 8

the ideal model of a homogeneous thermodynamically stable Qu=AVa— §(90+ 2AV;—2AVy), (12)

B2 phase. It should be noted that, in principle, there is a

second possibility to explain the qualitative difference be-which yields a slightly negative valué) is the equilibrium

tween theory and experiment. So far we have assumed thablume of the two atom unit cellEquation(12) tells us that

for x<<0.5 the dominant thermal defects are Al antistructureAl antistructure atoms on the Ni sublattice are most effec-

atoms on thex sublattice because their effective formation tively generated on the statistical average by producing three

energy of 0.88 eV is much smaller than those for the NiAl antisite atoms while simultaneously removing an elemen-

antistructure atom on thg sublattice(2.22 eV or the Al  tary unit cell from the surface, annihilating twe vacancies

vacancy on the3 sublattice(2.71 eV). In principle, it could and creating two Ni antistructure atoms on {Besublattice.

be (although this is not very likelythat the vibrational defect Finally, for x<<0.5 and structurad vacancies we obtain Eg.

entropy parameter@vhich we neglected in our calculations (A19)
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Q% =AVE—Qy—2 AV, (13) (1) Vacancy-type systems. _

If the vacancies on the two sublattices have the smallest
which yields a strongly negative value. The mechanism noveffective formation energies and dominate strongly, then Eq.
is that an Al and a Ni atom are removed from the surface(A1) reduces further to
The Ni atom is inserted into one vacancy which is annihi-
lated and the Al atom is inserted into anothervacancy, C§=Cf. (A3)

creating the Al antistructure atom. It becomes apparent fron{)vhere we can use the expressidh for the concentrations,

this discussion that the effective formation volumes have t‘%hereby neglecting for small defect concentrations the expo-

be discussed very carefully in order to avoid serious misin-__~ . =~ . : :
) . nentials in the denominators. Equatio@s?) and (A3) then
terpretations of experimental defts?2243° quatiof) (A3)

yield the chemical potentials, and by inserting these quanti-
ties into Egs.(1) and (2) and neglecting again the exponen-
V. CONCLUSION tials in the denominators, the concentratiafianay be writ-
It is well known that the experimental investigation of ten in the form of Eq(5) with the following effective defect
atomic defects irB2-NiAl is highly critical because it is a formation quantities:
problem to produce well-defined samples. In the present pa-

per, therefore, some kind of reference is given by calculating Ey=El=3(eotey+el),

the defect structure for an ideal model of a homogeneous -

thermodynamically stable ordered compound. Differences E§=8ﬁ+8ff—8f,

between theory and experiment then may be traced back to 3

deviations from this simple model occurring in real nature. e=gl—e"+eP, (A4)
The calculations yield the correct structural defects, and at

stoichiometry the calculated effective vacancy formation en- ﬁj:ﬁf: 3(Qo+AVE+ AVf),

ergy agrees well with available experimental data. Discrep-

ancies among various experiments and even qualitative dif- QQZAVQJFAV;«_AV,?,

ferences between theory and experiment appear for Ni-poor

system: In contrast to the experiments the theory predicts a S ava_ Ay
shrinkage of the sample due to a thermally activated annihi- Qp=AVe—AV, +Avf’ (AS)
lation of structural Ni vacancies with increasing temperature ~a =g 1 «, B
(superposed to the usual anharmonic lattice expansibis Sy=S[=3(so+s)+sh),
concluded that all these problems probably arise from devia- -
tions of the structure of the real samples from the ideal S§=Sﬁ+33 —Sf )
model considered in the theory. N
e—sp—si+sh. (A6)
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The authors are indebted to G. Bester and H.-E. Schaef@&@quations for the two vacancies reflect the fact that both va-

for helpful discussions. cancies have to be generated simultaneously, thereby enlarg-
ing the crystal by one elementary unit cell. The equation for
APPENDIX A the A antistructure atom on th@ sublattice tells us that it is

generated by transferring @atom from thea sublattice to
As discussed in Sec. Il A, analytical expressions for theg vacancy on th@ sublattice, etc. Please note that the effec-
effective defect formation quantities may be obtained if cer+jye formation quantities of a defect, ) do not depend just
tain preconditions are fulfilled. We illustrate the prescription the defect formation parameters,s’, AV of the same
how these effective formation quantities are obtained for on@jefect, but they contain also the defect formation parameters
example in the stoichiometric and for one in the nonstoichiot,om the defects which have to be generated or annihilated
metric case and give a list of these quantities for all otheg;mytaneously. This holds also for all the other cases dis-
conceivable cases. cussed in this appendix, and this must be taken into account
to avoid misinterpretations of experimental d&ta>>°
1. The stoichiometric case (2) Antistructure-type systems.

In the stoichiometric case, E4) reduces to

S A—es
co+2cg=ch+2ch, (A1) E,=e,t3|e0t— »
and for small defect concentrations E8) may be approxi- 8 a
mated by EF_ohyl SO_SAZSB),
g0t PQo—TSH=pa+t up. (A2)
Analytical expressions may now be obtained if two types of Eg=ER=3(sh+2p), (A7)

defects dominate strongly. This entails that the effective de-
fect formation quantities are identical for those two types of

; : Qo=AV*+1
defects, as can be seen in the following example: v vo2

Qo+t

AVE—AVE
2 L
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B_ AV and
QP=AVA+1 Qo—w),
g0t PQo—Tso=puat ug—kgTIN(1—2ck). (Al4)
05=08=3(AVE+AVp), (A8)
From Egs.(A13) and (A14) we calculate the chemical po-
w1 Sh—s2 tentialsu, andug, thereby inserting into EQA13) Eq. (2)
S, =8, 13| St 2 | and neglecting the exponential in the denominator of (BQ.
which corresponds to the thermal defect. Inserting these
sh—sg chemical potentials into Eqs(_‘L)_ and (2) and neglecting _
Sf=sf+§ S ) again exponentials corresponding to the thermal defects in
the denominators, the concentratiozfs may be written in
~S§=§,‘i=%(s§+sg). (A9) the form of Eq.(5) with the following effective defect for-

mation quantities:

(3) Triple defect systems.
In this case the effective formation energy of a vacancy Ef=e%+1(gqteh),
on one sublattice and an antistructure atom on the other sub-
lattice is lowest, and two vacancies together with one anti-
structure atom have to be generated simultaneously in order EP=¢P+1(go—eh),
to conserve the homogeneity of the sample. We represent the
equations which hold if the vacancy on thesublattice has _
the lowest effective formation energy, analogous equations Eﬁ=0,
hold for the vacancy on thg sublattice:

E3:E£:%(80+283+8§), ~g=sg+sf, (A15)
Eb_ Byl a_ B ~

EP=eP+3(280+e%—€h), Qr=AV +1(Qo+AVA),
Eg=s2—3(s0+287—2¢h), (A10)

o Qf=AVE+3(Qe-AVR),
Qe=08=%(Qy+2AV*+AVE),

0F=AVA+1(200+AVI—AVE), 0f=o0,

02— a_ 1 a_ B ~

DE=AVE-L(Qg+2AVI-2AVE),  (AL) Da=AVETAVE, (A16)
S*=1(sp+25"+sh+kgIn2),

= =5+ (sp+ ) — Lkg In(2x— 1),
SP=sf+1(25)+5i—sh—kgIn2),

~ P_Bilig Byl —
SE=1%(sp+25"+sh—2kgIn2), Sf=s+3(so— k) + zkgIn(2x—1),
o _a_ 1 a__ B_ ~
s = Sp 3(50+25v ZSA ZkB In 2) (AlZ) Sﬁszln(ZX_l),
2. The nonstoichiometric case ox—1
In the nonstoichiometric case analytical expressions may Se=st+sh—kg Inm. (A17)

be obtained if the concentration of thermal defects is much
smaller than the concentration of the structural defect, and if ) i i i
the type of structural defect is known. Again we illustrate the!t P&comes obvious from these equations that in addition to
calculational prescription for one case and then collect théh€ structurah antistructure atoms on thg sublattice which
results for all conceivable cases. We thereby represent onfjPPear already at zero temperature furtheantistructure
the equations forx>0.5. Analogous equations hold for a'toms may be thermally ex0|teq in combination with vacan-
x<0.5 with A, @ replaced byB, 8 and x replaced by (1 Ci€S on thea sublattice orB antistructure atoms onNthe
—X). sublattice, with activation energies accordingHf or Eg,
(1) The structural defects aveantistructure atoms on the respectively. AlternativelyA antistructure atoms may be an-

B sublattice. Neglecting the concentrations of the thermahihilated during the thermal excitation of two vacancies on
defects c*=cP=cg=0, Egs.(4) and(3) reduce to the B sublattice, ifE” is smaller tharE? andEg.

L (2) The structural defects are vacancies on gheublat-

CA=X—3 (A13) tice
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Eo=g4 got P tional to the number of nuclei in the supercell. This is also
v v’ manifested in the fact that the equilibrium lattice constant
Ef_( converges much faster with respectg, than the cohesive

v

energy: The energy vs volume curves are more or less rigidly
shifted up or down the energy axis when varyigg, . If
Eo(N,c) [Eo(N,nc)] denote the energy of the converged
(not yet converged ideal supercell with N atoms,
EJ(N—1,c) [E;(N—1nc)] are the corresponding energies
for the supercell with one vacancy on the sublattice,
EA(N,c) [EA(N,nc)] are the energies for the supercell with
~ oneA antistructure atom on the sublattice, and iBE, and
95:01 S6Eg denote the errors pek or B atom due to the noncon-
verged calculations, we then obtain

Ef‘: 8§— g9~ 285,
Eg=sl+eo+26”, (A18)

Qo=AV+Qo+AVE,

QB=AVE—Q,—2AVP,

N N
~ Eo(N,c)=Ey(N + = O0Ep+=OE Bl
DE=AVE+ Qo+ 2AVE, (A19) o(N.CO)=Eo(N:NO)+ 5 0Ba+ 5 0B, (B
o w 8 2x—1 N N
S)=s,+sgt+sx—kgln o ES(N—1c)=E;(N—1nc)+ 5_1 5EA+E5EB,
(B2)
~ 2x—1
SP=kgln "

N
ER(N,c)=E(N,nc)+ 8EA+(§—1)5EB.

~ 2x—1 B3
Sh=sh—sy—25%+ 2kg In " (B3)

N+l
2

From these equations we obtain

2
~g=sg+s0+2sf—kBln(X2(X1_lX)) _ (A20) eJ(C)=EJ(N—1,c)—Eg(N,c)=£5(nc)— SE,, (B4)
Bie)=EB — — B _

Please note that in addition to the structural vacancies on  =A(S) = EAN:C) = Eo(N.C)=23(nc) + oEA~ oEs .(BS)
the B sublattice furthed vacancies may be generated simul-
taneously with the excitation ofr vacancies or simulta- It becomes obvious that the deviations of the nonconverged
neously with the formation dB antistructure atoms on the  defect energy parameters from the converged ones are of the
sublattice, with effective formation energi&s’ or Eg, re-  order of 6E,,5Eg, whereas for the energies of the super-
spectively. Alternatively,3 vacancies may be annihilated C€llS themselves they are of the ordemosE ,NSEg .
during the thermal excitation of aA antistructure atom on ~__The same arguments may be applied to the vacancy for-
the 8 sublattice, ifE% is smaller tharE® and . mation in a monoatomic crystal:

In these nonstoichiometric cases the effective formation Eo(N,C)=Eo(N,nc)+ NSE, (B6)
entropies contain terms which depend only on the composi-
tion, which therefore appear even if we neglect the vibra- E,(N—1¢)=E,(N—1,nc)+(N—1)SE. (B7)
tional entropies at all and which may yield negative effective v ' v '
formation entropies. This must be taken into account toWhen calculating the vacancy formation energy
avoid misinterpretations of experimental resaf?32%:3°

N—-1
In this appendix we show how well converged results N—1
(with respect tcE,,,) for the effective formation energies and =E,(N=1n¢)— ——Eo(N,nc), (B8)

volumes may be obtained from not yet converged supercell
calculations. The proof is given for a binary compoukB  the errors per atordE totally drop out. The supercell calcu-
with B2 structure, but other structures can be handled adations for the vacancy formation energy in monoatomic
cordingly. crystals all relied on this error cancellatigee, for instance,
The basic idea is that — starting from a reasonably largdref. 43. It will be shown in the following that a similar near
plane-wave cutofE,,, — the results for the eigenfunctions total error cancellation may be achieved also for the effective
of a crystal are improved by an increasegyf, mainly in the formation energies of compounds when in E8). the non-
regions close to the nucléivhere the pseudo wave functions converged rather than the converged result for the engjgy
show a strong spatial variatipnwhereas the results in the per ideal unit cell is inserted. To demonstrate this, we con-
binding area between the atoms are only slightly affected. Asider Eqs.(1)—(4) and assume that we insert the converged
a result, the deviation of the not yet converged supercelvalues fore; ,eq, yielding converged values far, andug .
energy from the converged energy is expected to be propoRepresenting these values by
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TABLE V. Convergence of the effective Ni vacancy formation volved in such a calculation. If we calculate the energy of the
energy(in eV) in B2-NiAl with respect toE, (in Ry). The first  supercell as function of the volume in order to determine the
line (nonconv) is obtained when using the nonconverged value ofequilibrium volume, and if we fix the plane-wave cutoff
gg, the §econd linéconv) for the use of the converged value. The Epw. then the number of plane waves in the basis set which
calculations were performed for an unrelaxed 16-atom supercell angiil| the cutoff criterion#2/2m|k+ G|2< E,w May be differ-
N=56. ent for different volumes because the lengths ofkhesctor
and the reciprocal-lattice vect@ depend on the volume.
Thereby, because of the discrete nature of the reciprocal
Nonconv. 0.996 0.992 0.990 00988 0.988 0.988 Space the number of plane waves changes discontinously,
Conv. 0906 0928 0945 0956 0.963 0.986 resulting in discontinuities of the energy vs volume relation.
This effect vanishes fok,,— = or for the case of infinitely
manyk points, but it makes the calculation of the equilibrium
gl(c)=g!(nc)+f(SE,,SEpg), (B9)  volumes tedious for small numbers &fpoints and small

) ) ] .Epw. To circumvent the probledf, E;(N—1.) is calculated
wheref denotes the correction terms as given, for instance, g5 Eq.(B4), i.e.

Egs.(B4) and (B5),

Epw 125 16.0 20.0 24.0 30.0 40.0

E;/(N—1c)=E;(N—1nc)—Eg(N,nc)+Eg(N,c)— SE,.
(B12

The converged energ¥y(N,c) for the perfect supercell
(B11) thereby is obtained via

80(0):80(nc)+ 5EA+ §EB! (BlO)
and

“as=Mast OEaB,

where u, and g are defined via the last equation, it be-
comes obvious that all the correction terd&, and SEg
drop out in Eqs(1)—(4). This means that nearly converged
results for the concentratiorts may be obtained when in-
serting in Eqs(1)—(4) the nonconverged values fe{ and
€0

N N
Eo(N,€) =5 Eo(2,0)= 5 0(C), (B13)

where the converged energy(c) of the ideal elementary
unit cell may be obtained without any problem. Comparing
Egs. (B12) with (B2) demonstrates that when using Eq.
FBlZ) the error of the nonconverged calculation is of the
i i - order of magnitudesE,, whereas it is of the order of
the effective vacancy formatlon er}er@{," for a 16-atom (N/2)6E » ,(N/2) SE when using Eq(B2). By this numeri-
supercell of82-NiAl as obtained by inserting nonconverged ¢ trick it is achieved that a smooth energy vs volume curve
or converged values ofp, and indeecE; converges much s obtained for reasonable valuesky, . Because according
faster withE,, when using the nonconverged valuesgf. to our basic idea the energy vs volume curve is shifted more
The basic idea has also an implication for the determinaer less rigidly along the energy axis when varyigg,, (for
tion of the defect volume parametefsV; which are the reasonably larg&p,), the equilibrium volume obtained from
differences between the equilibrium volumes of the supercellhe smooth curve for finit€,, nearly coincides with the
with and without the defect. There are two problems in-converged equilibrium volume.

To demonstrate the effect, Table V shows the results fo
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