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Evaluation of diffusion mechanisms in NiAl by embedded-atom and first-principles calculations
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The energetics of Ni vacancy jumps in the intermetallic compound NiAl are studied by combining
embedded-atom and first-principles calculations. The embedded-atom potential used in this work is fit to both
experimental and first-principles data and provides an accurate description of point defect energies and vacancy
jump barriers in NiAl. Some of the embedded-atom results reported here, are independently verified by
plane-wave pseudopotential calculations. The results suggest that the atomic configuration produced by a
nearest-neighbor jump of a Ni vacancy is mechanically unstable. Because of this instability, the vacancy
implements two sequential nearest-neighbor jumps as one collective, two-atom transition. Such collective
jumps initiate and complete six-jump vacancy cycles of a Ni vacancy, which are shown to occur by either four
or three vacancy jumps. Next-nearest-neighbor vacancy jumps are shown to have diffusion rates comparable to
experimental ones at the stoichiometric composition, suggesting that this is an important diffusion mechanism
in NiAl.
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I. INTRODUCTION

The intermetallic compound NiAl has an orderedB2
~CsCl prototype! structure up to its melting point and a ho
mogeneity range extending a few atomic percent on ei
side of the stoichiometry.1 This compound demonstrates a
unusual mechanism of nonstoichiometry, which is presu
ably shared by CoAl and CoGa and is referred to as
‘‘triple-defect mechanism.’’ Namely, while the excess of N
atoms in Ni-rich compositions is accommodated by the
sublattice in the form of antisites, the excess of Al atoms
Al-rich compositions is accommodated through the form
tion of structural vacancies on the Ni sublattice.2 This asym-
metry in the nature of structural defects can be expecte
lead to different diffusion mechanisms on either side of
stoichiometry and a combination of such mechanisms at
stoichiometry. The idea of the multiplicity of diffusion
mechanisms in NiAl was supported by the early experim
tal work of Hancock and McDonnell,3 who observed a non
monotonic, V-shape concentration dependence of63Ni diffu-
sion in NiAl with a sharp minimum at the stoichiometr
composition. More recently,63Ni diffusion in NiAl was re-
measured more accurately using single-crystalline sam
and more sensitive detection methods.4 Although general
agreement with the previous work3 was found, some of the
effects reported by Hancock and McDonnell were not rep
duced. In particular, the steep Al-rich branch of the V-cur
leveled out resulting in almost identical diffusivities in A
rich and near-stoichiometric compositions with an abrupt
crease in Ni-rich compositions (.53 at. % Ni!. Despite this
disagreement, both sets of experimental data reveal a
monotonic behavior of diffusion as a function of the comp
0163-1829/2003/67~1!/014201~9!/$20.00 67 0142
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sition across the stoichiometry and point to a possible cha
in the diffusion mechanism.

On the theoretical side, although NiAl has been stud
extensively over the recent years, diffusion mechanisms
this compound are not well understood. Several candid
mechanisms have been proposed, including sublattice
diffusion by next-nearest-neighbor~NNN! vacancy jumps,5,6

six-jump vacancy cycles~6JC’s!,7–9 the antistructural bridge
~ASB! mechanism,10 and the triple-defect mechanism.4,11

Some of the mechanisms have been evaluated by atom
computer simulations with controversial results. For Ni d
fusion, the lowest activation energy~2.76 eV in stoichio-
metric NiAl! was found for the NNN vacancy mechanis
with slightly higher activation energies for the ASB and 6J
mechanisms.6,12 An important property of the NNN vacanc
mechanism is that it should lead to a very high Ni diffusivi
in Al-rich compositions dominated by Ni vacancies. Th
prediction has not been supported by the experimental w
of Franket al.4 From this contradiction between theory an
experiment, Franket al.4 concluded that the NNN vacanc
mechanism does not dominate Ni diffusion in NiAl. The
have suggested4 that the NNN vacancy mechanism is ine
fective in the temperature interval of experimental measu
ments because of a too low attempt frequency of NNN
cancy jumps. Instead, the triple-defect mechanism has b
proposed4 to dominate Ni diffusion in NiAl. The estimated
activation energy of that mechanism~3.18 eV regardless o
the composition! compares reasonably well with the expe
mental activation energy in Al-rich and near-stoichiomet
compositions~3.0060.07 eV!, but fails to explain the drop in
the experimental activation energy in Ni-rich compositio
~.53 at. % Ni!. This drop has been attributed to a contrib
©2003 The American Physical Society01-1
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tion of the ASB mechanism arising when the concentrat
of antisites on the Ni sublattice reaches the respective pe
lation threshold.4

It should be pointed out that the calculated activation
ergies of different diffusion mechanisms are close to o
another within60.2 eV,4,9 which is probably comparable t
the accuracy of those calculations. The estimates of the
quency factors are even less accurate, not to mention
possible role of jump correlations and other factors that of
defy accurate calculations.13 Given these uncertainties, cau
tion should be used when selecting the most favora
mechanism and rejecting less favorable ones. In particu
previous estimates of the role of the NNN vacancy mec
nism should be taken with a grain of salt. The low attem
frequency reported in Ref. 4~0.26 THz! was obtained with
an embedded-atom method~EAM! potential14 that had not
been fit to reproduce reliable phonon frequencies. In ad
tion, the attempt frequencies reported in Refs. 4 and 9 w
based on the extrapolation scheme of the embedded-cl
method,15–18a procedure which has recently been recogni
to be inadequate.19,20 The same EAM potential and esse
tially the same calculation methods were employed for
evaluation of all other mechanisms.4,9 There are open ques
tions regarding the 6JC mechanism too. Gumbsch21 sug-
gested that the configuration arising after the first jump o
6JC can be mechanically unstable, with the consequence
the first two and therefore the last two jumps of a cycle c
happen by a collective displacement of two atoms. T
means that 6JC’s can be implemented in four or three
cancy jumps instead of six. This possibility calls for a care
evaluation since the number of jumps in a 6JC strongly
fects the diffusion kinetics through the jump correlati
factor.8,22

A new EAM potential has recently been constructed
NiAl by fitting to an expanded database containing both
perimental properties and a large set of first-principles d
generated by the full-potential linearized augmented pla
wave method in conjunction with the local-densi
approximation.23 The potential provides an accurate descr
tion of basic properties of NiAl and is well transferable to
wide range of atomic configurations encountered in atomi
simulations. In particular, the potential accurately reprodu
elastic properties of NiAl, phonon frequencies, thermal
pansion, formation energies of point defects and pla
faults, energies of several existing and computer-gener
structures of the NiAl system, and energies along continu
deformation paths between such structures. The point de
energies calculated with the potential are in a better ag
ment with first-principles calculations than energies obtain
with previous potentials. This potential and other metho
ological improvements of the recent years can now be
plied to reexamine diffusion mechanisms in NiAl and sh
more light on their relative importance.

The present paper makes the first step in that direction
reexamining the energetics of the NNN jump and 6
mechanisms of Ni diffusion in NiAl. Along with calculation
based on the EAM potential,23 the key results are indepen
dently verified by first-principles calculations. In Sec. II, w
introduce our calculation procedures and demonstrate
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the EAM potential compares with first-principles calcul
tions for point defect energies. In Sec.III, we compute t
energy barriers, attempt frequencies, and rate constants
three types of Ni vacancy jump:~i! NNN jump on the Ni
sublattice,~ii ! jumps initiating 6JC’s, which indeed turn ou
to be collective jumps involving two atoms, and~iii ! a col-
lective @111# vacancy jump producing two antisites. The im
pact of the collective nature of nearest-neighbor~NN! va-
cancy jumps for the 6JC mechanism are analyzed. For
NNN vacancy mechanism, the Arrhenius parameters of
self-diffusion in stoichiometric NiAl are calculated and com
pared with experimental data. In Sec. IV, we summarize
results and draw conclusions.

II. CALCULATION METHODS

A. Atomic interactions in NiAl

The EAM model24 describes the total energy of an e
semble of atoms as a sum of two energy terms:~i! the sum of
pair interactions between all atoms in the system, plus~ii ! the
sum of their embedding energies. The embedding energy
function of the local electron density induced on a giv
atom by all other atoms. Because the pair interaction po
tial and the electron density are radial~angular-independent!
functions, the EAM model works best for simple and nob
metals, is less accurate for transition metals, and is alm
inapplicable to covalent crystals. The EAM model is know
to be quite adequate for NiAl.23,25 Several EAM-type poten-
tials have been constructed for NiAl by different groups, s
an overview and references in Ref. 23. As indicated in Se
the potential of Ref. 23 is the most suitable for the purpose
this work.

The first-principles calculations reported below were p
formed by the plane-wave pseudopotential method within
local-density approximation as implemented in theCPMD

code.26 The Ni and Al atoms were represented by nor
conserving Troullier-Martins non-local pseudopotentials27

The plane-wave cutoff was chosen to be 80 Ry. ForB2-
NiAl, the potential predicts the lattice parameter of 2.897
the bulk modulus of 169 GPa, and the formation energy
20.69 eV/atom. These values are in good agreement w
experimental data.28–30 For point defect calculations, a 48
atom hexagonal supercell was constructed, with the hexa
nal axis parallel to the@111# direction of theB2-NiAl lattice.
The integration over the Brillouin zone was based on
k-points within its 1/12 irreducible part.31

B. Point defect calculations

NiAl supports four types of point defect: vacancy on t
Ni sublattice (VNi), vacancy on the Al sublattice (VAl), an-
tisite on the Ni sublattice (AlNi), and antisite on the Al sub
lattice (NiAl). The point defect formation energies at 0
were calculated by static relaxation. In the EAM calcu
tions, an 83838 ~1024 atoms! simulation block with peri-
odic boundary conditions was typically used, but the m
important results were checked for convergence by ad
tional calculations on smaller and larger blocks. A sing
point defect was created in the center of the block and
1-2



is
h

ta
ta

e
in
n
/Å
s
te
y

cu
ic
n

th
e

lo
h
e

o

k

Th
c

o

e

u
he

n
d

ve.
a
tem

ng
-
m

ion
se-

ther
er

mp
dle

e
-
by
ed
te in
le-

s of
33.

of
,
he

m-
e-

For
tion
an

as
the
ry
ini-
es.
are
to
s of
and
ap-

dle-
e-
ther
ely.

ms
for

a
nd-
in-
ges
ve-

ts.
sure
ng
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total energy was minimized with respect to local atomic d
placements with a simultaneous volume relaxation. T
‘‘raw energy’’13,14 of the defect was obtained as the to
energy of the relaxed block with the defect minus the to
energy of the initial perfect-lattice block.

Similarly, in first-principles calculations a defect was cr
ated in the 48-atom supercell and its total energy was m
mized with respect to atomic positions until the Hellman
Feynman forces on all atoms reduced to below 0.05 eV
Such calculations were repeated for about ten different
percell volumes and the overall energy minimum was de
mined by a polynomial interpolation of the obtained energ
volume relation.31

The formation entropies of the point defects were cal
lated with the EAM potential within the classical harmon
approximation. The frequencies of normal atomic vibratio
were computed by diagonalizing the dynamical matrix of
simulation block. In order to eliminate three translational d
grees of freedom of the system, one corner atom of the b
was fixed, while all other atoms remained dynamic. T
‘‘raw’’ formation entropy of a defect13 was determined as th
entropy of the relaxed defected block minus the entropy
the initial perfect-lattice block

S5kB (
i 51

3N23

ln
hn i

0

kBT
2kB (

i 51

3Nd23

ln
hn i

kBT
13kB~Nd2N!. ~1!

Here,N is the number of atoms in the perfect-lattice bloc
Nd is the number of atoms in the defected block,h is the
Planck constant,kB is the Boltzmann constant,T is the ref-
erence temperature, andn i

0 and n i are normal vibrational
frequencies before and after the creation of the defect.
choice ofT in this expression is arbitrary and does not affe
any observable properties of point defects.13 For a vacancy
Nd5N21, while for an antisiteNd5N.

C. Calculation of vacancy jump rates

Vacancy jumps rates were calculated with the EAM p
tential within the harmonic transition state theory.32 In the
transition state theory, the rate constantG ~jump probability
per unit time! is given by the expression

G5n0expS 2
Em

kBTD , ~2!

whereEm is the jump barrier~saddle-point energy minus th
energy before the jump!, n0 is the attempt frequency, andT is
temperature. The attempt frequency is expressed thro
normal vibration frequencies of the simulation block at t
saddle point (n i* ) and before the jump (n i)

n05

)
i 51

3N23

n i

)
i 51

3N24

n i*

. ~3!

The denominator in this expression contains one freque
less than the numerator because one eigenvalue of the
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namical matrix of the saddle-point configuration is negati
This ‘‘missing’’ vibrational degree of freedom converts to
translational degree of freedom associated with the sys
motion along the reaction path.

The central problem of jump rate calculations is findi
the saddle point of a jump.33 For a vacancy jump in a mono
atomic crystal, the saddle point can often be found fro
symmetry considerations. In contrast, some of the diffus
mechanisms anticipated in ordered compounds include
quences of several vacancy jumps and may involve o
point defects residing next to the jumping vacancy. Und
such conditions the minimum-energy path of a vacancy ju
may not have a symmetry allowing us to locate the sad
point.

Previous diffusion calculations for NiAl employed th
‘‘drag’’ method in which the atom exchanging with a va
cancy was moved between its two equilibrium positions
small steps and the simulation block was partially relax
after each step. This method has proved to be adequa
many applications, but it has the drawback that only sing
atom jumps can be simulated. More advanced method
saddle-point finding have recently been reviewed in Ref.
In the present work, we used the nudged-elastic band~NEB!
method which had been successful for simulating a variety
rate processes in solids.33,34 To implement the NEB method
the initial and final states of the jumps must be specified. T
method starts by generating a number of copies, or ‘‘i
ages,’’ of the system which initially represent some interm
diate configurations between the initial and final states.
example, the images can be created by a linear interpola
of atomic coordinates. This set of images is referred to as
‘‘elastic band.’’ The energy of the elastic band is defined
the sum of actual potential energies of all images plus
sum of fictitious elastic deformation energies of imagina
springs connecting neighboring images. This energy is m
mized with respect to atomic displacements in all imag
Some of the components of atomic and spring forces
slightly modified during the minimization process in order
improve the convergence. It can be shown that, regardles
details of the relaxation procedure, the relaxed elastic b
positions itself along the minimum-energy path and thus
proximates the reaction path the jump.33,34 The image with
the highest potential energy can be identified as the sad
point, or otherwise interpolation of atomic coordinates b
tween the highest-energy image and its neighbors on ei
side can be applied to locate the saddle-point more precis
Importantly, there is no restriction on the number of ato
involved in the jump, which makes the method suitable
collective jumps involving two or more atoms.

In this work, the NEB calculations were performed on
1024-atom block under a constant block volume correspo
ing to the initial state of the vacancy. The elastic band
cluded between 25 and 30 images. Usually much less ima
are used in NEB calculations. In some cases as little as fi
seven images were enough for obtaining credible resul45

We chose to use much more images in order to make
that our calculations do not miss any hidden minima alo
1-3
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the transition path. The energy difference between
saddle-point configuration and the initial state gave us
jump barrierEm .

The attempt frequency calculation is a more delicate s
ject. Because the saddle-point structure is slightly more o
than the initial state and the total volume is fixed, the sadd
point structure obtained by the NEB method is genera
under some compression. The effect of this small comp
sion on the energy barrier in a large simulation block is n
ligibly small, but the effect on the vibrational entropy at th
saddle-point can be more significant.20 The relevant entropy
change DS can be estimated from the thermodynam
relation35

S ]S

]PD
T

52bV, ~4!

which gives

DS'2bPV. ~5!

Here, b5V21(]V/]T)P is the volume thermal-expansio
factor, P is the hydrostatic pressure in the simulation blo
containing the saddle-point configuration, andV is the block
volume.20 The productPV can be readily calculated within
the EAM scheme.20 The thermal-expansion factorb was cal-
culated separately by applying Eq.~5! to a 1024-atom
perfect-lattice block. The vibrational entropyS was com-
puted for a large set of pressuresP and the ratioDS/PV was
extrapolated toP→0 to give b54.58931025 K21. This
value of b was used in conjunction with Eq.~5! for calcu-
lating the entropy correction exp(2DS/kB) to the attempt fre-
quency due to the residual compressionP at the saddle-point
In order to recover the true value ofn0, Eq.~3! was modified
as follows:

n05

)
i 51

3N23

n i

)
i 51

3N24

n i*

expS bPV

kB
D . ~6!

D. Point defect complexes

Point defects should appear in NiAl in such concent
tions that to preserve its chemical composition. This requ
ment is met automatically if we assume that point defects
generated and eliminated not each individually but in
form of composition-conserving complexes. Point defe
can even be thought of as existing in the form of such co
plexes. It should be emphasized, however, that the def
are grouped into complexes conceptually and not physic
The complexes are assumed to be totally dissociated
interactions between their constituents are neglected.
concept of composition-conserving defect complexes
been very fruitful in analyzing atomic disorder, thermod
namic properties, and diffusion in NiAl.36,37 In particular,
thermodynamically equilibrium defect concentrations
NiAl can be expressed in terms of energies and entropie
composition-conserving complexes, which in turn can be
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pressed through raw energies and entropies of individual
fects. All arbitrarily chosen reference values involved in ra
quantities cancel out in such expressions and do not af
the complex properties. This makes the complex energ
and entropies a useful base for comparing results obtaine
different calculation methods.

Table I gives the relevant expressions for four most co
monly discussed defect complexes:36,37 divacancy DV (VNi
1VAl), exchange defect Ex (AlNi1NiAl), triple-defect on
the Ni sublattice TN (2VNi1NiAl), and triple-defect on the
Al sublattice TA (2VAl1AlNi). Similar expressions hold fo
complex entropies, except that the cohesive energyE0
should be replaced by the perfect-lattice entropy per ato

The results of first-principles calculations of complex e
ergies are summarized in Table II. We note that the numb
obtained in this work are identical to those preliminary r
ported in Ref. 31. Note the significant scatter of firs
principles energies obtained by different groups us
slightly different methods. The EAM energies calculated
the same supercell sizes are also included in Table II

TABLE I. Expressions for energies of composition-conservi
point defect complexes in NiAl in terms of ‘‘raw’’ energies« i of
individual point defects.E0 is the cohesive energy per atom in th
perfect lattice. Defect complexes: DV—divacancy; Ex—exchan
defect; TN—triple-defect on the Ni sublattice; TA—triple-defect o
the Al sublattice.

Complex Expression

DV EDV5«VNi
1«VAl

12E0

Ex EEx5«NiAl
1«AlNi

TN ETN52«VNi
1«NiAl

12E0

TA ETA52«VAl
1«AlNi

12E0

TABLE II. Calculated formation energies~in eV! of
composition-conserving point defect complexes in NiAl.N is the
number of atoms in the simulation cell. Defect complexes: DV
divacancy; Ex—exchange defect; TN—triple-defect on the Ni s
lattice; TA—triple defect on the Al sublattice.

Method N Defect complex Reference
DV Ex TN TA

MB-PPa 32 3.07 3.15 2.83 6.46 44
MB-PPa 16 2.98 3.32 2.85 6.43 37

54 2.71 3.10 2.22 6.30
LSGFb 54 2.53 3.63 2.36 6.32 36
PW-PPc 16 2.40 2.93 2.03 5.70 31

48 2.19 2.67 1.59 5.44
EAM d 16 2.540 2.975 2.456 5.600 present wor

32 2.421 2.806 2.321 5.327
48 2.407 2.791 2.299 5.307
54 2.413 2.739 2.304 5.261

aMixed-basis pseudopotential method.
bLocally self-consistent Green’s-function method.
cPlane-wave pseudopotential method.
dEmbedded-atom method.
1-4



ie
te
is
ll
st
c
to
a

e
A.
in
ty

gy
.9

-

te
a
ic
in
th

-
e
nt
r-

tion
ly-

an-
Ni
ncy
ms
N
ion
he

ntial

nt
the
l
le-

es

rier

uld
Al

ct
l

de

rd
nd

rk.

EVALUATION OF DIFFUSION MECHANISMS IN NiAl . . . PHYSICAL REVIEW B 67, 014201 ~2003!
comparison. The comparison shows that the EAM energ
agree well with first-principles calculations within the scat
of the latter, indicating that the EAM potential used in th
work captures the point defect energetics in NiAl quite we

This assertion is further illustrated by plotting two mo
recent sets of pseudopotential energies against the respe
EAM energies in Fig. 1. All data points are observed
group around the perfect agreement line. Furthermore,
three data sets follow the same ordering of the complex
ergies, with the energy increasing in the row TN-DV-Ex-T
The latter agreement is important as it is the relative rank
of the energies of defect complexes that determines the
of structural38,39 and dominant thermal36,39 point defects in
NiAl alloys. We note also that the EAM-predicted TN ener
compares reasonably well with the experimental value 1
eV.40

Atomic disorder in stoichiometric NiAl is strongly domi
nated by triple defects TN, i.e., defect complexes 2VNi

1NiAl consisting of two Ni vacancies and one Ni antisi
Assuming that all Ni vacancies present in the compound
associated with such triple defects, the statistical-mechan
analysis based on noninteracting defects gives the follow
expression for the equilibrium vacancy concentration on
Ni sublattice:36,37

TABLE III. Formation energies~in eV! and entropies~in kB

units! of composition-conserving point defect complexes in Ni
calculated with the EAM potential on a 1024-atom supercell.~Ref.
23! Defect complexes: DV—divacancy; Ex—exchange defe
TN—triple-defect on the Ni sublattice; TA—triple defect on the A
sublattice.

Defect complex
DV Ex TN TA

Energy 2.396 2.765 2.281 5.276
Entropy 2.965 4.903 3.588 7.245

FIG. 1. Formation energies of composition-conserving point
fect complexes in NiAl calculated by the EAM (N554) and first-
principles methods~s – Ref. 37,N554; h – Ref. 31,N548). In
all calculations the complex energy increases in the same o
TN-DV-Ex-TA. The line of perfect agreement between EAM a
first-principles calculations is shown as a guide to the eye.
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Here, ETN and STN are the energy and entropy of triple
defects, respectively~Table I!. Similar expressions can b
derived for equilibrium concentrations of other poi
defects.36,37 Table III summarizes the defect complex ene
gies and entropies required for such calculations. Equa
~7! is sufficient for the purpose of this work since our ana
sis is focused on Ni vacancies in stoichiometric NiAl.

III. RESULTS AND DISCUSSION

A. NNN vacancy jump

Under the NNN vacancy mechanism a Ni vacancy is w
dering along the Ni sublattice by exchanges with NNN
atoms. This mechanism is equivalent to a normal vaca
mechanism on the simple cubic lattice formed by Ni ato
~Fig. 2!. The energy barrier and attempt frequency of NN
vacancy jumps have been calculated within the transit
state theory and the results are reported in Table IV. T
energy barrier was also calculated by the pseudopote
method, which gaveEm52.48 eV in good agreement with
the EAM value Em52.33 eV. To create the saddle-poi
configuration, a neighboring Ni atom was moved towards
vacant site by the vector (1/2)@100# dictated by the crysta
symmetry. In EAM calculations, this position of the sadd
point was independently verified by the NEB method~Fig.
3!. It should be pointed out that, since the first-principl
calculation was performed in a relatively small block~48
atoms! under a constant volume, the obtained energy bar
should be viewed as an upper estimate ofEm . Applying the
volume relaxation or/and increasing the supercell size wo
presumably yield a smaller value ofEm and improve the

;

-

er:

FIG. 2. Geometry of Ni vacancy jumps analyzed in this wo
NNN—next-nearest-neighbor vacancy jump; 1-2, 1-28, and
1-29—collective vacancy jumps by vectors@110#, @100#, and@111#,
respectively.

TABLE IV. Calculated energy barrierEm and attempt frequency
n0 of Ni vacancy jumps in NiAl.

Jump Em ~eV! n0 ~THz!

NNN 2.332 45.1
@100# collective 2.978 145.2
@110# collective 2.463 242.7
@111# collective 2.192 23.0
1-5
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agreement with the EAM result even more. However,
ready this agreement dismisses the possible argument ag
the NNN vacancy mechanism based on the well-known tr
of EAM potentials to underestimate jump barriers. T
agreement with the first-principles calculation indicates t
the potential used in this work provides an adequate desc
tion of saddle-point energies of vacancy jumps.

For a further evaluation of the NNN vacancy mechanis
the Ni self-diffusion coefficientDNi* has been calculated b
assuming that only this mechanism is operative. We use
standard expression41

DNi* 5a2f 0cNi
v G, ~8!

wheref 050.653 is the tracer self-diffusion correlation fact
on a simple cubic lattice. Combining Eq.~8! with previous
Eqs.~2! and ~7!, we obtain the Arrhenius relation

DNi* 5D0expS 2
Q

kBTD ~9!

with the activation energy

Q5
ETN

3
1Em ~10!

and the preexponential factor

D0521/3a2f 0n0expS STN

3kB
D . ~11!

Using the data from Table III, Eqs.~10! and ~11! give Q
53.09 eV andD051.631026 m2/s. These numbers com
pare reasonably well with the experimental valuesQ
53.0 eV andD05331025m2/s.4 The calculated preexpo
nential factor is on the lower side of the experimental val
but we should keep in mind that the calculation is based

FIG. 3. Energy along the reaction path for four jumps of a
vacancy in NiAl.h—NNN jump; s—collective jump initiating a
@100# six-jump cycle; n—collective jump initiating a@110# six-
jump cycle; ,—collective jump by vector@111#. The energy
maxima correspond to saddle-points. The arrows mark final p
tions of the jumps. The curves were calculated by the NEB meth
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the harmonic approximation which may not work well in th
high-temperature range 1050–1630 K of experimental m
surements, not to mention possible experimental errors. T
comparison is not claimed to be a proof that Ni diffusion
stoichiometric NiAl is totally dominated by NNN vacanc
jumps. At this point we can only conclude that such jum
are capable of contributing to Ni diffusion significantly an
that there is no ground for rejecting them as one of poss
diffusion mechanisms.

B. Collective vacancy jumps

An NN jump of a Ni vacancy creates an Al vacancy a
an AlNi antisite as nearest neighbors. An important fact
tablished in this work is that this configuration ismechani-
cally unstable. Namely, the Al atom exchanged with the v
cancy returns to its initial position during the relaxatio
process and we end up where we started–with a Ni vaca
It was checked that this instability does not depend on
size of the simulation block. Furthermore, this instabil
was also confirmed in this work using the Ludwig an
Gumbsch42 EAM potential.

It was important to verify that the mechanical instabili
of the VAl1AlNi configuration is a true effect is not a
artifact of EAM potentials. This fact was confirmed b
first-principles calculations in a 48-atom supercell. An
atom neighboring on a Ni vacancy was moved by a vec
~1/2!@111# to fill the vacant Ni site and the obtained config
ration was subject to static relaxation. Figure 4 clearly de
onstrates that during the relaxation process the Al at
moves back until it fills the Al site and leaves us with
Ni vacancy. The scatter of the points in the plots is due
the use of a quasi-Newton procedure~Broyden-Fletcher-
Goldfarb-Shano method43! for the optimization of the atomic
positions: after making a small first displacement accord
to the current forces, the algorithm tries to guess the n
larger displacement such that to bring atomic forces down
zero, and so on until the Hessian matrix has to be rese
order to avoid an instability. Despite this scatter, we obse
that the Al atom keeps moving back toward the Al vacan
until it fills it and the system arrives at equilibrium. Th
system energy also decreases monotonically as a functio
the number of iterations and does not show any signs o
jump barrier, which proves that the VAl1AlNi configuration
is truly unstable.

As a consequence of this instability, we can expect tha
Ni vacancy will move by making two sequential NN jump
as one collective, two-atom displacement. Figure 2 dem
strates that there are three geometrically possible collec
jumps of a Ni vacancy. The jumps 1-2 and 1-28 have a spe-
cial significance since they initiate@110# and @100# 6JC’s,
respectively.8,6 The 1-29 jump by vector@111# is not associ-
ated with any known diffusion mechanism but may presu
ably operate as a mechanism of antisite defect genera
Each of these jumps produces two additional antisites,
that the respective defect reaction can be written as

VNi→VNi1NiAl1AlNi . ~12!

i
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d.
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The energy along the reaction paths of the collective
cancy jumps calculated by the NEB method is plotted in F
3. The distance along the path is Euclidean distance betw
neighboring images in the 3N-dimensional configuration
space of the system,N being the number of atoms. Th
points on each path represent individual images of the ela
band. The occurrence of only one energy maximum on e
path proves that the two NN jumps happen as a collec
two-atom process and not as two separate single-atom ju
For the@100# and @110# jumps, this means that the first tw
jumps of a 6JC occur as one collective jump. By symme
the last two jumps of a cycle should also occur as one
lective jump.

Furthermore, by analogy we could expect that the t
medium NN jumps of a 6JC would also merge into one c
lective jump. In the case of a@110# 6JC this turns out to be
true. By calculating the reaction path of the two medium N
jumps by the NEB method we have found that the jum
indeed happen as one collective, two-atom transition.

FIG. 4. Distance along the@111# direction ~a! and the total en-
ergy ~b! relative to the initial position of the Al atom in the VAl

1AlNi configuration as a function of the number of iterations p
formed during the static relaxation process. The calculations w
performed by the pseudopotential method on a 48-atom supe
The monotonic decrease in the distance and energy indicates
the initial configuration is mechanically unstable and transforms
a Ni vacancy during the relaxation process.
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other words, the central configuration of a@110# 6JC, VAl
12AlNi1NiAl , delivers a maximum of the total energy an
not a minimum, meaning that this configuration is mecha
cally unstable. The energy along the overall reaction path
a @110# 6JC is plotted in Fig. 5~a!. This plot demonstrates
that the cycle consists ofthree atomic transitionsas it was
suggested by Gumbsch,21 and not six single-atom jumps as
was thought before. We note that a three-jump mechan
was also discussed for 6JCs of Al vacancies in FeAl.22 In
contrast, for both the straight and bent@100# cycles the cen-
tral configuration is mechanically stable and these cycles
implemented by four vacancy jumps@Figs. 5~b,c!#.

-
re
ll.

hat
o

FIG. 5. Energy along the reaction path for a@110# six-jump
cycle ~a!, straight@100# six-jump cycle~b!, and bent@100# six-jump
cycle ~c! of a Ni vacancy in NiAl. See Refs. 8 and 6 for geometr
details of 6JCs in the B2 structure. The energy maxima corresp
to saddle-points, the energy minima to stable configurations.
curves were calculated by the NEB method with the embedd
atom potential of Ref. 23. The curve shapes around energy min
and maxima may depend on the choice of the stiffness consta
the imaginary springs, but the energies themselves do not depen
that choice.
1-7
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The energy maxima on the reaction paths in Fig. 3 co
spond to saddle-points of the jumps. The energy barriers
attempt frequencies of the jumps calculated within the tr
sition state theory are summarized in Table IV. The jum
rates calculated from Eq.~2! are plotted in Fig. 6. The plots
demonstrate that collective@100# jumps have the lowest rat
at all temperatures. Because such jumps initiate@100# 6JCs
and since the barriers of medium jumps of such cycles
relatively high@Fig. 5#, this observation suggest@100# 6JCs
are unfavorable. This conclusion is in agreement with pre
ous calculations.6,9 The rates of NNN jumps and collectiv
@110# jumps are very close to one another, suggesting
both the NNN vacancy and@110# 6JC mechanisms ca
contribute to Ni diffusion. It should be noted, however, th
Fig. 6 may overestimate the relative importance of@110#
6JCs since the latter contain another jump barrier@cf. Fig.
5~a!#. In addition, the effective jump rate of the@110# 6JC
mechanism can be reduced due to jump correla
effects.8,22 Rigorous kinetic calculations similar to those
Refs. 8 and 22 would be needed for a full evaluation of
@110# 6JC mechanism. Finally, collective@111# jumps are
probably the most frequent events in NiAl, especially at lo
temperatures~Fig. 6!. It is not clear at this point if and how
they can lead to long-range diffusion. Most likely, su
jumps will only create short-lived configurations eliminat
by a reverse jump, but we cannot exclude that they can
work as a mechanism of antisite defect generation at h
temperatures.

IV. CONCLUSIONS

NiAl is a triple-defect compound in which Ni vacancie
strongly dominate over Al vacancies and are likely to pla
key role in atomic diffusion of both Ni and Al. Severa
atomic mechanisms of diffusion can operate in NiAl conc
rently and may depend on the composition around the
ichiometry. In this work, we have studied the energetics

FIG. 6. Calculated temperature dependence of rate constan
collective@100#, @110#, and@111# jumps as well as NNN jumps of a
Ni vacancy in NiAl.
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Ni vacancy jumps in the perfectly ordered stoichiomet
structure of NiAl. An EAM potential fit to experimental an
first-principles data has been used and the key results h
been verified by additional first-principles calculations. T
results can be summarized as follows:

1. The configuration arising after an NN jump of a N
vacancy is mechanically unstable. As a result of this ins
bility, the vacancy implements two sequential NN jumps
one collective, two-atom displacement.

2. The collective vacancy jumps by vectors@100# and
@110# initiate 6JCs. Due to the symmetry of such cycles,
reversals of these jumps complete the respective 6JCs.
thermore, for@110# 6JCs the central configuration turns o
to be also mechanically unstable, with the consequence
the two medium NN jumps occur as one collective two-ato
displacement. It follows that@110# 6JCs of a Ni vacancy in
NiAl occur by three and not six vacancy jumps, in agreem
with the earlier suggestion by Gumbsch.21 The @100# 6JCs
involve four vacancy jumps since the central configuration
stable.

3. Calculations within the transition state theory show th
collective @110# jumps of a Ni vacancy have a larger ra
constant than collective@100# jumps. Given also the highe
barriers of the medium jumps, we conclude that@110# 6JCs
of a Ni vacancy in NiAl are likely to dominate over@100#
6JCs.

4. NNN jumps of a Ni vacancy have a low enough ener
barrier and high enough rate constant to be considered
plausible mechanism of Ni diffusion that can operate conc
rently with other mechanisms.

Work is now in progress to additionally verify these co
clusions by molecular dynamics simulations.46 An additional
verification is essential since NEB calculations are based
a choice of the initial and final states of every atomic tran
tion. The NEB method, therefore, can never guarantee
some unanticipated transitions are not missed in the calc
tions. Given this fact, we cannot claim that we have p
sented the complete picture of diffusion in NiAl, even thou
we believe that the most important mechansims have b
captured. The ongoing molecular-dynamics simulation46

have only revealed three types of Ni vacancy jumps: NN
jumps, @110# 6JCs implemented by three two-atom tran
tions, and two-atom@111# jumps. The latter are short-lived
and reverse after less than a picosecond. Thus, no transi
other than those considered in this paper have been obse
so far. It should be recognized, however, that a deta
analysis of diffusion mechanisms by molecular dynamics
challenging problem because of the limited time scale acc
sible by this method. Some of the challenges can be
dressed by applying new methods that recently appeare
the literature,47 as it was done, for example, in Refs. 48 a
49. The application of those methods to diffusion in NiA
will be the subject of our future work.

It should be pointed out that the model in which Ni di
fusion is mediated by Ni vacancies and does not involve
preexisting antisites may apply to both the stoichiome
and slightly Al-rich compositions of NiAl. In Ni-rich com-
positions, NiAl antisites may interfere with 6JCs and affe
the energetics on NNN jumps. An analysis of these effe

of
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and alternative diffusion mechanisms~especially the triple-
defect one4! together with kinetic calculations of diffusio
constants are required to explain the concentration de
dence of Ni diffusivity observed experimentally.3,4 Diffusion
mechanisms of Al atoms is another topic that should be
dressed in the future using the simulation methods applie
this work.
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