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Grain-boundary diffusion of cation vacancies in nickel oxide: A molecular-dynamics study

Theodoros Karakasidis and Madeleine Meyer
Laboratoire des Solides Irradie´s, CNRS URA 1380, CEA/DTA/CEREM/DECM, E´cole Polytechnique, F91128 Palaiseau Cedex, Franc

~Received 29 July 1996!

The diffusion of doubly charged nickel vacancies in aS5~310!@001# tilt grain boundary~GB! of NiO has
been studied by molecular dynamics. The simulations are carried out in the NVT ensemble~constant number
of particles, volume, and temperature! and the interatomic interactions are described by a rigid ion potential.
The analysis of the atomic trajectories shows that the diffusion of the vacancies occurs by jumps between
first-neighbor sites. The migration path only involves a restricted number of sites in the GB and the residence
times of the vacancy on the most frequently visited sites have been computed. There is no direct relation
between the frequencies of visits and the vacancy formation energies calculated for these sites. We have
calculated the vacancy jump frequencies and deduced the diffusion coefficient of this defect at high tempera-
ture. The vacancy diffusion is slightly faster along the direction parallel to the GB tilt axis than in the
perpendicular direction. The value of this anisotropy is consistent with the experimental results obtained for
other oxides. The bulk diffusion of the nickel vacancy has been investigated with simulations performed in a
perfect crystal. A qualitative analysis of the atomic trajectories shows that the nickel diffusion is enhanced at
the boundary. The GB diffusion enhancement has been quantitatively estimated and compared to the experi-
mental results.@S0163-1829~97!05720-2#
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I. INTRODUCTION

Grain-boundary~GB! diffusion is of importance in the
processing of ceramic materials as well as in metal oxi
tion. It is generally established that the grain boundaries
short circuits for diffusion and thus they can play an imp
tant role in all the diffusion-dependent properties of mate
als such as creep, sintering, corrosion, and ionic conduc
ity. The effect of the grain boundaries is particular
noticeable at relatively low temperatures where the bulk
fusion is less important.

The grain-boundary diffusion has been studied exp
mentally in some oxides and particularly in those that ha
an NaCl structure, such as NiO and MgO. The experime
results do not supply a detailed description of the diffusion
a microscopic level. This is a domain where computer sim
lations can provide useful insight; but up to now there ha
been very few dynamic simulations of grain-boundary dif
sion in ionic materials. In the case of oxides, the compu
tions are limited to the static calculations of point defe
energies performed by energy minimization for NiO.1 In the
present work we investigate by molecular dynamics the
diffusion in an oxide that has the NaCl structure and we h
chosen to study the migration mechanism of a cationic
cancy in nickel oxide.

Experimental studies of grain-boundary diffusion
nickel oxide have been carried out in polycrystalline mate
als as well as in bicrystals. The results are somewhat con
dictory as far as the enhancement of cationic diffusion du
the boundaries is concerned. Some authors have reporte
increase of nickel diffusion in grain boundaries of the ord
of 105–106.2,3 However, in other studies the diffusion en
hancement is far less important and sometimes it is not e
detectable.4,5 To explain this discrepancy, the role of the im
purities has been invoked4 as well as the preparation tech
nique of the samples.5 An analogous controversy exists als
for cobalt diffusion in grain boundaries of NiO.5–8
550163-1829/97/55~20!/13853~12!/$10.00
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Nickel oxide is slightly nonstoichiometric with a defi
ciency in nickel and the majority of the defects are cati
vacancies. These vacancies are doubly or singly char
their relative percentage being a function of the tempera
and of the partial oxygen pressure. Farhi and Petot-Erv9

have shown that the majority defects are singly charged
cancies at relatively low temperatures and high partial o
gen pressures while doubly charged vacancies predomi
at high temperatures and small partial oxygen pressures

Static computer simulations of anionic and cationic po
defects energies have been performed for some tilt g
boundaries of nickel oxide. The outcome of these studie
that there are grain-boundary sites where the creation of
fects is more favorable than in the bulk.1 Some selected mi-
gration paths have been investigated for the nickel vaca
and the oxygen interstitial. The calculated activation energ
are lower than that of the volume.10,11 However, as men-
tioned by the authors, these studies have some limitat
due to the use of static methods. First, all the possible di
sion paths have not been studied and, second, no temper
effect has been taken into account.

In this study, the molecular-dynamics~MD! method is
used to investigate the diffusion of a nickel vacancy in a N
GB. With this method it is possible to overcome some of t
previous limitations since there is no assumption for the d
fusion paths and because the system can be studied
function of the temperature. The analysis of the atomic t
jectories obtained by MD gives a detailed description of
microscopic mechanisms of grain-boundary diffusion and
lows one to calculate directly the related quantities, such
the diffusion coefficient and the migration energy of the d
fect.

We have chosen to study aS5~310!@001# tilt grain bound-
ary in nickel oxide. The structure of this GB has alrea
been investigated by MD and remains stable up to h
temperature.12 This result has been confirmed by further ca
culations in which several configurations of this GB, wi
13 853 © 1997 The American Physical Society
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13 854 55THEODOROS KARAKASIDIS AND MADELEINE MEYER
and without point defects, have been studied.13 Some techni-
cal reasons related to computer time have also militate
favor of this choice. First, a model related to diffusion da
obtained for metallic GB’s~Ref. 14! shows that the diffusiv-
ity is expected to increase with the boundary angleu and
then to be maximum in a rangeu535–55° in the case of a
@001# tilt axis.15 The tilt angle~36.9°! of the chosen GB lies
in this range. Second, the diffusion studies require long r
in order to obtain a satisfactory accuracy and as a co
quence the system size cannot be too large.
S5~310!@001# GB is characterized by its small periodicit
and a small number of atoms per structural unit. This allo
us to use a model containing several GB structural u
while the total number of atoms remains compatible with
reasonable CPU time.

As is the practice in MD simulations using triperiod
boundary conditions, the vacancy must be introduced in
system. Thus we remove a cation from a GB site in orde
create a vacancy. With this procedure, we create a do
charged point defect. The atomic trajectories produced
MD are analyzed in order to identify the atomic jumps due
the defect diffusion. We then calculate the jump frequenc
and the diffusion coefficients of the vacancy as a function
the temperature. The simulations are carried out at high t
perature in order to ensure that we have an important num
of defect jumps leading to an acceptable statistical erro
the calculated quantities.

This paper is organized as follows. In Sec. II we descr
the model and the procedures used to calculate the diffu
coefficient of the vacancy. This section also includes
static calculations of the binding energy of the doub
charged nickel vacancy for several sites of the grain bou
ary. In Sec. III we present the results concerning the stud
vacancy diffusion in the grain boundary as a function
temperature. The technique employed to analyze the mi
tion jumps of the vacancy is described. We also calculate
residence time at the most visited sites and the migra
energies related with these particular sites. The GB diffus
coefficients of the vacancy computed at every studied t
perature are plotted on an Arrhenius graph and the migra
energy is obtained from a linear fitting. The nickel vacan
diffusion in the bulk is investigated in order to evaluate t
GB diffusion enhancement as a function of the temperat
The bulk and GB migration energies are used in combina
with the binding energies of the vacancy to calculate
nickel diffusion enhancement at the boundary. This resu
compared with the available experimental results. In the
section we present some concluding remarks resulting f
the present work.

II. MODEL AND COMPUTATIONAL DETAILS

The MD simulations have been carried out in the NV
ensemble~constant number of particles, volume, and te
perature! using Nose´’s method.16 The equations of motion
are integrated with a time stepdt51 fs and the pseudomas
of Nosé’s thermostat has been chosen equal
10236 erg s2. In order to describe the atomic interactions w
use a rigid ion potential developed for NiO~Ref. 17! and
already employed to study the structure of theS5~310!@001#
grain boundary.12 The short-range interactions are truncat
in
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at a cutoff distancer c51.67a, a being the lattice parameter
The Ewald method is used to calculate Coulomb forces
energy. The convergence parameter for the Ewald sum
tion isa55.0/(2r c). The number of reciprocal space vecto
k is given by the following relations:25<nx , ny , nz<5
and 0,nx

21ny
21nz

2<27, wherenx ,ny ,nz are the integers
defining the components of thek vectors: k
52p(nx /Lx ,ny /Ly ,nz /Lz), Lx ,Ly ,Lz being the dimen-
sions of the simulation box. In order to obtain the tempe
ture dependence ofa, we have performed preliminary MD
simulations on a perfect crystal in the rangeT
51500–2700 K and at each temperature the lattice par
etera has been fitted to give a practically zero pressure
order to evaluate the melting temperature of our model
have simulated a system with free surfaces and found tha
melting occurred rather rapidly atT53050 K. On the other
hand the simulations performed on the GB do not show
instability up to a temperature ofT52800 K. Thus we can
conclude that with our model potential the system rema
solid and stable in the temperature range~2250–2650 K!
used for the diffusion study.

The simulation box containing theS5(310)@001# GB is a
parallelepiped with edges parallel to the directionsx:@310#,
y:@13̄0#, and z:@001#. The simulated system contains 1
~001! planes stacked in thez direction. This results in a tota
of 2160 ions ~1080 cations and 1080 anions!. Periodic
boundary conditions are applied in the three directio
x,y,z, and they generate a second grain boundary in
system as shown in Fig. 1, where the atoms belonging
~001! plane of the system are drawn. The dimensionsLx ,
Ly , and Lz of the simulation cell atT50 K are equal to
41.89, 19.77, and 25.01 Å, respectively. They vary with te
perature as a function of the lattice parametera. The value of
Lx corresponds to a distance between the GB’s equa
3a@310#; it is large enough to avoid boundary interaction
Indeed there is a region between the GB’s where the pr
erties are very close to the bulk ones. This has been ver
by the calculation of the nearest-neighbor distances.13

We have also computed the diffusion properties of

FIG. 1. Schematic drawing of a~001! plane perpendicular to the
tilt axis showing the location of the cations~small spheres! and
anions~large spheres!. The arrows indicate the location of the tw
GB’s. TheX, Y, andZ directions are parallel to the edges of th
simulation cell. The simulation cell contains 12~001! planes
stacked along thez direction. In two successive planes, the sites
alternatively occupied by cations or anions.
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55 13 855GRAIN-BOUNDARY DIFFUSION OF CATION . . .
nickel vacancy in a perfect crystal and calculated the b
diffusion coefficient. The simulation cell we use has t
same axis orientations and contains the same number o
oms as the model employed in the GB study.

The technical details of our computations are as follow
In a first step we perform static calculations (T50 K) and
minimize the energy of the system with a quasidynami
method18 in order to obtain a relaxed atomic configuratio
This configuration is then heated step by step using No´’s
method in order to reach the desired temperature. The t
perature difference between two successive steps is equ
100 K for T,500 K and to 150 K for the higher tempera
tures. Each heating step is performed by MD during 2
The lattice parameter is changed at each heating step. O
the final temperature is attained we perform a longer MD
during 30 ps in order to reach an equilibrium configuratio
Next, we introduce two nickel vacancies in the system
extracting, in one structural unit of each GB, a cation from
site defined asb3 in Fig. 2~a!. A further 30-ps run is per-
formed to stabilize the system before starting the produc
runs. The duration of the runs varies between 270 and 30
and they are carried out at 2250, 2350, 2500, and 2650 K
the case of the perfect crystal we follow the same proced
of heating but there is only one vacancy introduced in
system. The presence of this single defect combined with
fact that diffusion is slower in the volume requires long
runs ranging from 420 to 600 ps. They are performed at
following temperatures: 2350, 2500, and 2650 K.

The introduction of a cation vacancy results in a n
charge in the simulation cell. This problem of a net cha
associated to point defects has already been treated by L

FIG. 2. ~a! Projection onto a~001! plane of the cation sites
belonging to a structural unit of theS5 GB. The sites of two suc-
cessive planes are taken into account. The filled circles corresp
to the cations located in the upper plane while the open cir
correspond to the lower plane. Theb sites are located on the GB
planes, then sites correspond to the ions that have nearest ne
bors in the boundary plane.~b! same as Fig. 1; the shaded ar
containing all theb andn sites is assumed to be the GB region.
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and Gillan19 who have given a correction term for the ener
calculations. To evaluate this correction term they assum
compensating uniform background charge density and s
that this assumption is correct by performing calculations
several test cases. This correction does not depend on th
positions and thus does not affect the interatomic forces;
have therefore calculated the forces using the usual Ew
method.

A. Energy of defects

We have calculated the creation energy of a vacancy
the GB sites and in a perfect crystal. In order to calculate
creation energiesEf we use the supercell approach19 and
relax the atomic positions with the quasidynamical meth
The results of these computations are used to calculate
binding energyEb of the vacancy with the GB.Eb is defined
by the relationEb5EGB

f 2Ebulk
f , whereEGB

f is the energy of
creation at the boundary andEbulk

f is the energy of creation in
the bulk ~perfect crystal!. We must mention here that th
creation energy of the defect calculated in this context is
directly comparable to the experimental values of the form
tion energy. In order to obtain this energy one has to ta
into account the whole oxidation cycle necessary to crea
doubly charged cation vacancy~see, for example, Ref. 11!.

The binding energies of the cationic vacancies are ca
lated for several sites of the boundary. We have chose
restrict the calculation ofEb to the sites drawn in Fig. 2~a!.
These sites are classified into two categories: the position
the first sites are at the boundary~b sites!, the second ones
have neighbors located at the boundary~n sites!. The binding
energies calculated for the nickel vacancy are listed in Ta
I. The negative values correspond to sites where the for
tion of the vacancy is more probable than in the bulk. Suc
situation occurs for theb3, n2, andn4 sites, theb3 site
being the most favorable one. The other sites present pos
binding energies, which means that they are not privileg
sites with reference to the bulk. The least favorable ene
corresponds to theb1 site.

Duffy and Tasker1 have also calculated the binding ene
gies of a nickel vacancy on GB sites by energy minimizatio
A detailed comparison of the results is not easy since they
not mention the localization of the sites for which their ca
culation has been performed. The lowest energy they h
found is equal to20.36 eV and comparable to our minimum
value (20.31 eV). Their maximum value~0.88 eV! is sig-
nificantly smaller than the one we have found~3.21 eV!, but
it is not clear if they did calculate the binding energy for t
b1 site. If we do not consider this site, our maximum value
0.87 eV, which is very similar to their result. This possib
agreement is interesting given that we are using differ
interatomic potentials.

nd
s

h-

TABLE I. Binding energiesEb of the vacancy calculated fo
different sites of the boundary~see Fig. 2 for definition of the sites!.

Site b3 n2 n4 b4 n3 b2 b1

Eb ~eV! 20.31 20.21 20.14 0.03 0.44 0.87 3.21
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13 856 55THEODOROS KARAKASIDIS AND MADELEINE MEYER
B. Diffusion

The GB diffusion models generally assume that the
hancement of the diffusion coefficient occurs in a region t
has the shape of a slab parallel to the GB. The thicknes
this slab is considered as the grain-boundary width. In
model, this GB region is the slab that contains the sites
beled in Fig. 2~a!. The shaded area of Fig. 2~b! shows the
section of this slab with a~001! plane. This definition of the
GB region is justified for several reasons. It contains sev
sites that have a negative binding energy and, in addition
we shall see in Sec. III A, the migration path of the vacan
will mainly proceed through some sites of this region. T
average width of this slab is 10 Å; this is comparable to
grain-boundary width of 7 Å deduced from diffusion experi
ments in NiO.2

The grain-boundary region being anisotropic, we ha
calculated the componentsDz andDy of the diffusion coef-
ficient in thez andy directions parallel to the grain bounda
plane. These components correspond, respectively, to
diffusion parallel to the tilt axis,D i5Dz , and perpendicular
to it, D'5Dy . We have also calculated the average dif
sion coefficient in the boundary planeD5(D'1D i)/2. In
the case of a perfect crystal, where isotropic behavior is
pected, the diffusion coefficient has been calculated al
the three crystallographic directions@100#, @010#, and@001#.

The migration of simple defects such as vacancies ge
ally occurs via jumps to nearest-neighbor sites. The diffus
coefficient of the defect in a given directiona can be ex-
pressed as a function of the frequenciesG i and the lengths
dia of the different types of jumps:20

Da
def5

1

2 (
i

G idia
2 . ~1!

To perform this calculation ofDdef, it is necessary to identify
the different types of jumps and to calculate their frequ
cies. These results are obtained by the analysis of the ato
trajectories produced by MD.

In the GB region of our model~see Fig. 2! it is possible to
define five kinds of jumps according to their contribution
the directionsx, y, andz. These five jumps are plotted sch
matically in a structural unit; the generic names we ha
chosen to identify these jumps are indicated in Fig. 3~P
stands for in plane jumps, HP for out of plane jumps, and
is a particular out of plane jumps which connects two sites
the same type!. The TT jump can only occur betweenb1
sites and it is the only type of jump involving equivale
sites. The other kinds of jumps occur between nonequiva
sites and may involve different pairs of sites. For instan
the P1 jump in Fig. 3 connectsb1 andn4 but it may also
occur between the following pairs of sites:b4 andn3, b3
andn2. The lengths of these jumps are given in Table II. W
see that the jumps that can contribute to the diffusion al
the tilt axis~directionz5@001#! are HP1, HP2, and TT. The
TT jumps are the only ones that do not contribute to
diffusion perpendicular to the tilt axis~directiony5@13̄0#!.
The lengths of the jumps presented in Table II correspon
the ideal distances between the atoms of a geometric
figuration ~without relaxation!, where the expansion perpen
dicular to the boundary is taken into account. This choice
been done for two reasons:~i! the relaxed positions of the
-
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atoms are just slightly modified with reference to the ge
metric ones. If we considered the relaxed positions
should define many types of jumps and the analysis would
far more complicated;~ii ! at high temperature the amplitud
of the atomic vibrations is large and the fluctuations of t
interatomic distances are higher than the differences betw
geometric and relaxed positions.

In order to identify the jumps of the defect we select
the atoms that are displaced from their average locations.
have used several criteria for the displacement length
finally we have chosen a value equal to 0.67d0 whered0 is
the nearest-neighbor distance between cations. The
graphical analysis of the selected atoms trajectories allow
to determine if a jump has effectively occurred. We assu
that a jump has been performed when, after a displacem
larger than the distance criterion, the atom spends a l
enough time in its new position. This time limit has be
fixed to 3 ps.

To study the bulk diffusion in a perfect crystal we use t
same analysis as in the GB to identify the jumps. Howev
in this case we calculate the vacancy diffusion coeffici

FIG. 3. Same structural unit as in Fig. 2~a!. The different types
of jumps between nearest-neighbor cation sites in the GB region
drawn. TT, HP1, and HP2 jumps concern sites belonging to the
successive planes.P1 and P2 jumps occur without change o
plane. There is only one jump of each type drawn.

TABLE II. Lengths dx ,dy ,dz , of the five types of jumps de-
fined in Fig. 3. They are given along the three directio
x@310#,y@13̄0#,z@001# in units of lattice parameter,a.

Type of jump dx (a) dy (a) dz (a)

HP1
1

2A10
3

2A10
0.5

HP2
3

2A10
1

2A10
0.5

P1
2

A10
1

A10
0

P2
1

A10
2

A10
0

TT
1.3885a

A10
0 0.5

aThis length takes into account the distance between the grains
culated by energy minimization.
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55 13 857GRAIN-BOUNDARY DIFFUSION OF CATION . . .
along the three principal crystallographic directions@100#,
@010#, and @001#. All the sites are equivalent and of cours
there are no TT jumps.

In the case of the grain boundary we only take into
count the jumps involving the sites of the boundary reg
while for the perfect crystal all the jumps are taken in
account.

At present we have only discussed the diffusion coe
cient of a defect but the quantity measured experimentall
the atomic diffusion coefficient. This coefficient also i
cludes the defect concentrations and the correlation fac
that are characteristic of each diffusion mechanism. T
atomic diffusion coefficientDatomis obtained by summing up
the contributions of the different defect mechanisms20

Datom calculated in thea direction is given by

Da
atom5( f a

defCdefDa
def, ~2!

where f a
def is the correlation factor andCdef is the corre-

sponding defect concentration.
In MD simulations the atomic diffusion coefficient ca

also be directly obtained from the mean-square displacem
^dr 2(t)&5^@r (t)2r (0)#2& of the atoms. In order to evaluat
the GB atomic diffusion coefficient, we have calculated t
mean-square displacement of the atoms belonging to the
region. These computations are performed for the two dir
tions parallel to the tilt axis@^dz2(t)&# and perpendicular to
it @^dy2(t)&#. From the slope of the linear parts o
^dz2(t)& and ^dy2(t)& we deduce the nickel diffusion coe
ficient for each direction using the relation

Da
atom5

1

2t
^dr a

2~ t !&1Ba , ~3!

whereBa is a constant.
In order to compare the values ofDa

atom obtained with
Eqs. ~2! and ~3!, we need to calculate the defect concent
tion in the GB region. This concentration is the ratio betwe
the numberNGB

def of cationic defects in the boundary zone a
the number of nickel atoms located in the same region.
we shall see later on, in the case of the GB we may hav
spontaneous creation of defects such as Frenkel pairs ad
to the vacancies. When the only defects are the two vac
cies initially introduced in the system,NGB

def is not always
equal to 2, since these defects may diffuse for a certain t
outside the GB zone defined in Fig. 2~b!. In fact this behav-
ior has been mainly observed at the two highest temp
tures. To obtain the number of defects we calculate the t
tGB spent by each defect in the boundary region andNGB

def is
given by

NGB
def5

(tGB
tsimul

, ~4!

wheretsimul is the duration of the simulation. When the tw
initially introduced vacancies spend all the time inside
boundary region, the sum of theirtGB times is (tGB
52tsimul and their number is equal to 2.

The defects contained in our simulated system are ma
the cation vacancies created by removing two nickel io
Consequently the vacancy concentration is imposed to
system and this is not the equilibrium one. The atomic d
fusion coefficient obtained in these conditions with Eqs.~2!
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or ~3! is not directly comparable to the experimental one.
order to be able to make this comparison, it would be n
essary to calculate the defect equilibrium concentration
performing free-energy computations, which are outside
scope of this study.

III. RESULTS AND DISCUSSION

The main results of the MD study of the grain-bounda
diffusion are ~i! the description of the vacancy migratio
paths and the determination of the residence times on sev
GB sites,~ii ! the cation vacancy diffusion coefficient,~iii !
the correlation effects and the diffusion anisotropy, and~iv!
the GB diffusion enhancement.

A. Migration path

A quantitative analysis of the migration path requires t
identification of the jump types and the determination of t
atomic sites visited by the vacancy. To perform these ope
tions we use the site definition of Fig. 2 and the jump n
menclature of Fig. 3. The trajectories of atoms displaced
some successive jumps of a vacancy are plotted in Fig
The numbers indicate~in ascending order! the successive
positions of the vacancy. Initially it is situated at 1 on a
n4 site and then by aP2 jump it goes to 2 on ab3 site. With
a HP1 jump it arrives at 3 on ab4 site and with another HP1
jump it goes to 4 on ab1 site. From there it jumps via a HP
jump to 5 on ab2 site.

The analysis of the atomic trajectories shows that the
cancy migrates most of the time within the region defined
the boundary zone in Fig. 2. This behavior is illustrated
Fig. 5 where the complete migration paths of the two vac
cies atT52350 K are plotted. A comparison of Fig. 5~a!
with Fig. 2~b! shows that the majority of jumps have bee
performed inside the boundary zone. This behavior justi
our a priori choice to consider the sites located in this zo
as boundary sites. We can also notice in Fig. 5~b! that the
vacancy trajectory appears to be elongated in the direc
parallel to the tilt axis. Another important feature is th
practically all the jumps are nearest-neighbor jumps.

We have calculated, at every studied temperature,
number of jumps belonging to each category. The main
sult of this calculation is that all the types of jumps are n
observed with the same probability; the most frequent o
are TT,P1, and HP1. They occur on a restricted number
sites and correspond tob1-b1, b1-n4, andb3-b4 jumps,

FIG. 4. Partial trajectories projected onto a~001! plane~a!, and
a ~13̄0! plane ~b!. The trajectories of the atoms displaced by v
cancy jumps are plotted. At the beginning the vacancy is located
site 1 and then it jumps successively to sites 2, 3, 4, and 5. Stars
circles correspond to cations and to anions, respectively.



r
be
ie
er

ite

le
-
ite
tl
nc
d
n
rg
O
s
-
es

ab
s
o

n,
a
ee
im

ite
y

ost

h in-
ger
tive

are
the
a-

the
the

the
lot
ble

at-
fec-
of
a-

ps

a-
the

es

era-

13 858 55THEODOROS KARAKASIDIS AND MADELEINE MEYER
respectively. TT jumps betweenb1 sites constitute the majo
part of the total jumps. In fact their percentage varies
tween 34% and 43% in the temperature range we stud
The jumpsb1-n4 constitute nearly 20% of the total numb
of jumps. The percentage of the jumpsb3-b4 varies be-
tween 11% and 21%. Other less frequently observed jum
maintain a continuous migration path between theb1, n4,
b3, andb4 sites.

The categories of sites that are the most frequently vis
are in decreasing order:b1, n4, b3, andb4. Among them
only two ~n4 andb3! have a negative binding energy, whi
the most frequently visited sites (b1) have a formation en
ergy less favorable than in the bulk. The last category of s
(b4) has a positive binding energy and is also frequen
visited but the trajectory analysis shows that the vaca
leaves these sites as soon as it arrives. On the other han
n2 sites have a negative binding energy and are nearly
visited. These results show clearly that the binding ene
criterion is not sufficient to determine the migration path.
course the energy classification of the GB sites is rigorou
valid atT50 K. At finite temperature, the entropy contribu
tion could vary from site to site and the relative probabiliti
of the presence of the vacancy on each type of site could
modified. Nevertheless the large positive value ofEb for the
b1 sites is certainly enough to make them the least prob
sites. Since these sites are, however, the most visited one
must conclude that the migration path depends strongly
the dynamic effects.

To give a quantitative description of the GB migratio
we have calculated the time spent by the vacancy on e
variety of site as well as the number of times they have b
visited. This allows us to define an average residence t
with the following relation:

t res5
t life~vac!

Nvisits
, ~5!

FIG. 5. Trajectory of the cations displaced by vacancy jum
Projections onto a~001! plane~a! and a~13̄0! plane~b! are shown.
Simulation run performed atT52350 K: duration: 300 ps.
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wheret life~vac! is the total time spent by the vacancy on a s
of a given type andNvisits is the number of times the vacanc
has occupied this kind of site.

The values of the residence time calculated for the m
frequently visited sites,b1, b3, andn4 are listed in Table III.
As expected the average residence time decreases wit
creasing temperature and we can also notice that it is lon
for the two categories of sites characterized by nega
binding energies~b3 andn4!.

In the case of a perfect crystal where all the sites
equivalent, the residence time is equal to the inverse of
jump frequencyG and is consequently related to the migr
tion energy through the relation

t res5
1

G
5

1

G0
expS Em

kBT
D . ~6!

For the GB where all the sites are not equivalent,
inverse of the residence time will be equal to the sum of
jump frequencies corresponding to each class of sites.

We have reported the calculated residence times for
three categories of most visited sites in an Arrhenius p
~Fig. 6!. For the temperature domain we studied it is possi
to adjust a straight line on the variation of lntresas a function
of 1/kBT and to deduce an activation energy for each c
egory of sites. This energy could be interpreted as an ef
tive migration energy taking into account all the kinds
jumps involving this site. The corresponding effective migr

.

FIG. 6. Arrhenius plot of the residence times of the cation v
cancy on GB sites. The calculations have been performed for
most frequently visited sites:b1, b3, andn4. The effective migra-
tion energiesEm corresponding to the jumps involving these sit
are also indicated.

TABLE III. Residence time of the vacancyt res ~in ps! on the
most frequently visited sites calculated as a function of the temp
ture.

T ~K! t res siteb1 t res siten4 t res siteb3

2250 5.560.8 16.764.8 13.964.4
2350 4.560.6 10.662.7 9.463.1
2500 3.960.5 7.2561.8 7.761.2
2650 2.960.3 6.561.4 3.460.8
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TABLE IV. Number of jumpsN and jump frequenciesG ~in 1010 Hz! of the nickel vacancy as a functio
of temperature. Results concerning the different kinds of jumps involving only nearest neighbors~see Fig. 3!.
Ni5NHP11NHP21NTT ,Ntot5Ni1NP11NP2.

T ~K! Ntot Ni N' GHP1 GHP2 GTT GP1 GP2

2250 77 52 44 2.860.7 0.360.2 5.560.9 3.760.8 0.560.3
2350 92 57 53 3.060.8 0.460.3 7.461.2 4.460.9 2.360.7
2500 118 84 79 7.361.2 1.360.5 7.561.2 5.261.0 1.360.5
2650 172 118 98 6.061.0 1.860.6 13.161.5 6.961.1 2.660.7
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tion energies are noted on the plot. We see that the migra
energy related tob1 sites is the lowest one~0.81 eV!, then
comes that ofn4 ~0.97 eV!, and finally that ofb3 ~1.73 eV!.

We further examined the results by analyzing the con
bution of the different kinds of jumps for each type of sit
The vacancy jumpsb1-b1 constitute 67–73% of the tota
number of the jumps involving theb1 sites. In the case o
n4 the major contribution results from the jumpsn4-b1
~60–83%! and in the case ofb3 it comes from the jumps
b3-b4 ~55–69%!. We can reasonably expect that the ma
contribution to the effective energy for each type of site w
result from the migration energy of the most frequent jum
Consequently, the effective energies~0.81, 0.97, 1.73! can be
considered as approximate values of the migration ener
of the jumpsb1-b1, n4-b1, andb3-b4.

The approximate value of theb3-b4 jump migration en-
ergy is comparable to the result~1.86 eV! obtained by Duffy
and Tasker10 in their static calculation of the same vacan
jump.

The previous results reveal that the mechanisms of mi
tion at the boundary are rather complex. A qualitative ana
sis of the structural unit geometry shows that the near
neighbor environment is different for each type of bound
site. This fact may explain the variation of their frequency
visits. The relative disparity in the sites’ environment al
varies the energy barriers existing between the neigh
sites. As a result, a limited number of site types associa
with the easier jumps only contribute to the diffusion pr
cess.

To characterize the migration path we have only tak
into account the most frequent jumps occurring between
neighbors. At the higher temperatures investigated~2500 and
2650 K! we have observed other mechanisms and def
such as vacancy jumps to more distant neighbors, cy
events, and the creation of Frenkel pairs. The first categ
concerns jumps that are not defined in Fig. 3. They are
served between GB sites located on opposite sides of
boundary plane. Such jumps areb1-b48, b3-b38, and
b4-b48 ~the prime indicating that the site is situated on t
other side of the boundary plane!. During the cyclic ex-
changes, two or more atoms exchange positions during
short times without any creation of a vacancy. We have a
observed the spontaneous creation of Frenkel pairs wher
interstitials are not particularly mobile in contrast to the c
responding vacancies. The Frenkel pairs are created by
jump of an atom located at the boundary towards the ce
of the structural unit. These jumps generally lead to a cha
of plane in the@001# direction. In most cases the interstiti
remains localized at this site until it annihilates with a v
cancy that arrives at a neighbor site.
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B. GB vacancy diffusion coefficient

In order to obtain the diffusion coefficient of the vacan
with Eq. ~1! we have counted the number of jumps belongi
to each category defined in Fig. 3. Let us recall that in or
to compute the jump frequencies we only take into acco
the time spent by the vacancy in the boundary zone. T
time spent outside is sometimes quite significant. In fact
vacancies move in the volume during 16 ps at 2350 K, 80
at 2500 K, and 35 ps at 2650 K. The jump frequenciesG i of
the different kinds of jumps are reported in Table IV togeth
with the total number of jumpsNtot . The number of jumps
Ni that contribute to the diffusion parallel to the tilt axis an
the number of jumpsN' that contribute to the diffusion per
pendicular to the tilt axis are also indicated. We notice t
Ni is slightly higher thanN' . Besides, if we except the
P2 jumps, which are infrequent, the length of the jumps
the direction parallel to the tilt axis is always larger than
the perpendicular direction. For these two reasons we
reasonably expect an anisotropy in favor of the direction p
allel to the tilt axis.

Using Eq.~1! we have calculated the diffusion coefficie
of the nickel vacancy for each temperature studied. The
culation also includes the vacancy jumps corresponding
the other mechanisms appearing at higher temperat
These events are not very frequent~less than 5% of the tota
number of jumps occurring at the highest temperature inv
tigated! and their jump frequencies are not reported in Ta
IV. The values of the vacancy diffusion coefficient paral
(D i

vac) and perpendicular (D'
vac) to the tilt axis are given in

Table V and plotted in the Arrhenius graph of Fig. 7. T
migration energies deduced from a linear fitting of lnD ver-
sus 1/kBT are given in Fig. 7. Taking into account the acc
racy of the calculations, we see that the migration energ
parallel and perpendicular to the tilt axis are the same.

The migration energy deduced from the temperature e
lution of the vacancy diffusion coefficient is an effective m
gration energy that takes into account all the possible jum
We have already seen in Sec. III A that the migration p
mainly involves a limited number of frequently visited site
and that each site is characterized by a predominant typ
jump. We note that the average of the migration energ
calculated for the most visited sites~1.17 eV! is very close to
the effective migration energy of the vacancy. This val
~1.26 eV! is different from that obtained in the static calc
lation performed in the same GB by Duffy and Tasker10

This is not surprising since their calculation limited to o
type of jump does not take into account the whole migrat
path.
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TABLE V. Nickel vacancy diffusion coefficients parallel and perpendicular to the tilt axis~in
1025 cm2 s21! as a function of temperature. Calculation using the jump frequencies~a is the lattice paramete
used at each temperature!.

T ~K! a ~Å! D'
vac D i

vac Dvac D i
vac/D'

vac

2250 4.2728 1.160.3 2.060.3 1.560.3 1.8
2350 4.2793 1.960.5 2.560.3 2.260.4 1.3
2500 4.2892 2.660.6 3.860.5 3.260.5 1.4
2650 4.2989 3.160.6 5.161.2 4.160.9 1.6
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C. Nickel diffusion coefficient

The atomic diffusion coefficient for the nickel ions ha
been calculated in two different ways. In the first one,
computation of the mean-square displacement^dr 2(t)& al-
lows us to determine the diffusion coefficientD(r 2) with Eq.
~3!. In the second one, we use the diffusion coefficient of
defect computed with the jump frequencies and Eq.~2! with
f a
def51 to perform the calculation ofD(G). The comparison
of the results obtained in the two different ways is useful
test the consistency of our calculations and it allows us
make an estimation of the correlation effects by calculat
the ratioD(r 2)/D(G). In this context, we take into accoun
all the events contributing to the GB diffusion of the catio
and the calculation ofD(G) includes not only the vacanc
jumps occurring in the boundary region but also the inter
tial jumps. The defect concentration is calculated as d
cussed in Sec. II. The two sets of atomic diffusion coe
cients are listed in Table VI together with their ratios. W
notice that they have the same order of magnitude. The
ues ofD(r 2) are always lower than the diffusion coefficien
calculated with the jump frequencies. The main reason
this difference is the following. The calculation ofD(G)
does not include any correlation effect (f a

def51), while the
values ofD(r 2) implicitly take into account the possibl
correlation effects. Indeed the observation of the migrat
path allows us to make such effects evident. When analyz
the atomic trajectories we have noticed that quite ofte
vacancy that arrives at ab1 site performs a series of succe
sive TT jumps. This behavior can be seen in Fig. 8, wh

FIG. 7. Arrhenius plot of the vacancy diffusion coefficient in th
GB. The diffusion coefficients have been calculated for the dir
tions parallel~continuous line! and perpendicular~dashed line! to
the GB tilt axis.
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among a series of jumps a succession of seven TT hop
visible.

When there is only one mechanism occurring in the d
fusion process, the ratio of the atomic diffusion coefficien
D(r 2)/D(G), can provide an estimate of the correlation fa
tor f a

def. This is the case for the two lower studied tempe
tures ~2250 and 2350 K! where there are only neares
neighbor vacancy jumps. We can see in Table VI that t
ratio is slightly lower than the correlation factor of a vacan
mechanism in a perfect fcc crystal~0.78!. At higher tempera-
tures it is not possible to use this ratio to estimate the co
lation effects because of the presence of other mechani
Even though they are not frequent their contributions can
be neglected since the corresponding correlation fac
could differ significantly as is the case for the interstitia
The values off a

def obtained atT52250 and 2350 K can also
be compared to the results of the calculations performed
the case of the vacancy diffusion in aS55(310) GB of
silver.21 In this study, the correlation factors are calculated
a large temperature range for the two directions parallel
perpendicular to the tilt axis@001#. Our results are obtained
at temperatures relatively close to the melting point wh
the correlation factors calculated by Mishin21 are almost in-
dependent of the diffusion direction and close to 0.52. T
value is smaller than our results~0.69, 0.64!. This slight
difference could fall within the accuracy of our calculation
but it could also be explained by the significant differenc
existing between the structural unit configurations of Ag a

-
FIG. 8. Cation trajectories showing consecutive TT jumps of

vacancy betweenb1 sites. Projection onto a~13̄0! plane is shown.
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TABLE VI. Grain-boundary nickel diffusion coefficients determined from mean-square displace
D(r 2) and from jump frequenciesD(G) ~in 1027 cm2 s21!.

T ~K! D'
atom(r 2) D'

atom(G) D i
atom(r 2) D i

atom(G) D'
atom(r 2)/D'

atom(G) D i
atom(r 2)/D i

atom(G)

2250 0.33 0.460.1 0.54 0.860.1 0.75 0.69
2350 0.46 0.760.2 0.60 1.060.1 0.64 0.62
2500 0.83 0.960.2 1.29 1.360.2 0.98 0.98
2650 0.98 1.260.2 1.56 1.960.4 0.84 0.82
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NiO GB’s. Consequently the jumps are different and mo
over the most frequent one in NiO~TT! does not even exis
in silver. Nevertheless we find that the correlation factor d
not depend on the diffusion direction; this is in agreem
with Mishin’s results.

D. Diffusion anisotropy

We have already shown in Sec. III B some evidence o
diffusion anisotropy at the GB. Let us now compare t
atomic diffusion coefficients obtained with the two previo
approaches. Their ratioD(r 2)/D(G) calculated for the direc-
tions parallel and perpendicular to the tilt axis are reported
Table VI. For a given temperature, the values of the t
ratios are very close. This means that the correlation eff
are comparable for the two directions. We can thus res
our discussion of the anisotropy to the results concerning
vacancy diffusion coefficients reported in Table V. We s
that the diffusion coefficient parallel to the tilt axis is alwa
higher than the diffusion coefficient perpendicular to it. T
value of the anisotropyD i

vac/D'
vac varies between 1.3 and 1.8

There are no experimental results concerning the di
sion anisotropy in grain boundaries of nickel oxide. To o
knowledge, the only experimental results available for o
ides are those of Stubican and Osenbach.22 These authors
have performed diffusion measurements of51Cr in several
oxides including MgO, which has the same crystalline str
ture as NiO. They have measured the anisotropyD i /D' as a
function of the tilt angle of a bicrystal up to 25°. The aniso
ropy is very high for small angles, and then sharply d
creases and reaches a nearly constant value of about
angles higher than 10°. Our results are in qualitative ag
ment with the experimental ones since we find a small
isotropy value for our high angle grain boundary~36.9°!.
Besides, our numerical values are close to the experime
limit value of 2.

E. Volume diffusion

We have studied volume vacancy diffusion in order
compare it to the GB diffusion. The total number of jum
calculated at each temperature are reported in Table VII
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gether with the nickel vacancy diffusion coefficients com
puted for the threê100& directions. As expected for a cubi
system, we notice that the diffusion is isotropic within th
error limits and the diffusion coefficient of the vacancy
calculated as an average over the three directions. A c
parison with the corresponding values obtained for the
shows that the volume values are lower by nearly a facto
2. The values of the bulk diffusion coefficients are plotted
an Arrhenius graph~Fig. 9! and give a migration energy fo
the nickel vacancy equal to 1.5460.26 eV. As expected, it is
higher than the migration energy in the GB (1.2
60.07 eV). This difference will contribute to an enhanc
ment of the nickel diffusion at the grain boundary.

Duffy and Tasker11 have obtained the migration energy
doubly charged nickel vacancy in the volume by static c
culations. Their value~2.5 eV! is significantly higher than
ours (1.5460.26 eV). One possible reason for this diffe
ence, apart from the use of different interatomic potentia
may be the fact that at high temperature the atomic vib
tions can create local configurations where the energy ba
ers for migration are lower than those existing atT50 K.
These configurations cannot be taken into account in a s
calculation.

F. Diffusion enhancement

A plot of the atomic displacements that has some simi
ity with experimental methods can make evident the ex
tence of a GB diffusion enhancement. All the cations a
considered as tracers diffusing from a~001! surface perpen-
dicular to the tilt axis, during diffusion times equal to th
duration of the simulations~of the order of 300 ps!. We
calculate the penetration depthDz5uzfin2zinu parallel to the
tilt axis z5@001#, wherezin andzfin are thez atomic coor-
dinates at the beginning and at the end of the simulation
respectively. We plotDz as a function of the final position
xfin of the cations along thex5@310# axis. The results for the
lowest and the highest temperatures we studied are show
Figs. 10~a! and 10~b!, respectively. The displacementsDz of
the cations plotted in these figures are larger in the bound
region. In the rest of the system most of the cation displa
ments are due to thermal vibrations. At the lower tempe
TABLE VII. Number of jumps and diffusion coefficients~in 1025 cm2 s21! of the nickel vacancy as a
function of temperature for the perfect crystal.

T ~K! Ntot D @100#
vac D @010#

vac D @001#
vac D tot

vac

2350 33 1.260.3 1.0560.3 0.960.3 1.0560.3
2500 84 2.160.4 2.260.4 2.4560.4 2.2560.4
2650 73 3.060.6 2.360.5 2.7560.5 2.760.5
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ture the atoms that have diffused are localized in the
zone while at the higher temperature some bulk diffus
also appears outside this region. Moreover at the high
temperature the displacements in the GB zone are two
three times larger than the ones of the lowest temperat
Given that the duration of the simulation runs is the sam
we can also notice that the number of diffusing atoms
creases at higher temperature.

In a second part we have used the results of our sim
tions to calculate an order of magnitude of the diffusion e
hancement that is defined as the ratio between the ato
diffusion coefficient at the grain boundary and the atom
diffusion coefficient in the volume. We only take into a
count the vacancy mechanism and the enhancement ra
given by

RGB/Vol5
DGB
Ni

DVol
Ni 5

fGB
vacCGB

vacDGB
vac

f Vol
vacCVol

vacDVol
vac , ~7!

FIG. 9. Arrhenius plot of the bulk diffusion coefficient of th
nickel vacancy.

FIG. 10. Total displacementDz in thez direction of the cations
at the end of a run performed during 300 ps at~a! 2250 K and~b!
2650 K.Dz5uzfin2zinu; zin andzfin are the values of thez coordi-
nate at the beginning and at the end of the run.Dz is plotted as a
function of the final atomic positionxfin in the direction perpendicu
lar to the GB plane.
B
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is

where fGB
vac and fVol

vac, CGB
vac, andCVol

vac, andDGB
vac andDVol

vac are
the correlation factors, the concentrations of the nickel
cancies and the nickel vacancy diffusion coefficients in
GB and in the volume, respectively.

The results reported in Tables V and VII are used to c
culate the ratio of the vacancy diffusion coefficients and o
gets:

DGB
vac

DVol
vac50.51 expS 0.28 eV

kBT
D . ~8!

We can reasonably assume that the ratio of the correla
factors is close to one, since we have seen in Sec. III C
the estimate value in the GB is only a little lower than th
for the volume.

In order to calculate the concentration ratio we take in
account the fact that the various sites of the grain bound
region are not equivalent and are characterized by diffe
vacancy creation energies. The vacancy concentration a
GB is given by

CGB
vac5(

i
expS 2

EGB
f i 2TSGB

f i

kBT
D , ~9!

whereEGB
f i andSGB

f i are the vacancy formation energies a
entropies, respectively. As we restrict ourselves to the ca
lation of an order of magnitude of the enhancement we
glect the entropy effects. This reduces the ratio of concen
tions to

CGB
vac

CVol
vac5(

i
expS 2

EGB
f i 2EVol

f

kBT
D 5(

i
expS 2

Ebi

kBT
D , ~10!

whereEbi are the binding energies of the vacancy for t
different GB site categories. We use the values compute
T50 K ~Table I! since it is generally assumed that the fo
mation energy does not vary significantly with the tempe
ture. The binding energies sum is calculated for various te
peratures. An exponential fit performed on the result
values allows us to obtain an effective binding energyẼb.
The ratio of concentrations is then given by

CGB
vac

CVol
vac5A expS 2

Ẽb

kBT
D 53.07 expS 0.25 eV

kBT
D . ~11!

The combination of Eqs.~8! and ~11! gives the ratio be-
tween GB and bulk diffusions:

RGB/Vol51.57 expS 0.53 eV

kBT
D . ~12!

The diffusion enhancement calculated in the tempera
range of the experimental work of Atkinson and Taylor2 is of
the order of 103. This result is significantly lower than th
experimental one~of the order of 106! but we must notice
that the experiments have been carried out in a polycrys
line material, where there is a large variety of grain boun
aries with probably quite different contributions to defe
concentration and migration. In the same temperature ra
there exist results for bicrystals obtained by Barbieret al.5

These authors have not observed any enhancement and
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55 13 863GRAIN-BOUNDARY DIFFUSION OF CATION . . .
deduce that if there is any it will be at a maximum of t
order of 103 ~limit of their measurements!. This is compa-
rable with our result, but this agreement has to be conside
with caution.

Another possible explanation for the difference with t
experimental results obtained by Atkinson and Taylor co
be the charge state of the vacancy. As we have already m
tioned, Farhi and Petot-Ervas9 have studied single crystal
and shown that there are two types of nickel vacancies,
gly charged and doubly charged. The relative concentrat
of these defects vary with the temperature and the pa
oxygen pressure. If these results also apply in the cas
grain boundaries, then the Atkinson and Taylor’s resu
have been obtained in conditions where the majority defe
are singly charged vacancies. In this study we have inve
gated the diffusion of doubly charged vacancies, which
majority defects at high temperature and small partial o
gen pressure. The contribution of these two defects to di
sion may be quite different. Such behavior is suggested
the static calculations of Rabier, Soullard, and Puls23 per-
formed in NiO for a perfect crystal and for an edge disloc
tion. These authors have found that, in a perfect crystal,
activation energy of the singly charged vacancies is sligh
lower than that of the doubly charged vacancies and i
much lower in the case of a dislocation. However, they h
investigated a limited number of migration paths and
have shown in the present MD study of a vacancy migrat
at a GB that the results obtained with static calculations m
be not fully representative. An MD study of diffusion o
singly charged vacancies could provide more insight into
question. But the simple rigid ion model we have used is
suitable for such a study, which would require one to ta
into account the electronic freedom degrees in the MD sim
lation.

IV. CONCLUSIONS

A S5~310!@001# tilt grain boundary of NiO has been use
to investigate by molecular dynamics the GB vacancy dif
sion mechanism in a crystal with NaCl structure. The def
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introduced in the simulated system is a doubly charg
nickel vacancy and the diffusion of this defect has also b
studied in a perfect crystal of NiO. The migration mech
nism in the GB is rather complex; all the GB sites are n
equivalent as is the case in the bulk diffusion and they
consequently not visited by the defect with the same f
quency. The migration path of the vacancy mainly includ
some specific sites of the boundary. The temperature de
dence of the residence times on the most frequently vis
sites shows that it is possible to determine an activation
ergy for each site. These energies characterize the maj
jumps associated to each site. The frequency of a visit d
not vary in the same way as the vacancy formation ene
and the most visited site even has a positive binding ene
with the boundary. This shows that the migration pa
mainly depend on dynamical effects, and for this reas
molecular-dynamic simulations are more suitable than st
calculations to study the GB diffusion mechanisms.

The comparison of the diffusion coefficients calculated
the GB plane shows clearly the existence of a slight anis
ropy. The diffusion coefficient of the vacancy is higher in t
direction parallel to the tilt axis than in the perpendicu
one. This anisotropy is consistent with the experimental
sults available for other oxides.

The migration energy deduced from the temperature
pendence of the vacancy diffusion coefficient is, as expec
lower in the GB than in the bulk.

We have made evident qualitatively and quantitatively
enhancement of the diffusion in the GB. The numerical v
ues are lower than the values deduced from experiments
formed in polycrystalline NiO. Our values are apparently
better agreement with the results of other experiments
formed in bicrystals.
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