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Grain-boundary diffusion of cation vacancies in nickel oxide: A molecular-dynamics study
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The diffusion of doubly charged nickel vacancies i2%(310[001] tilt grain boundary(GB) of NiO has
been studied by molecular dynamics. The simulations are carried out in the NVT engeons&nt number
of particles, volume, and temperatuand 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[S0163-182807)05720-2

[. INTRODUCTION Nickel oxide is slightly nonstoichiometric with a defi-
ciency in nickel and the majority of the defects are cation

Grain-boundary(GB) diffusion is of importance in the vacancies. These vacancies are doubly or singly charged,
processing of ceramic materials as well as in metal oxidatheir relative percentage being a function of the temperature
tion. It is generally established that the grain boundaries arand of the partial oxygen pressure. Farhi and Petot-Brvas
short circuits for diffusion and thus they can play an impor-have shown that the majority defects are singly charged va-
tant role in all the diffusion-dependent properties of materi-cancies at relatively low temperatures and high partial oxy-
als such as creep, sintering, corrosion, and ionic conductivgen pressures while doubly charged vacancies predominate
ity. The effect of the grain boundaries is particularly at high temperatures and small partial oxygen pressures.
noticeable at relatively low temperatures where the bulk dif- Static computer simulations of anionic and cationic point
fusion is less important. defects energies have been performed for some tilt grain

The grain-boundary diffusion has been studied experiboundaries of nickel oxide. The outcome of these studies is
mentally in some oxides and particularly in those that havehat there are grain-boundary sites where the creation of de-
an NaCl structure, such as NiO and MgO. The experimentalects is more favorable than in the bliSome selected mi-
results do not supply a detailed description of the diffusion agration paths have been investigated for the nickel vacancy
a microscopic level. This is a domain where computer simuand the oxygen interstitial. The calculated activation energies
lations can provide useful insight; but up to now there haveare lower than that of the volunt&!! However, as men-
been very few dynamic simulations of grain-boundary diffu-tioned by the authors, these studies have some limitations
sion in ionic materials. In the case of oxides, the computadue to the use of static methods. First, all the possible diffu-
tions are limited to the static calculations of point defectsion paths have not been studied and, second, no temperature
energies performed by energy minimization for Nith the  effect has been taken into account.
present work we investigate by molecular dynamics the GB In this study, the molecular-dynami¢#1D) method is
diffusion in an oxide that has the NaCl structure and we haveised to investigate the diffusion of a nickel vacancy in a NiO
chosen to study the migration mechanism of a cationic vaGB. With this method it is possible to overcome some of the
cancy in nickel oxide. previous limitations since there is no assumption for the dif-

Experimental studies of grain-boundary diffusion in fusion paths and because the system can be studied as a
nickel oxide have been carried out in polycrystalline materi-function of the temperature. The analysis of the atomic tra-
als as well as in bicrystals. The results are somewhat contrgectories obtained by MD gives a detailed description of the
dictory as far as the enhancement of cationic diffusion due tanicroscopic mechanisms of grain-boundary diffusion and al-
the boundaries is concerned. Some authors have reported Enws one to calculate directly the related quantities, such as
increase of nickel diffusion in grain boundaries of the orderthe diffusion coefficient and the migration energy of the de-
of 10°—1(F.2° However, in other studies the diffusion en- fect.
hancement is far less important and sometimes it is not even We have chosen to study35(310)[001] tilt grain bound-
detectablé:® To explain this discrepancy, the role of the im- ary in nickel oxide. The structure of this GB has already
purities has been invokéds well as the preparation tech- been investigated by MD and remains stable up to high
nique of the sampleSAn analogous controversy exists also temperaturé? This result has been confirmed by further cal-
for cobalt diffusion in grain boundaries of NiD® culations in which several configurations of this GB, with
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and without point defects, have been studi@8ome techni-
cal reasons related to computer time have also militated in
favor of this choice. First, a model related to diffusion data
obtained for metallic GB'§Ref. 14 shows that the diffusiv-
ity is expected to increase with the boundary angland
then to be maximum in a range=35-55° in the case of a
[001] tilt axis.'® The tilt angle(36.99 of the chosen GB lies
in this range. Second, the diffusion studies require long runs
in order to obtain a satisfactory accuracy and as a conse-
guence the system size cannot be too large. The
25(310[001] GB is characterized by its small periodicity
and a small number of atoms per structural unit. This allows ®—> X=[310]
us to use a model containing several GB structural units Z=[001]
while the total number of atoms remains compatible with a
reasonable CPU time. FIG. 1. Schematic drawing of @01) plane perpendicular to the

As is the practice in MD simulations using triperiodic tilt axis showing the location of the catiorismall sphergsand
boundary conditions, the vacancy must be introduced in thenions(large sphergs The arrows indicate the location of the two
system. Thus we remove a cation from a GB site in order t&5B’s. TheX, Y, andZ directions are parallel to the edges of the
create a vacancy. With this procedure, we create a doublgimulation cell. The simulation cell contains 1201 planes
charged point defect. The atomic trajectories produced bygtacked along the direction. In two successive planes, the sites are
MD are analyzed in order to identify the atomic jumps due to@lternatively occupied by cations or anions.
the defect diffusion. We then calculate the jump frequencies
and the diffusion coefficients of the vacancy as a function ofat a cutoff distance.=1.67a, a being the lattice parameter.
the temperature. The simulations are carried out at high temFhe Ewald method is used to calculate Coulomb forces and
perature in order to ensure that we have an important numbé&@nergy. The convergence parameter for the Ewald summa-
of defect jumps leading to an acceptable statistical error irfion is @=5.0/(2r ). The number of reciprocal space vectors
the calculated quantities. k is given by the following relations=-5<n,, ny, n,<5

This paper is organized as follows. In Sec. Il we describeand O<n)2(+ n§+ n§s27, wheren,,n,,n, are the integers
the model and the procedures used to calculate the diffusiodefining the components of thek vectors: k
coefficient of the vacancy. This section also includes the=2mx(n,/L,,n,/Ly,n,/L,), Ly,L,,L, being the dimen-
static calculations of the binding energy of the doublysions of the simulation box. In order to obtain the tempera-
charged nickel vacancy for several sites of the grain boundture dependence &, we have performed preliminary MD
ary. In Sec. Il we present the results concerning the study ofimulations on a perfect crystal in the rangé
vacancy diffusion in the grain boundary as a function of=1500-2700 K and at each temperature the lattice param-
temperature. The technique employed to analyze the migratera has been fitted to give a practically zero pressure. In
tion jumps of the vacancy is described. We also calculate therder to evaluate the melting temperature of our model we
residence time at the most visited sites and the migratiohave simulated a system with free surfaces and found that the
energies related with these particular sites. The GB diffusiomelting occurred rather rapidly dt=3050 K. On the other
coefficients of the vacancy computed at every studied temhand the simulations performed on the GB do not show any
perature are plotted on an Arrhenius graph and the migratiomstability up to a temperature af=2800 K. Thus we can
energy is obtained from a linear fitting. The nickel vacancyconclude that with our model potential the system remains
diffusion in the bulk is investigated in order to evaluate thesolid and stable in the temperature ran@250—2650 K
GB diffusion enhancement as a function of the temperatureysed for the diffusion study.
The bulk and GB migration energies are used in combination The simulation box containing the5(310Y001] GB is a
with the binding energies of the vacancy to calculate theparallelepiped with edges parallel to the directionfs310],
nickel d|ffu3|_on enhanc_ement at th_e boundary. This result i :[130], and z:[001]. The simulated system contains 12
compared with the available expenmental results. In_the la 01) planes stacked in thedirection. This results in a total
section we present some concluding remarks resulting frorgs 2160 ions (1080 cations and 1080 anignsPeriodic
the present work. boundary conditions are applied in the three directions
X,¥,z, and they generate a second grain boundary in the
system as shown in Fig. 1, where the atoms belonging to a
(001 plane of the system are drawn. The dimensitgs

The MD simulations have been carried out in the NVTL,, andL, of the simulation cell af=0K are equal to
ensemble(constant number of particles, volume, and tem-41.89, 19.77, and 25.01 A, respectively. They vary with tem-
peraturé using Nos&s method'® The equations of motion perature as a function of the lattice parameteThe value of
are integrated with a time stefi=1 fs and the pseudomass L, corresponds to a distance between the GB’'s equal to
of Nosés thermostat has been chosen equal to3a[310]; it is large enough to avoid boundary interactions.
10 % erg €. In order to describe the atomic interactions weIndeed there is a region between the GB’s where the prop-
use a rigid ion potential developed for Ni@Ref. 17 and erties are very close to the bulk ones. This has been verified
already employed to study the structure of Ef&310[001] by the calculation of the nearest-neighbor distariées.
grain boundary? The short-range interactions are truncated We have also computed the diffusion properties of a

Y=[130] L&F

II. MODEL AND COMPUTATIONAL DETAILS
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2) TABLE I. Binding energiesE® of the vacancy calculated for
different sites of the boundafgee Fig. 2 for definition of the sites
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Q O and Gillart® who have given a correction term for the energy

bzo bl b ©b2 calculations. To evaluate this correction term they assume a
compensating uniform background charge density and show
that this assumption is correct by performing calculations in
several test cases. This correction does not depend on the ion
positions and thus does not affect the interatomic forces; we
have therefore calculated the forces using the usual Ewald
method.

A. Energy of defects

We have calculated the creation energy of a vacancy on
the GB sites and in a perfect crystal. In order to calculate the

FIG. 2. (a) Projection onto a001) plane of the cation sites creation energie€’ we use the supercell approdttand
belonging to a structural unit of the5 GB. The sites of two suc- relax the atomic positions with the quasidynamical method.
cessive planes are taken into account. The filled circles corresponphe results of these computations are used to calculate the

to the cations located in the upper plane while the open Cirde%inding energ)Eb of the vacancy with the GEEP is defined
correspond to the lower plane. Thesites are located on the GB by the relationE? = Ef —E{) " whereE" . is the energy of
—EcB ulk» GB

planes, then sites correspond to the ions that have nearest neigh- ) . S
bors in the boundary plangb) same as Fig. 1; the shaded area creation at the boundary a'ﬁiulk'S the energy of creation in

containing all theb andn sites is assumed to be the GB region. the bulk (perfect crystal We must mention here that the
creation energy of the defect calculated in this context is not

nickel vacancy in a perfect crystal and calculated the puldirectly comparable to the experimental values of the forma-
diffusion coefficient. The simulation cell we use has thetion energy. In order to obtain this energy one has to take
same axis orientations and contains the same number of dfito account the whole oxidation cycle necessary to create a
oms as the model employed in the GB study. doubly charged cation vacangyee, for example, Ref. 11

The technical details of our computations are as follows. The binding energies of the cationic vacancies are calcu-
In a first step we perform static calculation§£0K) and lated for several sites of the boundary. We have chosen to
minimize the energy of the system with a quasidynamicarestrict the calculation oE® to the sites drawn in Fig.(2).
method?® in order to obtain a relaxed atomic configuration. These sites are classified into two categories: the positions of
This configuration is then heated step by step using Nose the first sites are at the bounda(ly sites, the second ones
method in order to reach the desired temperature. The tenftave neighbors located at the boundarites. The binding
perature difference between two successive steps is equal emergies calculated for the nickel vacancy are listed in Table
100 K for T<500 K and to 150 K for the higher tempera- I. The negative values correspond to sites where the forma-
tures. Each heating step is performed by MD during 2 pstion of the vacancy is more probable than in the bulk. Such a
The lattice parameter is changed at each heating step. Ons#éuation occurs for thé3, n2, andn4 sites, theb3 site
the final temperature is attained we perform a longer MD rurbeing the most favorable one. The other sites present positive
during 30 ps in order to reach an equilibrium configuration.binding energies, which means that they are not privileged
Next, we introduce two nickel vacancies in the system bysites with reference to the bulk. The least favorable energy
extracting, in one structural unit of each GB, a cation from acorresponds to thbl site.
site defined a3 in Fig. 2a). A further 30-ps run is per- Duffy and Tasker have also calculated the binding ener-
formed to stabilize the system before starting the productiogies of a nickel vacancy on GB sites by energy minimization.
runs. The duration of the runs varies between 270 and 300 p4 detailed comparison of the results is not easy since they do
and they are carried out at 2250, 2350, 2500, and 2650 K. Inot mention the localization of the sites for which their cal-
the case of the perfect crystal we follow the same procedureulation has been performed. The lowest energy they have
of heating but there is only one vacancy introduced in thgound is equal to-0.36 eV and comparable to our minimum
system. The presence of this single defect combined with thealue (—0.31 eV). Their maximum valu€).88 eV} is sig-
fact that diffusion is slower in the volume requires longernificantly smaller than the one we have fou{@21 eV}, but
runs ranging from 420 to 600 ps. They are performed at thé is not clear if they did calculate the binding energy for the
following temperatures: 2350, 2500, and 2650 K. b1 site. If we do not consider this site, our maximum value is

The introduction of a cation vacancy results in a net0.87 eV, which is very similar to their result. This possible
charge in the simulation cell. This problem of a net chargeagreement is interesting given that we are using different
associated to point defects has already been treated by Lesligeratomic potentials.
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B. Diffusion

The GB diffusion models generally assume that the en- —9 ,
hancement of the diffusion coefficient occurs in a region that TT
has the shape of a slab parallel to the GB. The thickness of HP1 PZ\ O
this slab is considered as the grain-boundary width. In our O
model, this GB region is the slab that contains the sites la- O
beled in Fig. 2a). The shaded area of Fig(l shows the ,@
section of this slab with €001) plane. This definition of the HP2
GB region is justified for several reasons. It contains several Pl
sites that have a negative binding energy and, in addition, as O

we shall see in Sec. lll A, the migration path of the vacancy
will mainly. proceed. thfoug,h some si.tes' of this region. The FIG. 3. Same structural unit as in Figia2 The different types
average width of this slab is 10 A; this is comparable to_theofjumps between nearest-neighbor cation sites in the GB region are
grain-boundary width o7 A deduced from diffusion experi-  grawn, TT, HP1, and HP2 jumps concern sites belonging to the two
ments in NiO successive planes?1 and P2 jumps occur without change of
The grain-boundary region being anisotropic, we havéplane. There is only one jump of each type drawn.
calculated the componenis, andD,, of the diffusion coef-
ﬁCient in theZ andy direCtionS pal’allel to the grain boundary atoms are just S||ght|y modified with reference to the geo_
plane. These components correspond, respectively, to thfetric ones. If we considered the relaxed positions we
diffusion parallel to the tilt axisD,=D,, and perpendicular should define many types of jumps and the analysis would be
to it, D, =D,. We have also calculated the average diffu-far more complicated(ii) at high temperature the amplitude
sion coefficient in the boundary plari2= (D, +D;)/2. In  of the atomic vibrations is large and the fluctuations of the
the case of a perfect crystal, where isotropic behavior is exinteratomic distances are higher than the differences between
pected, the diffusion coefficient has been calculated alongeometric and relaxed positions.
the three crystallographic directiop00], [010], and[001]. In order to identify the jumps of the defect we select all
The migration of simple defects such as vacancies genethe atoms that are displaced from their average locations. We
ally occurs via jumps to nearest-neighbor sites. The diffusiothave used several criteria for the displacement length and
coefficient of the defect in a given directian can be ex- finally we have chosen a value equal to @§Whered, is
pressed as a function of the frequencigsand the lengths the nearest-neighbor distance between cations. Then a

d;, of the different types of jump®. graphical analysis of the selected atoms trajectories allows us
to determine if a jump has effectively occurred. We assume

Ddef:} S 2 (1) that a jump has been performed when, after a displacement

« o249 e larger than the distance criterion, the atom spends a long

. . - . . enough time in its new position. This time limit has been
To perform this calculation db%", it is necessary to identify fixed %o 3 ps P

the different types of jumps and to calculate their frequen- To study the bulk diffusion in a perfect crystal we use the

cies. These results are obtained by the analysis of the atom'g:ame analysis as in the GB to identify the jumps. However

trajectories produced by MD. in thi lculate th diffusi Hicient
In the GB region of our modékee Fig. 2it is possible to in this case we calctlate the vacancy diliusion coetiicien

Sheﬂz? ﬂvf Kinds of ]l:jmp_ls_hacco;.dmg to their Corttrtlbg“o?] In TABLE Il. Lengthsd,,d,,d,, of the five types of jumps de-
e'lrec I.OnS(’ Y, andz. e.se ve Nmp‘?’ are plotted sehé- g4 in Fig. 3. They are given along the three directions

matically in a structural unit; the generic names we havex[sm] y[1§] 2[001] in units of lattice parametes

chosen to identify these jumps are indicated in Fig(P3 ' ' i

;tands fpr in plane jumps, !—|P for ouf[ of plane jumps, apd TTType of jump d, (a) d, (a) d, (a)
is a particular out of plane jumps which connects two sites of

the same type The TT jump can only occur betwedrl 1 3

sites and it is the only type of jump involving equivalent HP1 — — 0.5
sites. The other kinds of jumps occur between nonequivalent 2y10 2,10

sites and may involve different pairs of sites. For instance, HP? 3 1 05
the P1 jump in Fig. 3 connectbl andn4 but it may also 2110 2110 '
occur between the following pairs of siteds4 andn3, b3

andn2. The lengths of these jumps are given in Table Il. We p1 2 1 0
see that the jumps that can contribute to the diffusion along V10 V10

the tilt axis(directionz=[001]) are HP1, HP2, and TT. The 1 2

TT jumps are the only ones that do not contribute to the P2 T T 0
diffusion perpendicular to the tilt axigirectiony=[130]).

The lengths of the jumps presented in Table Il correspond to 1.388% 0 05
the ideal distances between the atoms of a geometric con- J10

figuration (without relaxation, where the expansion perpen-
dicular to the boundary is taken into account. This choice ha8This length takes into account the distance between the grains cal-
been done for two reasong) the relaxed positions of the culated by energy minimization.
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along the three principal crystallographic directidd€0], (a)

[010], and[001]. All the sites are equivalent and of course o % (b)

there are no TT jumps. % OK KOk OKOK CKO¥
In the case of the grain boundary we only take into ac- * o4 5 03030 3

count the jumps involving the sites of the boundary region o) 1° *© KXo

while for the perfect crystal all the jumps are taken into % * 3 o OKCGKOK 4 '

account. _ o _ y© o A Z so30% Ho%KoKo
At present we have only discussed the diffusion coeffi- ‘|‘ * o X T

cient of a defect but the quantity measured experimentally is x © ¥ o O*(;KO* Gkok OxOX

the atomic diffusion coefficient. This coefficient also in-

cludes the defect concentrations and the correlation factors rig. 4. partial trajectories projected ontdG01) plane(a), and

that are characteristic of each diffusion mechanism. Th (130) plane (b). The trajectories of the atoms displaced by va-
atomic diffusion CoefﬁC'enDat?mS obtained by Summln_%ﬁlip cancy jumps are plotted. At the beginning the vacancy is located on
the contributions of the different defect mechanisms. site 1 and then it jumps successively to sites 2, 3, 4, and 5. Stars and
D™ calculated in thex direction is given by circles correspond to cations and to anions, respectively.

Datomzz § defdefpy def ) or (3) is not directly comparable to the experimental one. In

* “ @ order to be able to make this comparison, it would be nec-

where f%' is the correlation factor an€® is the corre- €ssary to calculate the defect equilibrium concentration by
sponding defect concentration. performing free-energy computations, which are outside the

In MD simulations the atomic diffusion coefficient can Scope of this study.
also be directly obtained from the mean-square displacement
(&r3(t))={[r(t)—r(0)]%) of the atoms. In order to evaluate . RESULTS AND DISCUSSION
the GB atomic diffusion coefficient, we have calculated the Th . its of the MD studv of th in-bound
mean-square displacement of the atoms belonging to the G € main results or the study or the grain-bounaary

region. These computations are performed for the two direc: iffusion are (i) the d_esqription of the vacancy migration
tions parallel to the tilt axi§(572(t))] and perpendicular to paths and the determination of the residence times on several

- . GB sites, (ii) the cation vacancy diffusion coefficien(ji)
it [(dy2(t))]. From the slope of the linear parts of ; e : .
(522(t)) and(Sy2(t)) we deduce the nickel diffusion coef- the correlation effects and the diffusion anisotropy, &md

ficient for each direction using the relation the GB diffusion enhancement.

Datomzi <5r2(t)>+B 3) A. Migration path
co2a e “ A quantitative analysis of the migration path requires the
whereB . is a constant. identi_fica_tion qf_the jump types and the determination of the
In oréer to compare the values mitom obtained with §t0m|c sites V|S|ted.by thg vacancy. To perform the_se opera-
Egs.(2) and(3), we need to calculate the defect concentra—tIons we use th? site defmmgn of.F|g. 2 and th? Jjump no-
tion in the GB region. This concentration is the ratio betweere"clature of Fig. 3. The trajectories of atoms displaced by

the numbeNZ! of cationic defects in the boundary zone and >0 ©_SUCCESSIVE JUMPS of a vacancy are plotted in Fig. 4.
. . . The numbers indicatéin ascending orderthe successive
the number of nickel atoms located in the same region. AE

. ositions of the vacancy. Initially it is situated at 1 on an
we shall see later on, in the case of the GB we may have_ 4 site and then by B2 jump it goes to 2 on h3 site. With
spontaneous creation of defects such as Frenkel pairs addna '

to the vacancies. When the only defects are the two vacan—gHPl Jump it arrives at 3 ontad site and with another HP1

S : : . mp i 4 on &1 site. From there it jumps via a HP2
cies initially introduced in the systerrn\IdGeBf is not always jump it goes to 4 on &1 site. From there it jumps via a

equal to 2, since these defects may diffuse for a certain timlaump to 5 on ab2 site.
) ' ) N . The analysis of the atomic trajectories shows that the va-
outside the GB zone defined in Figib2 In fact this behav- YS! I ) ! W v

or has b v ob d at the two hiahest ¢ cancy migrates most of the time within the region defined as
lor has been mainly observed at the two highest tempergg, boundary zone in Fig. 2. This behavior is illustrated in
tures. To obtain the number of defects we calculate the ti

M mplete migrati -
: ) , 0. 5 where the complete migration paths of the two vacan
tee spent by each defect in the boundary region B is  jes aT=2350 K are plotted. A comparison of Fig(ah

given by with Fig. 2(b) shows that the majority of jumps have been
Steg performed inside the boundary zone. This behavior justifies
Naf= ——= (4 oura priori choice to consider the sites located in this zone
Lsimui as boundary sites. We can also notice in Figh)3hat the

wheretg,, iS the duration of the simulation. When the two vacancy trajectory appears to be elongated in the direction
initially introduced vacancies spend all the time inside theparallel to the tilt axis. Another important feature is that
boundary region, the sum of theitgg times is Ztgg  practically all the jumps are nearest-neighbor jumps.
= 2tgimu and their number is equal to 2. We have calculated, at every studied temperature, the
The defects contained in our simulated system are mainlpumber of jumps belonging to each category. The main re-
the cation vacancies created by removing two nickel ionssult of this calculation is that all the types of jumps are not
Consequently the vacancy concentration is imposed to thebserved with the same probability; the most frequent ones
system and this is not the equilibrium one. The atomic dif-are TT,P1, and HP1. They occur on a restricted number of
fusion coefficient obtained in these conditions with E. sites and correspond tol-b1, b1-n4, andb3-b4 jumps,
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TABLE lIl. Residence time of the vacancy, (in ps) on the

most frequently visited sites calculated as a function of the tempera-
ture.
T (K) Tres Site b1 Tres Site N4 Tres Site b3
2250 5.5-0.8 16.7-4.8 13.9:4.4
2350 4.5-0.6 10.6:2.7 9.4+3.1
2500 3.8:0.5 7.25-1.8 7.7%1.2
2650 2.9:0.3 6.5-1.4 3.4:0.8
0+0: DthO*OW*O*O‘O*O#O*O*O‘O'O 2CaC WO N0 MO0 $0*0*0]
702070=0x0 0 0x 02020102020:080508 00 0¥ 0=0+0:0:0] wheret i vag is the total time spent by the vacancy on a site

OO0 040 %0 #0 30 *OWO#0xOxOO*Ox OO 00 %030 40 30 3OO +0x0*0¥

of a given type andN,;s;;s is the number of times the vacancy
has occupied this kind of site.

The values of the residence time calculated for the most
frequently visited sitedy1, b3, andn4 are listed in Table IlI.
As expected the average residence time decreases with in-
creasing temperature and we can also notice that it is longer
for the two categories of sites characterized by negative
binding energiegb3 andn4).

In the case of a perfect crystal where all the sites are

FIG. 5. Trajectory of the cations displaced by vacancy jumps.€duivalent, the residence time is equal to the inverse of the
Projections onto #001) plane(a) and a(130) plane(b) are shown. jump frequencyl’ and is consequently related to the migra-

Simulation run performed &= 2350 K: duration: 300 ps. tion energy through the relation
respectively. TT jumps betwedrl sites constitute the major 1 1 EM
part of the total jumps. In fact their percentage varies be- Tres™ T~ F_o ex kB_T . (6)

tween 34% and 43% in the temperature range we studied.
The jumpsb1-n4 constitute nearly 20% of the total number oy the GB where all the sites are not equivalent, the
of jumps. The percentage of the jump8-b4 varies be- jhverse of the residence time will be equal to the sum of the
tween 11% and 21%. Other less frequently observed jumpgmp frequencies corresponding to each class of sites.
maintain a continuous migration path between Hig n4, We have reported the calculated residence times for the
b3, andb4 sites. three categories of most visited sites in an Arrhenius plot
The categories of sites that are the most frequently visitegrig. 6). For the temperature domain we studied it is possible
are in decreasing ordehbl, n4, b3, andb4. Among them {0 adjust a straight line on the variation ofg.as a function
only two (n4 andb3) have a negative binding energy, while of 1/k,T and to deduce an activation energy for each cat-
the most frequently visited sited{) have a formation en- egory of sites. This energy could be interpreted as an effec-
ergy less favorable than in the bulk. The last category of sitefye migration energy taking into account all the kinds of

(b4) has a positive binding energy and is also frequentlyjumps involving this site. The corresponding effective migra-
visited but the trajectory analysis shows that the vacancy

leaves these sites as soon as it arrives. On the other hand the

n2 sites have a negative binding energy and are nearly not 2a0h L R

visited. These results show clearly that the binding energy 8- b3 ™ 0976V, . 2%

criterion is not sufficient to determine the migration path. Of —e- bl " o

course the energy classification of the GB sites is rigorously

valid atT=0 K. At finite temperature, the entropy contribu-

tion could vary from site to site and the relative probabilities

of the presence of the vacancy on each type of site could be

modified. Nevertheless the large positive valug€bffor the

b1l sites is certainly enough to make them the least probable

sites. Since these sites are, however, the most visited ones we

must conclude that the migration path depends strongly on

the dynamic effects. X100 1
To give a quantitative description of the GB migration, 44 46

we have calculated the time spent by the vacancy on each 1/k,T V™

variety of site as well as the number of times they have been

visited. This allows us to define an average residence time g 6. Arrhenius plot of the residence times of the cation va-

- -

residence time (ps)

Ep;=0.81eV

4.8 5 5.2

with the following relation: cancy on GB sites. The calculations have been performed for the
t most frequently visited sitedal, b3, andn4. The effective migra-
Tro= lfe(vag (5)  tion energiesE™ corresponding to the jumps involving these sites
Nyisits are also indicated.
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TABLE IV. Number of jumpsN and jump frequencieE (in 10'° Hz) of the nickel vacancy as a function
of temperature. Results concerning the different kinds of jumps involving only nearest nei¢gdm®Fsg. 3.
N = Npp1t Nppot Nor, Niot= Ny +Npg +Np,.

T (K) Niot Ny N, Lhpy Lhp2 Iy I'py Ipy
2250 77 52 44 2807 0.3:0.2 5.5£0.9 3.7+0.8 0.5-0.3
2350 92 57 53 3.60.8 0.4-0.3 7.4-1.2 4.4+0.9 2.30.7
2500 118 84 79 7812 1.3:0.5 7.5:1.2 5.2:1.0 1.3-0.5
2650 172 118 98 661.0 1.8-0.6 13.11.5 6.9-1.1 2.6:0.7
tion energies are noted on the plot. We see that the migration B. GB vacancy diffusion coefficient

energy related td1 sites is the lowest on@®.81 eV}, then
comes that oh4 (0.97 eV}, and finally that ob3 (1.73 eV}.
We further examined the results by analyzing the contri
bution of the different kinds of jumps for each type of site.
The vacancy jump$1-bl constitute 67-73% of the total
number of the jumps involving thbl sites. In the case of
n4 the major contribution results from the jumpgl-bl

In order to obtain the diffusion coefficient of the vacancy
with Eqg. (1) we have counted the number of jumps belonging
‘to each category defined in Fig. 3. Let us recall that in order
to compute the jump frequencies we only take into account
the time spent by the vacancy in the boundary zone. The
time spent outside is sometimes quite significant. In fact the

(60—83% and in the case ob3 it comes from the jumps vacancies move in the volume during 16 ps at 2350 K, 80 ps

b3-b4 (55-69%. We can reasonably expect that the majordt 2500 K, and 35 ps at 2650 K. The jump frequendiesf
contribution to the effective energy for each type of site will € different kinds of jumps are reported in Table IV together
result from the migration energy of the most frequent jump With the total number of jump8l,,;. The number of jumps
Consequently, the effective energi@s81, 0.97, 1.7Bcan be N, that contribute to the diffusion parallel to the tilt axis and
considered as approximate values of the migration energid§€ number of jump#\, that contribute to the diffusion per-
of the jumpsb1-b1, n4-b1, andb3-b4. pendicular to the tilt axis are also indicated. We notice that
The approximate value of the3-b4 jump migration en- N, is slightly higher thanN, . Besides, if we except the
ergy is comparable to the res(i.86 e\) obtained by Duffy P2 jumps, which are infrequent, the length of the jumps in
and Taskée in their static calculation of the same vacancy the direction parallel to the tilt axis is always larger than in
jump. the perpendicular direction. For these two reasons we can
The previous results reveal that the mechanisms of migrareasonably expect an anisotropy in favor of the direction par-
tion at the boundary are rather complex. A qualitative analygllel to the tilt axis.
sis of the structural unit geometry shows that the nearest- Using Eq.(1) we have calculated the diffusion coefficient
neighbor environment is different for each type of boundaryof the nickel vacancy for each temperature studied. The cal-
site. This fact may explain the variation of their frequency ofcyjation also includes the vacancy jumps corresponding to
visits. The relative dlsp_anty m_th_e sites’ environment alsothe other mechanisms appearing at higher temperature.
varies the energy barriers existing between the neighbofyaqe events are not very frequéiess than 5% of the total
sites. As a resu!t' a limited numt_)er of site types a.ssoc'ateﬂumber of jumps occurring at the highest temperature inves-
with the easier jumps only contribute to the diffusion pro- tigated and their jump frequencies are not reported in Table
cess. . L IV. The values of the vacancy diffusion coefficient parallel
To characterize the migration path we have only taken ', . va . . . )
into account the most frequent jumps occurring between first2! ) and perpendicularf{’™) to the tilt axis are given in
neighbors. At the higher temperatures investigag&00 and | @Ple V and plotted in the Arrhenius graph of Fig. 7. The
2650 K) we have observed other mechanisms and defectdigration energies deduced from a linear fitting oDirver-
such as vacancy jumps to more distant neighbors, cycli€us 1kgT are given in Fig. 7. Taking into account the accu-
events, and the creation of Frenkel pairs. The first categorfacy of the calculations, we see that the migration energies
concerns jumps that are not defined in Fig. 3. They are obparallel and perpendicular to the tilt axis are the same.
served between GB sites located on opposite sides of the The migration energy deduced from the temperature evo-
boundary plane. Such jumps al®l-b4’, b3-b3’, and lution of the vacancy diffusion coefficient is an effective mi-
b4-b4’' (the prime indicating that the site is situated on thegration energy that takes into account all the possible jumps.
other side of the boundary planeDuring the cyclic ex- We have already seen in Sec. lll A that the migration path
changes, two or more atoms exchange positions during vempainly involves a limited number of frequently visited sites
short times without any creation of a vacancy. We have als@nd that each site is characterized by a predominant type of
observed the spontaneous creation of Frenkel pairs where thigmp. We note that the average of the migration energies
interstitials are not particularly mobile in contrast to the cor-calculated for the most visited sit€5.17 e\) is very close to
responding vacancies. The Frenkel pairs are created by thbe effective migration energy of the vacancy. This value
jump of an atom located at the boundary towards the centeil.26 eV} is different from that obtained in the static calcu-
of the structural unit. These jumps generally lead to a changkation performed in the same GB by Duffy and Tasker.
of plane in the[001] direction. In most cases the interstitial This is not surprising since their calculation limited to one
remains localized at this site until it annihilates with a va-type of jump does not take into account the whole migration
cancy that arrives at a neighbor site. path.
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TABLE V. Nickel vacancy diffusion coefficients parallel and perpendicular to the tilt diis
10°° cn? s7%) as a function of temperature. Calculation using the jump frequefeiissthe lattice parameter
used at each temperatiire

T (K) a (A) DIaC Dl\‘laC Dvac Dl\‘laC/DIaC
2250 4.2728 1103 2.0:0.3 1.5-0.3 1.8
2350 4.2793 1405 2.5:0.3 2204 1.3
2500 4.2892 2.60.6 3.8:0.5 3.2:0.5 1.4
2650 4.2989 3.20.6 51x*+1.2 4.1+0.9 1.6

C. Nickel diffusion coefficient among a series of jumps a succession of seven TT hops is
visible.

The atomic diffusion coefficient for the nickel ions has i i o i
When there is only one mechanism occurring in the dif-

been calculated in two different ways. In the first one, the

computation of the mean-square displacemght’(t)) al-
lows us to determine the diffusion coefficied(r2) with Eq.

(3). In the second one, we use the diffusion coefficient of th

defect computed with the jump frequencies and @gwith

fusion process, the ratio of the atomic diffusion coefficients,
D(r?)/D(I'), can provide an estimate of the correlation fac-

dor f%. This is the case for the two lower studied tempera-

tures (2250 and 2350 K where there are only nearest-

f9¢— 1 to perform the calculation db(I'). The comparison neighbor_vacancy jumps. We can see in Table VI that this
of the results obtained in the two different ways is useful to@ti0 is slightly lower than the correlation factor of a vacancy
test the consistency of our calculations and it allows us tgn€chanism in a perfect fcc crystdl.78. At higher tempera-

make an estimation of the correlation effects by calculatinqt“r,es it is not possible to use this ratio to estimate the corre-
the ratioD(r2)/D(T'). In this context, we take into account ation effects because of the presence of other mechanisms.

all the events contributing to the GB diffusion of the cationsEVEN though they are not frequent their contributions cannot
and the calculation oD (I') includes not only the vacancy be neg_lected_ since the co_rrespondmg correlatlon faCtors
jumps occurring in the boundary region but also the intersti-COUId differ 3|%2f|f|can_tly as is the case for the interstitials.
tial jumps. The defect concentration is calculated as dis) "€ values off,” obtained aff =2250 and 2350 K can also
cussed in Sec. Il. The two sets of atomic diffusion coeffi-P& compared to the results of the calculations performed in
cients are listed in Table VI together with their ratios. Wethe case of the vacancy diffusion in3%=5(310) GB of -
notice that they have the same order of magnitude. The vagilver="In this study, the correlation factors are calculated in
ues ofD(r2) are always lower than the diffusion coefficients @ large temperature range for the two directions parallel and
calculated with the jump frequencies. The main reason foperpendicular to the tilt axif001]. Our results are obtained

this difference is the following. The calculation &i(I")
does not include any correlation effedtf'=1), while the
values of D(r?) implicitly take into account the possible

correlation effects. Indeed the observation of the migratio

path allows us to make such effects evident. When analyzin

at temperatures relatively close to the melting point where
the correlation factors calculated by Mishirare almost in-
dependent of the diffusion direction and close to 0.52. This

nvalue is smaller than our resul{§.69, 0.64. This slight

ifference could fall within the accuracy of our calculations,

ut it could also be explained by the significant differences

the atomic trajectories we have noticed that quite often a_. . ; .
J d existing between the structural unit configurations of Ag and

vacancy that arrives atlal site performs a series of succes-
sive TT jumps. This behavior can be seen in Fig. 8, where

Fototototet of ot of of etetototote
T — otetototetetote tfote tototetetet
" . fototototot ofof of o otototetete
o-toteototete to +eto fotetototet
- Fototototet ofor W ot ototetotots
Ng ototetotote o fotetototototet
v§ Fototototet oot JiF o ofototetote
A ~ oteteteotete to teoto fotetotetot
1x10°% - } . [001]+.+.+.+-+-+ oot o otototetets
M B BT R B | A otetetfetete-fo +o-to +otototeotot
44 46 438 5 52

KT V') +ototototet oot ototeotete
ototetototefote fofetotototetot

FIG. 7. Arrhenius plot of the vacancy diffusion coefficient in the > [310]

GB. The diffusion coefficients have been calculated for the direc-
tions parallel(continuous ling and perpendiculafdashed ling to
the GB tilt axis.

FIG. 8. Cation trajectories showing consecutive TT jumps of the
vacancy betweebl sites. Projection onto @30) plane is shown.
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TABLE VI. Grain-boundary nickel diffusion coefficients determined from mean-square displacement
D(r?) and from jump frequencieB(I") (in 10”7 cn?sY).

T (K) Ditom(rZ) Ditom(r) D‘flﬂom(rZ) Dﬁ\ton’(r) thontrz)/Dfm"tF) Dﬁtom(',Z)/Dﬁ\ton’(F)

2250 0.33 0.£0.1 0.54 0.&80.1 0.75 0.69
2350 0.46 0.%20.2 0.60 l1.60.1 0.64 0.62
2500 0.83 0.80.2 1.29 1.30.2 0.98 0.98
2650 0.98 1.20.2 1.56 1904 0.84 0.82

NiO GB'’s. Consequently the jumps are different and more-gether with the nickel vacancy diffusion coefficients com-
over the most frequent one in NidT) does not even exist puted for the thre€100 directions. As expected for a cubic
in silver. Nevertheless we find that the correlation factor doesystem, we notice that the diffusion is isotropic within the
not depend on the diffusion direction; this is in agreementrror limits and the diffusion coefficient of the vacancy is

with Mishin’s results. calculated as an average over the three directions. A com-
parison with the corresponding values obtained for the GB
D. Diffusion anisotropy shows that the volume values are lower by nearly a factor of

. . 2. The values of the bulk diffusion coefficients are plotted in
We have already shown in Sec. Il B some evidence of &, Arrhenius grapliFig. 9 and give a migration energy for

diffusion anisotropy at the GB. Let us now compare theihe pickel vacancy equal to 1.54.26 eV. As expected, it is
atomic diffusion coefficients obtained with the two previous higher than the migration energy in the GB (1.26

approaches. Their ratid (r?)/D(I") calculated for the direc- ¢ o7 eV). This difference will contribute to an enhance-
tions parallel and perpendicular to the tilt axis are reported if,ent of the nickel diffusion at the grain boundary.

Table VI. For a given temperature, the values of the two Duffy and Taskel* have obtained the migration energy of
ratios are very close. This means that the correlation effectaoumy charged nickel vacancy in the volume by static cal-
are comparable for the two directions. We can thus restrict,,|ations. Their valug2.5 e\) is significantly higher than
our discussion of the anisotropy to the results concerning thg, ¢ (1.54:0.26 eV). One possible reason for this differ-
vacancy diffusion coefficients reported in Table V. We S€€gnce “apart from the use of different interatomic potentials,
that the diffusion coefficient parallel to the tilt axis is always may be the fact that at high temperature the atomic vibra-

higher than the difoSiOCafo?L‘jCier,‘t perpendicular to it. The(ons can create local configurations where the energy barri-
value of the anisotrop® “7D[*"varies between 1.3 and 1.8. g for migration are lower than those existingTat 0 K.

_ There are no experimental results concerning the diffuTnese configurations cannot be taken into account in a static
sion anisotropy in grain boundaries of nickel oxide. To oursg|culation.

knowledge, the only experimental results available for ox-
ides are those of Stubican and Osenb&clihese authors
have performed diffusion measurements®€r in several o o
oxides including MgO, which has the same crystalline struc- A Plot of the atomic displacements that has some similar-
ture as NiO. They have measured the anisotp§D, as a ity with experlme_ntallmethods can make evident t_he exis-
function of the tilt angle of a bicrystal up to 25°. The anisot- t€nce of a GB diffusion enhancement. All the cations are
ropy is very high for small angles, and then sharply de_cpn5|dered as t_racers dlffuglng fron(_QOl)_surface perpen-
creases and reaches a nearly constant value of about 2 fijcular to the tilt axis, during diffusion times equal to the
angles higher than 10°. Our results are in qualitative agregduration of the simulationgof the (f)irr]derinof 300 ps We
ment with the experimental ones since we find a small anc@lculate the penetratlon.depﬂzﬂz —2"| parallel to the
isotropy value for our high angle grain bounda(36.99. tilt axis z=[001], wherez" and z" are thez atomic coor-

Besides, our numerical values are close to the experimentéfnates at the beginning and at the end of the simulation run,
limit value of 2. respectively. We ploAz as a function of the final position

x™ of the cations along the=[310] axis. The results for the
lowest and the highest temperatures we studied are shown in
Figs. 1@a) and 1@b), respectively. The displacememnz of

We have studied volume vacancy diffusion in order tothe cations plotted in these figures are larger in the boundary
compare it to the GB diffusion. The total number of jumpsregion. In the rest of the system most of the cation displace-
calculated at each temperature are reported in Table VII toments are due to thermal vibrations. At the lower tempera-

F. Diffusion enhancement

E. Volume diffusion

TABLE VII. Number of jumps and diffusion coefficientdn 10 ° cn? s™%) of the nickel vacancy as a
function of temperature for the perfect crystal.

T (K) Niot D(%og Dio10 Diooy Dt
2350 33 1.220.3 1.05-0.3 0.9+0.3 1.05:0.3
2500 84 2.104 2.2:0.4 2.45-0.4 2.25-0.4

2650 73 3.6:0.6 2.3:0.5 2.75:0.5 2705
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; wheref{s and fiar, C&s, andCla, andDEs and DV are
Ml LML the correlat|0n factors, the concentrations of the nickel va-
cancies and the nickel vacancy diffusion coefficients in the
GB and in the volume, respectively.
= The results reported in Tables V and VIl are used to cal-
”; EM = 1.544026 6V ] culate the ratio of the vacancy diffusion coefficients and one
S gets:
g Jay 0.28 e
8 —S8_0.51 expék—_rv). ®)
1x10°F . vel ®
We can reasonably assume that the ratio of the correlation
factors is close to one, since we have seen in Sec. Il C that

AP the estimate value in the GB is only a little lower than that
42 44 46 4‘81 5 52 for the volume.

Uk, T (V) In order to calculate the concentration ratio we take into

account the fact that the various sites of the grain boundary

FIG. 9. Arrhenius plot of the bulk diffusion coefficient of the '€gion are not equivalent and are characterized by different

nickel vacancy. vacancy creation energies. The vacancy concentration at the
GB is given by

ture the atoms that have diffused are localized in the GB f. 3

zone while at the higher temperature some bulk diffusion vac_ E Ecs™ TSes

also appears outside this region. Moreover at the highest Ces i eXp ~ kgT ' ©)

temperature the displacements in the GB zone are two or

three times larger than the ones of the lowest temperaturewhereEGB and SGB are the vacancy formation energies and

Given that the duration of the simulation runs is the sameentropies, respectively. As we restrict ourselves to the calcu-

we can also notice that the number of diffusing atoms indation of an order of magnitude of the enhancement we ne-

creases at higher temperature. glect the entropy effects. This reduces the ratio of concentra-
In a second part we have used the results of our simulaions to

tions to calculate an order of magnitude of the diffusion en-

hancement that is defined as the ratio between the atomicgy E E\,OI Ebi

diffusion coefficient at the grain boundary and the atomic~vac E ex ) E €x k T/

diffusion coefficient in the volume. We only take into ac- v !

count the vacancy mechanism and the enhancement ratio wghere E® are the binding energies of the vacancy for the

(10

given by different GB site categories. We use the values computed at
, T=0K (Table ) since it is generally assumed that the for-

DYg fECEDES mation energy does not vary significantly with the tempera-

Reenvo= DN f@? vacp b%cf (™ ture. The binding energies sum is calculated for various tem-

peratures. An exponential fit performed on the resulting

values allows us to obtain an effective binding eneEd’y
The ratio of concentrations is then given by

cs =A p( Eb) 3.07 ;€025 e\)) (12)
= ex ex .
C kT kT

The combination of Eq98) and(11) gives the ratio be-
tween GB and bulk diffusions:

053 e
RGB/VO|21'57 ex kB—T . (12)

The diffusion enhancement calculated in the temperature
range of the experimental work of Atkinson and Talisrof
the order of 18. This result is significantly lower than the
experimental ondof the order of 16) but we must notice
FIG. 10. Total displacementz in the z direction of the cations that the experiments have been carried out in a polycrystal-

at the end of a run performed during 300 pgat2250 K and(b) ~ line material, where there is a large variety of grain bound-
2650 K.Az=|z""—Z"; Z" andz™ are the values of the coordi- ~ aries with probably quite different contributions to defect

nate at the beginning and at the end of the mn.is plotted as a concentration and migration. In the same temperature range
function of the final atomic positior™ in the direction perpendicu- there exist results for bicrystals obtained by Bartseal?®
lar to the GB plane. These authors have not observed any enhancement and they




55 GRAIN-BOUNDARY DIFFUSION OF CATION . .. 13 863

deduce that if there is any it will be at a maximum of theintroduced in the simulated system is a doubly charged
order of 1 (limit of their measuremen}s This is compa- nickel vacancy and the diffusion of this defect has also been
rable with our result, but this agreement has to be considerestudied in a perfect crystal of NiO. The migration mecha-
with caution. nism in the GB is rather complex; all the GB sites are not
Another possible explanation for the difference with theequivalent as is the case in the bulk diffusion and they are
experimental results obtained by Atkinson and Taylor couldconsequently not visited by the defect with the same fre-
be the charge state of the vacancy. As we have already meguency. The migration path of the vacancy mainly includes
tioned, Farhi and Petot-Ervafiave studied single crystals some specific sites of the boundary. The temperature depen-
and shown that there are two types of nickel vacancies, sirdence of the residence times on the most frequently visited
gly charged and doubly charged. The relative concentrationsites shows that it is possible to determine an activation en-
of these defects vary with the temperature and the partiadrgy for each site. These energies characterize the majority
oxygen pressure. If these results also apply in the case @gfimps associated to each site. The frequency of a visit does
grain boundaries, then the Atkinson and Taylor's resultsnot vary in the same way as the vacancy formation energy
have been obtained in conditions where the majority defectand the most visited site even has a positive binding energy
are singly charged vacancies. In this study we have investiwith the boundary. This shows that the migration paths
gated the diffusion of doubly charged vacancies, which arenainly depend on dynamical effects, and for this reason
majority defects at high temperature and small partial oxysmolecular-dynamic simulations are more suitable than static
gen pressure. The contribution of these two defects to diffuealculations to study the GB diffusion mechanisms.
sion may be quite different. Such behavior is suggested by The comparison of the diffusion coefficients calculated in
the static calculations of Rabier, Soullard, and Pufser- the GB plane shows clearly the existence of a slight anisot-
formed in NiO for a perfect crystal and for an edge disloca-ropy. The diffusion coefficient of the vacancy is higher in the
tion. These authors have found that, in a perfect crystal, thdirection parallel to the tilt axis than in the perpendicular
activation energy of the singly charged vacancies is slightlyone. This anisotropy is consistent with the experimental re-
lower than that of the doubly charged vacancies and it isults available for other oxides.
much lower in the case of a dislocation. However, they have The migration energy deduced from the temperature de-
investigated a limited number of migration paths and wependence of the vacancy diffusion coefficient is, as expected,
have shown in the present MD study of a vacancy migratiodower in the GB than in the bulk.
at a GB that the results obtained with static calculations may We have made evident qualitatively and quantitatively the
be not fully representative. An MD study of diffusion of enhancement of the diffusion in the GB. The numerical val-
singly charged vacancies could provide more insight into thisies are lower than the values deduced from experiments per-
question. But the simple rigid ion model we have used is noformed in polycrystalline NiO. Our values are apparently in
suitable for such a study, which would require one to takebetter agreement with the results of other experiments per-
into account the electronic freedom degrees in the MD simuformed in bicrystals.
lation.
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