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The dominance of vacancy migration in grain boundary self-diffusion has been established
by molecular-dynamics simulation of a bcc iron Z =5 tilt boundary. The data yieMed a
reasonable value of the activation energy for migration and showed that the jump processes
are highly structure dependent. The use of a temperature-dependent transition-probability
matrix to describe the diffusion of the vacancies in the grain boundary is suggested. For-
mation of one type of boundary interstitial was observed, and the interstitial was found to
be immobile during its lifetime.

PACS numbers: 66.30.Lw, 61.70.Bv, 61.70.Ng

There has been considerable speculation" that
the fast "short-circuit" self-diffusion which is
commonly observed along grain boundaries
(GB's) occurs by the exchange of atoms with
vacancies which are present in the GB in thermal
equilibrium. However, it is also conceivable
that a defect exchange mechanism involving self-
interstitials present in thermal equilibrium may
be the dominant mechanism. Despite the long-
standing interests in grain-boundary diffusion
this question has not been settled because it has
not been possible to observe directly the details
of the various jump processes at the atomic level.

We present evidence which shows for the first
time that a vacancy mechanism dominates in GB
diffusion at intermediate temperatures. Our
quantitative results are based on a computer
molecular-dynamics study of a bcc iron Z = 5

(36.9 ) [001] (310) symmetrical-tilt boundary.
By means of the simulation techniques' ' we have
not only observed explicitly the thermal activa-
tion of vacancy migration but also deduced a
realistic value of the activation energy for migra-
tion. Moreover, besides vacancies, the only
other type of point defect observed was the spon-
taneous formation of Frenkel pairs. The inter-
stitial atom in the pair configuration was found

to be localized and annihilated within a few vibra-
tion periods.

The present study provides the quantitative in-
formation (not available by any other means) re-
quired to demonstrate that GB self-diffusion oc-
curring at intermediate temperatures by a va-
cancy-exchange mechanism is highly structure
dependent. The results further suggest that a
complete description of the diffusion process can
be formulated in terms of a transition-probability
matrix which specifies the vacancy jump frequen-
cies between various GB sites.

The model system chosen for study has been in-
vestigated recently by the method of molecular
statics. ' The system consisted of a stack of ten
layers of atomic planes with their normal along
the [001]tilt axis. Each plane contained 40 atom-
ic sites. The equilibrium structure, as shown in
Fig. 1(a), is characterized by a free volume in
the boundary core corresponding to 82,4% of an
atomic volume (0.34a,', where a, is the lattice
parameter) per period in each layer. All atoms
were assumed to interact via an empirical cen-
tral-force pairwise potential with a force cutoff
midway between second and third neighbors. '

The grain boundary was simulated dynamically
by applying standard molecular-dynamics tech-
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TABLE I. Distribution of observed vacancy jumps in-
to the various sites fsee Fig. 1(a)] of 2 =5 tilt bound-
ary in bcc iron at three temperatures. (All the un-
labeled sites in the model are considered to be & sites.
The ratio of the number of each site in the model is
A B C D E:F:G:L= 1:2:2:2:2-2:2:7.)

Sites A B C D E F G L All

[00 I] 1300 K 3 126 20
1400 K 5 153 34
1500 K 9 197 49
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62 11 18 3 4
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FIG. l. (a) Schematic drawing of the GB model sys-
tem. Only three of the ten atomic planes and half of
the atoms in each plane (which contains four coincidence
site lattice cells) are shown. The sequence on the right
indicates a typical vacancy jump path. The arrow in
the center shows an atom at B jumping into the inter-
stitial site i. The sequence in the upper left shows the
observed interchange of atoms at B and B' via a ring
mechanism. The ratio of the scale used in the drawing
is [130]:f. 310]:I 001]= 1:1:5. (b) Temperature depen-
dence of observed effective vacancy jump frequence &

(sec ) in a Z =5 tilt boundary in bcc iron. Error bars
denote the standard deviation assuming a Poisson dis-

tributionn.

.

niques to the model using a periodic border condi-
tion in the [001] and [310]directions and fixed
borders along the [ f30] direction. " Each simu-
lation run was carried out at constant volume;
however, the system volume was adjusted at each
temperature to ensure that the system pressure
remained essentially atmospheric. A number of
isothermal "diffusion runs" were then made in
the range 900 to -2100 K. The GB structure was
found to be stable up to -1650 K on the basis of

time-average atomic configurations and the local
density distribution in the GB region. The vacan-
cy free volume based on a hard-sphere model
was found to be greater than 60% of an atomic
volume during most of the time between jumps,
and consequently, there was no difficulty in locat-
ing the vacancy. In the following only results at
temperatures up to 1500 K will be reported.

During a typical "diffusion run" lasting -2800
lattice vibration periods, the number of vacancy
jumps observed amounts to 190 to 360 and de-
pends on the temperature. To define a vacancy
jump, each atomic site was assigned a spherical
volume 0 equal to the atomic volume at the simu-
lated temperature. An atom undergoing only
thermal vibrations therefore would not move out
of A. A volume 0 was also assigned to an empty
site (i.e., a vacancy), and a successful vacancy
jump occurred when an atom was found to move
into the 0 assigned to a vacancy site; in case of
a reverse jump, the jump is counted when the
atom remains in the vacant site for at least two
vibration periods.

The major characteristics of the vacancy jumps
may be summarized by considering the sites
labeled in Fig. 1(a) and the data given in Table I.
Each run began with a vacancy at site 8 in the
middle of the system. At the lower temperatures
the ensuing jumps were confined mostly to the
four sites labeled A, B, C, and D. (We note that
sites B', C ', and D' are equivalent sites because
of the boundary symmetry. ) However, as the
temperature was increased jumps to sites fur-
ther from the boundary midplane became more
significant, indicating that they required more
thermal activation. This reflects the transition
in the grain-boundary-diffusion kinetics from
the so-called "Harrison type C" regime to the
"Harrison type B"regime. '0 A typical vacancy
jump path is shown on the right-hand side of Fig.
1(a). It is clear from Table I that the vacancy
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migration in the GB shows a strong structure de-
pendence, particularly at the lower temperatures
where GB and lattice diffusion rates are signifi-
cantly different.

Another noteworthy feature of our data is that
the vacancy trajectories took place predominant-
ly along the tilt axis rather than perpendicular to
it. This behavior can be understood qualitatively
by considering the direction of maximum free
volume. There was also significant correlation
between successive jumps in contrast to simple
random walk events, ' but the overall distribu-
tions of jump directions relative to the preceding
jump showed a strong bias in the forward direc-
tion, as well as reverse jumps which occurred
mostly between sites B and B'.

The effective activation energy for GB vacancy
jumping, E~", was determined by plotting the
total vacancy jump frequency (summed over all
types of jumps) I' in the form of an Arrhenius
plot in Fig. 1(b). A reasonably straight line obey-
ing the relation I' = I', exp(-E~™AT) was obtained
with E~"=0.51 eV and I'p =4.85 x10" sec '. The
preexponential factor I"p is seen to be of about
the expected magnitude, since, if we write it in
the form I'p =Svp where z is the effective coordi-
nation number and P, is the effective "attempt
frequency, "we obtain Pp = 6.06 x10" sec ' with z
=8. This frequency is of similar magnitude as
the Debye frequency, 7.1x10"sec ', correspond-
ing to the Debye temperature of 464 K for bcc
iron.

In'addition to vacancies, the other major type
of defect revealed by the simulation was the
formation of interstitials at the I locations where
there was considerable free volume [cf. Fig. 1(a)].
Atoms in B sites were frequently observed to
jump into I sites, the process occurring more
frequently as the temperature was increased.
This process, illustrated in the center of Fig.
1(a), may be regarded as the spontaneous forma, -
tion of a vacancy-interstitial pair, i.e., a Frenkel
pair. The atomic motion in the pair configuration
was observed to occur predominantly by intersti-
tial exchange within a few vibration periods with
either the vacancy in the pair or a neighboring
vacancy, a process which effectively annihilates
the interstitial. A small fraction of the atomic
motion occurs by the vacancy diffusing away,
thus leaving. behind an interstitial trapped at the
I site. Therefore, these results indicate that an
interstitial in the GB is incapable of promoting
self -diffusion.

The dynamical simulations also revealed the

TABLE II. Elements of transition probability matrix
P;~ for vacancy jump from site i to site j in a Z =5 tilt
boundary in. bcc iron. deduced from molecular-dynamics
simulation data.

0
8 p

0.015
D p

p

F 0
0

0.005
0.485
0.072
0.082
0
0

0

0.010
0.052
0
0.031
0.010
0
0

0
0.108
0.010
0
0.021
0.026
0

0
0
0.005
0.026
0
0.005
0

0
0
0
0.026
0
0
0.005

0
0
0
0
0.005
0
0

interchange of atoms at B and B' illustrated in
the sequence on the left-hand side of Fig. 1(a).
In this process an atom in site B jumped into site
I in the adjacent boundary plane, followed by an
atom in site B' jumping into the newly created
vacancy in the site B. The sequence was then
completed by the interstitial in the site I jumping
into the vacancy sitting in site B'. This process
also occurred more frequently as the tempera-
ture increased; it does not contribute to self-
diffusion because the two atoms involved remain
trapped in the same pair configuration, thus
producing no net matter transport relative to
other atoms.

At temperatures close to the melting point, a
number of infrequent events, which were not ob-
served at lower temperatures, were detected.
Included were the double jump, which had been
observed in previous molecular -dynamics studies
of vacancy migration in single lattice systems, 4

and jumps over distances greater than the nearest-
neighbor separation either across the boundary
midplane in the same atomic plane of the stack
[e.g. , jumps between C and C' in Fig. 1(a)] or
through the boundary midplane between two
second-neighbor atomic planes of the stack.

Since the different boundary sites for vacancy
migration are not equivalent, a set of transition
probabilities P,, between sites i and j can be
introduced to describe the diffusion of vacancies
in the GB. Each GB structure would then be
characterized by such a temperature-dependent
matrix which is essentially the information need-
ed to calculate the correlation factor effect."

For purposes of illustration, the matrix P ob-
tained from the 1300-K data is shown in Table II.
Here, the matrix has been drastically simplified
by including sites B', C', and D' in B, C, and D,
so that, for example, jumps between B sites on
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second-neighbor layers and between B and B' are
included in the element P». Also, the elements
are normalized so that Q, ,P,, = l. One should
notice that the asymmetry in P,, does not violate
microscopic reversibility; rather the inequality
Pch, &PJ,~ reflects the difference between "down-
hill" and "uphill" jumps between sites with dif-
ferent potential energies. It is also worthwhile
to point out that although the relative magnitudes
of the P;,. may be estimated approximately from
static calculations of vacancy binding energies,
molecular-dynamics simulation appears to be
the only practical means of determining the ab-
solute values of the P,, and their temperature
dependence for different sites.

In conclusion, we believe the present results
provide the first detailed, microscopic evidence
of the migration of vacancies in GB's. Some of
the characteristics observed in our results are
believed to be general features of the structure-
dependent nature of grain-boundary diffusion. In
Ref. 12 these molecular-dynamics data are com-
bined with molecular-statics calculations to dem-
onstrate further the vacancy-exchange mechan-
ism for GB self -diffusion. Further simulations
can be expected to yield additional information
regarding the characteristics of different GB
structures, and the dependence on interatomic
potential functions of the diffusion dynamics and
structural stability at various temperatures.
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Microscopic observations of blackbody emission from high-power cw-laser-irradiated
silicon films on silica reveal: (1) Radiation of 1.06 pm produces a thermal runaway
phenomenon in polycrystalline Si that terminates with the melt. (II) The laser-induced
melt is inhomogeneous at the melting temperature. Lamellae of solid Si, which has a
high emissivity, coexist with the low-emissivity melt. These lamellae transmit near-
band-gap radiation, which is blocked by the molten phase, and they appear and dis-
appear dynamically.

PACS numbers: 68.40.+e, 64.70.Dv, 81.40.-z

Laser crystallization of semiconductors on in-
sulating substrates might emerge as an important
technology in general and specifically for large-

area Si electronics. It is important and interest-
ing to understand the underlying mechanism for
optically induced crystallization.
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