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The high-temperature behavior of both a high-angle twist grain boundary and a free surface on
the (110) plane of silicon are investigated using molecular dynamics and the Stillinger-Weber poten-
tial. It is found that, above the thermodynamic melting point, melting is nucleated at the grain
boundary or surface and propagates through the system with a velocity that increases with tempera-
ture. We conclude that, due to the relatively fast nucleation times, melting in real crystals should be
initiated at grain boundaries and surfaces, a conclusion that is entirely in accord with experiment.

I. INTRODUCTION

While there is no question about the thermodynamic
significance of melting, the mechanistic aspects of how
the transition occurs are still not completely understood.
In a general discussion of melting, one should distinguish
at the outset between intrinsic and extrinsic defects.
Whereas an intrinsic defect is produced thermally, an ex-
trinsic defect results from external action, including the
introduction of surfaces in creating a finite crystal. There
exists a number of theoretical models, each attempting to
describe how a collection of atoms in a crystalline ar-
rangement becomes unstable against a liquid configur-
ation. All of these models consider only the effects of in-
trinsic defects. An early model, due to Lindemann, treats
melting as a vibrational instability.! Later it was suggest-
ed that the transition is caused by a lattice-shear instabili-
ty,2 the catastrophic generation of dislocations,® or the
presence of thermal vacancies and other point defects.
Since direct experimental evidence in support of each of
these models is not definitive, the question of the predom-
inant initiation mechanism of melting remains.

In contrast to the assumptions of the above theories, it
is well known that melting of a solid generally proceeds
from the surface. For example, it was observed in mea-
surements on silica® and phosphorus pentoxide® that
melting was not a homogeneous process; invariably it oc-
curred at free surfaces and grain boundaries. A variety of
experimental data now exist which point to the control-
ling role of an extrinsic surface.” Small atomic clusters,
with a significant fraction of the particles on or close to
the surface, have been observed to exhibit quite different
melting behavior from that of the bulk substance; for ex-
ample, melting-point depression up to 30% has been
measured in metal clusters of a diameter of 20-30 A,? as
has substantial superheating of argon bubbles of similar
size formed in an aluminum lattice,’ and of hydrogen
bubbles in amorphous silicon.!® Superheating also has
been measured recently in small single crystals of silver
coated with gold, the latter with a higher melting point.!!
The implication of these results is that while melting is a
thermodynamic transition, in general it is physically ini-
tiated at either an external surface or an internal interface
such as a grain boundary or a dislocation.
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The difficulty in the experimental test of melting
theories primarily stems from an inability to directly ob-
serve the phenomenon in sufficient atomistic detail, par-
ticularly with processes occurring in the bulk. Lack of
atomistic detail is not a problem with molecular dynam-
ics (MD) (Ref. 12) and Monte Carlo!® simulations, tech-
niques with unique capabilities for elucidating the
thermal behavior of bulk matter. There exist a number of
simulation studies of melting and freezing phenome-
na,'>!4~18 including various aspects of the dislocation
theory of melting® and, more recently, disordering and
melting of aluminum surfaces.'®

Aside from the problem of bulk melting, melting at a
free surface is itself of considerable current interest. Sur-
face melting has been directly observed by scattering pro-
tons from an atomically clean Pb(110) surface,!® the pro-
cess occurring at approximately 0.75T,,, T,, being the
bulk melting point. The transition begins with partial
disordering of the surface region and progresses to a
completely disordered film whose thickness increases rap-
idly as the temperature approaches T,,. These data pro-
vide support for the theoretical prediction that the thick-
ness of the surface layer should diverge like
In[Ty/(T,,—T,)], where T, is the difference T,,—T at
which the disordered film is first formed.?’ Surface disor-
dering and melting in various model systems have been
studied by molecular dynamics.'®~!'® For example, melt-
ing of the (111) and (100) surfaces of silicon induced by
laser-pulse heating!” and surface disordering on (110) and
(111) surfaces of aluminum at temperatures below bulk
melting have been simulated with use of rather sophisti-
cated potential functions.'®

The problem of melting at a grain boundary (GB),
which has long been of interest in the metallurgical litera-
ture,?! has also attracted attention from the simulation
community recently. A central question has arisen con-
cerning the structural stability of grain boundaries in
metals at elevated temperatures, because the findings
from different molecular-dynamics studies appear to be
inconsistent. While in all the simulations the GB core be-
comes appreciably disordered, beginning around 0.57,,,
the issue is whether it remains crystalline up to T,, (Ref.
22) or undergoes local melting at a temperature distinctly
below T, (so-called premelting).?>?* A direct free-energy
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calculation has suggested that the behavior, where the
crystalline boundaries are replaced by highly disordered,
liquidlike layers, corresponds to a phase transition which
appears to be of first order;?> another study, also based on
the analysis of free energies, indicates that melting at the
grain boundary is not a true phase transition, that ther-
modynamic parameters should be continuous, and that
the quasiliquid layer must retain some crystalline symme-
try.26 Moreover, it was suggested that there can be su-
perheating in certain boundaries.?®

The simulation results which indicate high-
temperature disordering (including premelting) have not
been confirmed in experiments. Instead, measurements
on copper using the technique of rotating sphere-on-a-
plate indicate an absence of premelting up to 0.95T,, to
0.99T,, (Refs. 27 and 28), and transmission electron spec-
troscopy results on aluminum bicrystals showed  no
boundary melting up to 0.9997,,. The experimental
conclusion thus far is that complete grain-boundary melt-
ing, in the sense of the boundary being replaced with a
liquid layer of several atomic diameters, is not observed
below T,,. This interpretation does not rule out a
significantly disordered boundary which still retains the
essential crystalline order in the two grains adjoining the
boundary slab.?>3° As for superheating, while it has been
observed in molecular solids,>® in bulk metallic solids it
is possible only under very special and limited condi-
tions.!!

In discussing simulation results on melting it is impor-
tant to keep in mind what is meant by the melting point
since this term has been used for different quantities.
There are three quantities, all of which have been called
the melting point: the known experimental melting point
of the substance being simulated, the thermodynamic
melting point of the simulation model, T,,, which de-
pends on the potential used, and the mechanical instabili-
ty of the model which also depends on the potential.
Strictly speaking, independent of whether it agrees nu-
merically with T,,, the experimental melting point has
nothing to do with the model and therefore should not be
used in evaluating model behavior. As for T,,, it is the
true melting point, defined as the temperature at which
the solid and liquid free energies cross (operationally
there can be other ways of determining 7,, as we will
show below). In most simulations to date the free-energy
calculation has not been carried out; what is sometimes
taken as the melting point is an approximation to T, the
temperature at which a single crystal with the same po-
tential and three-dimensional (3D) periodic-border condi-
tions (3D PBC’s) becomes unstable upon heating. The
difference between T and T,, is the range in which the
model solid can be superheated; in certain simulation
models this range can be a significant fraction of T,,.

The prime purpose of the present pair of papers is to
investigate the role of an extrinsic surface on melting by
molecular-dynamics simulation. A secondary motivation
is to contribute to the resolution of the GB premelting
debate. Melting in silicon in the presence of a grain
boundary and of a free surface is studied in this paper,
and the effects of a grain boundary, free surface, and a
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void on melting in a metal are treated in the following pa-
per.’! We find that in all cases melting is initiated at the
extrinsic defect, and that by taking advantage of the abili-
ty of simulation to follow the melting process under su-
perheating one can determine the thermodynamic melt-
ing point of the model, T,,, without performing a free-
energy calculation, which is a nontrivial task, as will be
discussed in the following paper.

The present results on melting behavior in a grain
boundary are particularly relevant to the issue of GB
premelting. In a recent MD investigation of the high-
temperature stability of metal GB’s, a close connection
between GB migration and the onset of thermal disorder-
ing near the interface was observed.?? It was pointed out
that in all the previous simulations which showed a
premelting or disordering transition, the center of mass
of the bicrystal had been kept fixed, thus artificially con-
straining the relative motion of the two halves of the bi-
crystal parallel to the GB plane (GB sliding). When this
constraint was removed, the disorder observed was found
to be merely a transient intermediate state formed during
the sliding and subsequent migration of the GB from one
plane to the next.’?> Because we wish to investigate the
disordering associated with melting, it is desirable to
eliminate the effect of GB migration. Silicon is a good
choice for this study because the GB mobility in undoped
Si is known to be much lower than that in metals.??® Also,
an empirical potential suitable for simulations has been
presented by Stillinger and Weber (SW);** it has proved
to be quite successful in recent studies on the bulk crys-
tal,>*3> the 1iquid,34’35 the crystal-liquid interface,?®37 and
grain boundaries.®

In the next section we describe the computational
methods used in simulating a silicon bicrystal model of a
high-angle twist boundary and a single-crystal model
with free (110) surfaces. Results on the superheating of
the bicrystal are presented in Sec. III. The results of a
corresponding study on the (110) free surface are given in
Sec. IV. In Sec. V we comment on the significance of our
results in the context of initiation mechanisms for melt-
ing and of GB premelting. A less detailed discussion of
the results of GB-nucleated melting have appeared previ-
ously.>

II. SIMULATION MODELS AND METHOD

In this section we describe several aspects of our simu-
lation method which are essential for the appreciation of
the results to be presented. These include the use of a re-
cently developed border condition,®® the selection of a
GB geometry, and the implementation of data analysis
procedures capable of detecting the spreading of a melted
zone. We also briefly describe the SW potential used in
this study.

A. Border condition for bicrystal simulations

In simulation studies of GB’s a technical problem
arises in the implementation of border conditions on the
simulation cell which properly represent the effects of the
medium beyond the cell. For coherent GB’s there is no
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difficulty in the two directions parallel to the interfacial
plane since 2D periodic-border conditions (2D PBC’s)
should be used to take advantage of the symmetry of the
coincidence-site-lattice models of grain boundaries.*’ In
the direction normal to the plane, periodic’*2>2% and
fixed-border?* conditions have been used but are con-
sidered unsatisfactory because of the unphysical effects
induced in the system response, particularly at high tem-
peratures. Recently a new border condition has been
proposed which introduces movable perfect-crystal
blocks at the two ends of the simulation cell.** The
present simulation makes use of this new method.

Figure 1 shows the simulation cell consisting of two re-
gions, a region I in which the atoms move according to
the Newtonian equations of motion and a region II con-
sisting of two rigid blocks of atoms. The cell is periodic
in the x and y directions. The extent of the blocks in the
z direction is determined by the range (i.e., cutoff radius)
of the potential, and initially, the positions of the rigid
blocks are fixed by taking the distance between the outer-
most plane of region I and the first plane of the corre-
sponding rigid block to be the perfect-crystal interplanar
spacing appropriate for the simulation temperature.
Such a region I-region II strategy is commonly used in

REGION II

REGION I

VW
LAAA

REGION I

x y

FIG. 1. Schematic of our simulational cell. Region I con-
tains 32 planes with 22 atoms in each plane. Initially the GB
lies between planes 16 and 17.
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the zero-temperature (lattice-statics) simulation of grain
boundaries.*!#?

This border condition specifies how the rigid blocks
move during the simulation. Conceptually the movement
of the rigid blocks in the z direction is treated differently
from their translations parallel to the interface plane.
The z-direction movement is treated by applying a
modified Parrinello-Rahman scheme,” whereas each
block translates in the x-y plane as a single particle with
an effective mass. Thus, while the movement in z is
governed by the pressure exerted on the rigid blocks by
region I, the sliding of each block in the x-y plane is con-
trolled by the force exerted on the block across the border
of the two regions.

While we allow expansions and contractions of the
simulation cell along the z direction, we do not allow
areal expansions or contractions (in the x-y plane), when
simulating an isolated interface embedded in bulk crystal.
Therefore, the x-y dimensions of our simulation cell are
fixed by the lattice parameter of the bulk region. This
lattice parameter is an input parameter to our simula-
tions; it is determined independently from a constant-
pressure simulation of a bulk ideal crystal (with 3D
periodic borders) at the desired temperature for the same
interatomic potential.

B. Geometries of the GB and surface

The GB chosen for this study is the so-called 211 (110)
high-angle twist boundary. This is a boundary on the
(110) plane obtained by rotating two perfect semicrystals
with (110) faces by 6=50.48" about the plane normal.
The area of the rectangular planar unit cell is 2=11
times that of the corresponding primitive planar unit cell
(2£=1) on the (110) plane; each lattice plane thus con-
tains 22 atoms. Our computational cell was chosen to
contain 32 (110) planes; therefore there are 704 atoms in
region I.

The primary considerations underlying the present
choice of GB geometry are (a) its relatively large planar
unit cell (thus representing what we consider a “typical”
high-angle GB), (b) the large spacing of lattice planes
parallel to the GB plane [d(110)=0.3lla,, where a, is
the lattice parameter], and (c) the relative insensitivity of
its energy towards translations parallel to the GB plane.
Because of (b) behavior of atoms within an individual
plane can be isolated from that of the others. The zero-
temperature structure and energy of this boundary were
investigated in Ref. 38.

To study free surfaces, we use an ideal crystal of the
same unit-cell dimensions, area, and number of atoms as
the bicrystal, but without the interface. A pair of free
surfaces is introduced by removing both region-II rigid
blocks. Previous simulations have made use of a fixed
substrate, thereby producing a single free surface (see for
example, Refs. 17 and 18); this would correspond to the
removal of only one of the region-II rigid blocks. We
prefer to have two free surfaces in the computational cell
as they provide twice as much data, thereby reducing sta-
tistical errors.

In the present geometry the free surfaces are initially
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separated by 32 lattice planes, which we find is
sufficiently far to ensure that they do not interact
significantly over the duration of the simulations (=23
ps). If we were modeling a thin film, the x-y dimensions
of the simulation cell also would be allowed to change
dynamically. However, here we are modeling a free sur-
face on a bulk substrate; therefore, the x-y dimensions are
those of the bulk ideal crystal appropriate for the simula-
tion temperature, as in the GB simulations. Because the
volume of a system with free surfaces can change dynam-
ically without using a constant-pressure scheme, these
simulations are performed at constant volume.

C. Characterization of planar disorder and melting

Typically in MD simulations the information con-
tained in the detailed atom trajectories is condensed into
standard thermodynamic and structural quantities, such
as temperature, internal energy, and mean-square dis-
placement (MSD). However, one should calculate addi-
tional properties, which particularly probe the
phenomenon of interest. Here we are principally interest-
ed in monitoring the thermal disordering induced by the
presence of a grain boundary or a surface. Because both
of these are planar defects, it is essential to monitor spa-
tial variations of the relevant properties along the normal
to the interface plane. To obtain such information, we
divide region I into slices along the z direction. Here
each slice is chosen to contain a single atomic (110) plane
in the crystal. As our results show, such a slicing scheme
also provides useful information about melted regions.

To investigate the breakdown of crystalline order upon
melting, we define the square of the magnitude of the
static structure factor, S(k), which for brevity we denote
simply by S%(k):

2

N
S2Ak)=|S(k)|2= [% 3 coslkq)
1 X 2
+ F 2 sin(k-q;) | , (1)

where q; is the position of atom i. For the overall S*(k),
all the atoms in the simulation cell are included in the
sums in Eq. (1), whereas for the planar structure factor,

(k) only atoms in a given lattice plane are considered.
For an ideal crystal at zero temperature, S 2(k) then
equals unity for any wave vector k which is a recxprocal
lattice vector in the plane p. By contrast, in the liquid
state (without long-range order in plane p), sz(k) fluctu-
ates near zero. As the two halves of the bicrystal are ro-
tated with respect to each other about the GB-plane nor-
mal two different wave vectors, k; and k,, are required,
each corresponding to a principal direction in the related
half. For a well-defined crystalline lattice plane, say in
semicrystal 1, sz(kl) then fluctuates near a finite value
(=1) appropriate for that temperature whereas

2(k2)~0 In the GB region, due to the local disorder,
one expects somewhat lower values for S? ', (ky). By moni-
toring S7(k;) and S7(k,) every slice may be characterized
as (a) belongmg to semicrystal 1 [for S (k,) finite,
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2(k2)~0] (b) belonging to semicrystal 2 [for S (ky)=

2(kz) finite], or (c) disordered or liquid [for S k1)~

2(k2)~0] The vectors k; and k, were chosen to
represent reciprocal lattice vectors in the (110) direction
in each half of the bicrystal. For the free-surface calcula-
tions only a single value of k was used; this too was
chosen to be in a (110) direction.

As a further measure of the overall disorder in the sys-
tem, we introduce the quantity N4 which represents the
number of defected atoms. An atom is considered defect-
ed if its number of nearest neighbors is not equal to the
ideal-crystal coordination number. We have defined the
nearest-neighbor shell to end at 0.577a,, which is halfway
between the ideal-crystal first- and - second-nearest-
neighbor distances. In this definition the value of Ny is
zero for an ideal crystal, even at elevated temperatures.
For a liquid, on the other hand, the value of N, is equal
to the number of atoms in the system. For the case of sil-
icon this can be seen from the liquid radial distribution
function calculated at ~ 1975 K,** in which the coordina-
tion out to 0.63a, was given to be 8.07. From this we es-
timate that the coordination is =7 out to 0.577a,, the
distance used in our calculation of N4, Although at
lower temperatures, the coordination may be expected to
be somewhat less, since the coordination of ideal-crystal
silicon is 4, we expect that all atoms in the liquid will be
defected at the temperatures considered here.

D. The Stillinger-Weber potential

No two-body potential has been found to stabilize the
diamond lattice: a potential containing interactions
amongst three or more atoms is required. A number of
potentials for silicon have been proposed in recent
years.>»#~4 gtillinger and Weber** (SW) have intro-
duced a potential containing both two- and three-body
components. The two-body part increases strongly at
small atomic separations, has a minimum at the nearest
neighbor distance, a, and goes smoothly to zero at a dis-
tance d, which is a little less than the zero-temperature
ideal-crystal second-nearest-neighbor distance. The
three-body part has the form:

~ 3 exply /(ry—d)lexply /(ry —d
ijk

)1(cosby + 1)

(2)
where r; and r; are the lengths of the vectors joining
particles i and j, and i and k, respectively, and ¥ is a con-
stant. 6, is the angle between these vectors. ®; is zero
for ideal tetrahedral angles and positive otherwise.

The parameters of the SW potential were chosen to
give the diamond lattice as the lowest-energy crystal
structure, and to give both a reasonable value for the sil-
icon melting temperature and reasonable agreement with
the liquid radial distribution function observed experi-
mentally.

The SW potential is particularly suitable for this study
for two reasons. First, more than the other proposed po-
tentials, its properties have been investigated and well
characterized. In an exhaustive study of the phase dia-
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gram obtained for the SW potential, Broughton and Li**

have determined the thermodynamic melting tempera-
ture T,, by free-energy analysis of the bulk ideal crystal.
They obtained a value T,, =1691+20 K which is to be
compared with the experimental value of 1683 K.
Second, the SW potential has been successfully used to
describe silicon in a wide variety of environments, rang-
ing from small clusters*’ to grain boundaries,*® to the
amorphous phase.*® Of particular relevance here are the
studies of internal interfaces’®37*° and surfaces,!” which
show that the SW potential can model experimentally ob-
served phenomena.

III. GRAIN-BOUNDARY INDUCED MELTING

Prior to the GB simulation a perfect 3D periodic crys-
tal containing 216 particles was superheated. This sys-
tem was found to melt at between 2400 and 2600 K,
which is consistent with previous results.3*3° We believe
this is a good approximation of the mechanical melting
temperature, T, which is considerably higher than the
thermodynamic melting temperature, T,, = 1691420 K.3*

In all the simulations the time step was 1.15X 10755,
for which energy was found to be conserved to six
significant figures for simulations of several thousand
time steps. At the beginning of each simulation run par-
ticles were given random velocities corresponding to a
temperature of 1200 K. To reach the desired simulation
temperature the system was then heated by 100 K every
200 time steps. As we are primarily interested in phase
transitions which involve a latent heat, when the desired
temperature was reached a thermostat was applied by re-
scaling the particle velocities. A typical simulation run
extended to =~ 18000 time steps (=~21 ps) at the desired
temperature. In the following discussion, all simulation
times given exclude the time required for heating.

Our bicrystal simulations were performed at six
different temperatures: 1650, 1750, 1800, 1900, 2000, and
2100 K. Although these temperatures are below 7, we
shall see that at all but the lowest temperature the system
is unstable to melting nucleated at the GB.

Before discussing our results in detail, we point out
that our border condition appeared to work quite well.
As in the previous study of a Lennard-Jones solid,*’ even
at the highest temperature simulated, no anomalies in the
energy or dynamics of particles near the region I-region
IT interface were observed. .

Figure 2 shows the plane-by-plane profile of the instan-
taneous planar structure factors, defined in Sec. IIC
above, after 9000 time steps at 1650 K. The sharp transi-
tion, over a width of only 2-3 (110) lattice planes, of
S;(kl) between almost zero and unity, coupled with a
corresponding decrease in S:(kz), demonstrates the ex-
istence of crystalline order in the entire bicrystal. A com-
parison of these results with those after the first 2000
time steps shows no increase in the width of the GB re-
gion nor a change in the location of the GB plane. The
latter indicates that the GB is, indeed, immobile at that
temperature during the entire simulation. The near-unity
values of sz(k) away from the GB, even at elevated tem-
peratures, reflect the relative stiffness of this covalent ma-
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FIG. 2. Instantaneous values of SX(k,) and Sg(kz) for the 32
slices parallel to the (110)211 GB after 9000 time steps at 1650
K.

terial. Corresponding to the stability of the bicrystal,
reflected by these structure factors, the slice-by-slice po-
tential energy and MSD were found to be time indepen-
dent. Also the total number of defected atoms in the sys-
tem did not change.

In contrast to the 1650-K simulation, the GB was
found to be unstable at all higher temperatures investi-
gated, 1750-2100 K; temperatures to which an ideal
crystal can be superheated with no nucleation of the
liquid. We find qualitatively the same behavior at all
these temperatures. Thus in Figs. 3—6 only results ob-
tained at 7=1900 K are summarized. |

Figure 3 shows the instantaneous planar structure fac-
tors after 8600 and 17600 time steps for the 1900-K
simulation. They illustrate the spreading of a disordered
region, initiated at the GB, into the two semicrystals.
The width of this disordered region is defined as the num-
ber of planes in which both structure factors have a value
of less than 0.5. Figure 4 shows that the width of this

" disordered region increases linearly in time, over the en-

tire simulation interval. This gives a velocity of disorder-
ing for each of the two disordered-crystalline interfaces:
v, (1900 K)=39.5%5.5 m/s.

Knowing the behavior of sz(k) is not sufficient to tell
us whether the spreading disordered region is liquid,
disordered but solid, or amorphous. One can look to the
atomic mobility, as measured by the MSD, to make this
distinction. Figure 5(a) shows a slice-by-slice analysis of
the MSD for the system at 1900 K at the same two in-
stants as in Figure 3. It is clear that both the width of
the disordered region and the MSD of atoms in the re-
gion have increased. Figure 5(b) shows that the MSD of
the two slices, taken from the center of the disordered re-
gion, attains a linear behavior that is characteristic of
diffusive motion. Based on these data, we determine the
diffusion constant to be =~0.7X 10™% m?/s. This is com-
parable to the value found for the liquid at this tempera-
ture.3® Thus the spreading region is indeed liquid.

The number of defected atoms, N4, provides another
way of characterizing the disordering of the system. Fig-
ure 6 shows that for 7"=1800, 1900, 2000, and 2100 K,
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FIG. 3. Instantaneous values of S7(k,) and SX(k,) for the 32
slices parallel to the (110)211 GB after 8600 (squares) and
17 600 time steps (triangles) at 1900 K.

after initial nucleation, N4 increases approximately
linearly with time. (We note that although at 1750 K the
system is clearly melting, the dynamics are too slow to
extract reliable values for v,, and v4.) These data also
allow us to extract a propagation velocity, vy, Which we
find to be v 4,(1900 K)=28.1+5.3 m/s.

In analogy to Fig. 6, Fig. 7 shows the time dependence
of the width of the liquid region as determined via N 4.
From these two figures we have determined the velocity-
temperature relations, shown in Fig. 8. (The data used to
generate this figure are given in Table 1.) It can be seen
that both relations show the velocity to decrease with de-
creasing temperature. We also note that at the higher
temperatures v,, is significantly greater than vy As we
shall discuss below this difference provides useful insights
into the nucleation mechanism of melting.

The velocities in Fig. 8 are clearly related to the propa-
gation velocity of the solid-liquid interface. If either v, ¢
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FIG. 4. Instantaneous width of the disordered region as a
function of time at 1900 K. The width is defined as the number
of planes in which both planar structure factors have a value of

less than 0.5.

S. R. PHILLPOT, J. F. LUTSKO, D. WOLF, AND S. YIP

I&

1.2
. (110) 6=50.48° (Z11)
_ 1.0 o t=8600
o a t=17600
5 0.8
} ]
‘T 0.6+
=]
> |
< 0.4
[=}
(2]
= 0.2
0.0 Jnoesoosgedont _ binessccoccos b
0 8 16 24 32
plane
1.0
1 (110) 8=50.48° (Z11)
o 0.8- T=1900K
5 ]
5 el e
£ ]
5 ]
£ 044 ﬁ
; 1 (b)
a ]
= 0.21 o slice 16
m  slice 18
0.0 T T
0 10000 20000
Time Step

FIG. 5. (a) Instantaneous mean-square-displacement profile
after 8600 and 17 600 time steps at 1900 K; (b) MSD vs time for
slices 16 (open squares) and 18 (solid squares).

or v, truly measures this velocity, then the extrapolated
temperature T, at zero propagation velocity should be
the temperature of liquid-solid coexistence; i.e., T, must
be the thermodynamic melting temperature. From the
results of our simulations we know T to lie between
1650 K, at which the GB is stable, and 1750 K, at which
the system is observed to melt. Because the data in Fig. 8
clearly do not lie on straight lines, a quadratic fit is used
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FIG. 6. Number of defected atoms in the bicrystal as a func-
tion of time for four temperatures.
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FIG. 7. Width of the GB, as determined from analysis of the
planar structure factors, as a function of time at four tempera-
tures.

for the extrapolation to zero velocity. For v, this yields
T;,=16651+80 K. A similar extrapolation of v, to zero
gives T(y=1710+50 K. [A similar extrapolation pro-
cedure has recently been used by Kluge and Ray*® in
their studies of melting and crystallization at Si(100) in-
terfaces.] We regard it as significant that these two extra-
polated temperatures agree within statistical errors.
Furthermore, they also agree with the thermodynamic
melting temperature, T,, =1691+20 K.3* Therefore both
N4 and the GB width, as characterized via S(k), give
consistent information, and we conclude that the propa-
gation of the solid-liquid interface seen in all but the
1650-K GB simulations is due to ordinary thermodynam-
ic melting of the bicrystal.

As we have noted v, is significantly greater than v, at
high temperatures. This difference suggests that one may
obtain some insight about the mechanism of melting from
considering the simulation data in more detail. Three
pertinent observations can be summarized as follows.

(i) Figure 9 shows the time dependence of the in-plane
and out-of-planes MSD’s for a single slice in the center of
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FIG. 8. Propagation velocities, v4¢ (solid squares) and v,
(open squares), as function of temperature.
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TABLE 1. Propagation velocity of the two solid-liquid inter-
faces for melting nucleated at a GB, as determined from an
analysis of the GB width (v, ), from the change in density of the
system (v, ), from the number of defected atoms (vg4er), and for
surface nucleation as determined via the number of defected
atoms (Vge).

Propagation velocity (m /s)

GB Free surface
T (K) Uy v Vdef Vdef
1800 23+4 2416 18+9
1900 3945 3611 28+5 2243
2000 83+10 84+11 52+7 56+6
2100 1317 127£15 769 T7+4
2200 95+2

the bicrystal. It can be seen that the in-plane disordering
occurs first, and it is only after about 5000 time steps that
atoms begin to move significantly out of the plane.
Beyond =~ 10000 time steps the slopes of the two curves
are similar, an indication that the liquid is fully isotropic.

(ii) Because silicon contracts on melting, the length A,
of the computational cell should decrease with time.
This decrease is approximately linear in time, as is shown
in Fig. 10 for the 1900-K simulation. Analysis of A(t)
should allow us to extract a further propagation velocity,
vy, for the solid-liquid interface. To perform such a cal-
culation, we need to assume that the entire density
change produced on melting an ideal crystal under 3D
PBC’s at zero pressure is reflected in a corresponding
change in & upon melting of the bicrystal.

At time ¢ =0, the system is totally crystalline and has a
length h.. At a later time, ¢, n(¢) of the N atoms in the
system are at the density of the liquid, and the length of
the system is A (¢). If h; denotes the length of the entirely
liquid system then

h(t)=h,+[n(t)/N](h;—h,) . 3)

h, is obtained from extrapolation to zero time in Fig. 10.

c

0.4
(110) 6=50.48° (X11)
~ 03] T=1900K
5 1 /
[2]
= 0.2
5 o
£ ] -F
a o1 oF
%’ o in-plane
m  out-of-plane
0.0 T T
10000 20000
Time Step

FIG. 9. Mean-square displacement parallel to (open squares)
and perpendicular to the GB plane (solid squares) for a slice at
the center of the liquid region as a function of time at 1900 K.
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time at 1900 K. The length of the cell at T=0K is 11.36a,. (a,
is the T'=0 lattice parameter.)

Then using the slope of a linear fit to Fig. 10 and the
known densities of the solid and liquid at that tempera-
ture,’®> we can calculate n (¢). Hence, we can determine
the velocities v,. These are also shown in Table I. We
note that at the two higher temperatures these values are
significantly larger than v, and are, within the error
bars, equal to v,,,.

(iii) The inequality between v, and vy seems to arise
from the different degrees of disorder probed by the pla-
nar structure factor and the number of defected atoms.
Because the in-plane structure factor is highly sensitive to
even small deviations from ideal-crystal order, v,, may be
expected to be at least as large as vy Which reflects the
greater degree of disorder associated with a change of
coordination.

Based on these three observations, we envisage melting
as taking place by a two-stage process. In the first stage
there is disordering, mainly amongst atoms within a sin-
gle atomic plane, which involves no change in the coordi-
nation of the atoms. Because v, is the same as v,, it ap-
pears that this disordering is accompanied by a density
increase up to the density of the liquid. One is faced with
the curious situation that the disordered state has the
density of the liquid and the coordination of the solid.
This state is, however, only a transient in the melting pro-
cess. The second stage of melting involves a change in
the atomic coordination to produce a fully isotropic
liquid state.

IV. SURFACE-INDUCED MELTING

Melting of silicon surfaces has been studied by simula-
tion under a variety of conditions.!”37% Qur interest in
surface-induced melting is mainly to obtain results on the
kinetics of melting that can be compared with the GB
study in order to draw conclusions having more general
implications.

We simulated surface-induced melting at four tempera-
tures: 1900, 2000, 2100, and 2200 K. At 1900 K nu-

FIG. 11. Instantaneous value of S2(k) for the 32 slices paral-
lel to the (110) free surfaces after 7800 and 15200 time steps at
2000 K.

cleation of melting takes approximately 10 000 time steps,
as compared with only =3000 time steps in the GB at
the same temperature. Because of this long nucleation
time, no attempt was made to simulate surface-induced
melting at temperatures below 1900 K. As the tempera-
ture is increased this difference between nucleation times
at the free surface and at the GB decreases such that it is
found to be negligible at 2100 K.

The inequality in nucleation times can be attributed to
the inherently different degrees of disorder in the GB and
on the surface, as evidenced by the related radial and an-
gular distribution functions (not shown). For the SW po-
tential, there is a high degree of disorder at the interface
in the bicrystal. In contrast, the disorder on the (110)
free surface arises only from the loss of one nearest neigh-
bor by atoms on the surface layer. We believe that this is
the reason that the nucleation time is longer for the free
surface.

Despite the longer nucleation time our simulations are
long enough to observe significant melting at all four tem-

1.0
. 0.8+
N
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% T=2000K
o 04 o t=7800 ,
= a =15200
o
2 o2
0.0
0 8 16 24 32
plane
FIG. 12. Instantaneous mean-square-displacement profile

after 7800 and 15200 time steps at 2000 K for surface-induced
melting.
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FIG. 13. Number of defected atoms as a function of time for
four temperatures during surface-induced melting.

peratures. The behavior of the structure factor, MSD
and N4 were similar over this temperature range. Fig-
ure 11 shows the instantaneous planar structure factor
after 7800 and 15200 time steps at 2000 K. It is clear
that a disordered region is spreading from the surface
into the bulk. This disordering is also evident in the
MSD profile, shown in Fig. 12 at the same to instants.
Again this disordered region is identified to be liquid on
the basis of the diffusion constant, which is determined to
be =~1.2X 1078 m?/s at 2000 K, a value comparable to
that of the bulk liquid.*®

Figure 13 shows N4 as a function of time for the four
temperatures studied. There is a clear linear increase in
the number of defected atoms with time, and propagation
velocities may be extracted (Table I). For the three tem-
peratures at which simulations were performed for both
the surface and the GB, we find that the velocity is the
same for both. The implication is that, after the initial
nucleation, the melting behaviors are the same. This is
consistent with our interpretation in Sec. III that the
melting observed is ordinary thermodynamic melting.

V. CONCLUSIONS

In this paper we have presented molecular-dynamics
results on the characteristics of melting in Si initiated at a
high-angle twist grain boundary and at a (110) free sur-
face at temperatures above the thermodynamic melting
point T, associated with the SW potential. By using
different ways of determining the growth of the melt and
by extrapolating the various growth rates to zero velocity
of propagation, we have shown that the extrapolated
temperature is in agreement with T, as determined by
free-energy calculations.’® The choice of an interatomic
potential with a known thermodynamic melting point
and the use of crystal configurations with and without an
extrinsic surface have enabled us to explicitly demon-
strate the connection between melting, in the thermo-
dynamic definition in terms of the free energies, and melt-
ing when the system is superheated.

The major conclusion from this work is that nucleation
at an extrinsic surface is the predominant mechanism of
melting, since other possible mechanisms, involving lat-
tice instability or spontaneous generation of defects, ei-
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ther do not occur by thermal activation alone or have
slower kinetics. This conclusion, which, as discussed in
the Introduction, is entirely in accord with experiment,
leads us to question the relevance of theories of melting
that are based on thermal generation of defects.

Our results also show that when an extrinsic surface is
absent, as is the case of a perfect-crystal model with 3D
periodic borders, the upper limit of superheating is the
point at which the lattice loses its mechanical stability, a
process that is readily observed by simulation. These
findings are fully consistent with a separate study,
presented in the following paper, of an fcc metal for
which the potential function and crystal structure are
quite different from silicon (paper II). This consistency is
important not only for the wider validity of the con-
clusions, but also for demonstrating that our border con-
dition (Sec. IT A and Ref. 40) and method of data analysis
are generally useful. The observation that superheating is
impossible, except in the absence of extrinsic surfaces, is
consistent with the experiments discussed in the Intro-
duction.

From our investigation, it appears essential to know
the thermodynamic melting temperature associated with
a given potential, in order to understand the high-
temperature behavior found in its applications. Indeed,
we believe that the important distinction between the
thermodynamic melting temperature, 7T,,, and the
mechanical melting temperature, 7, has not been fully
appreciated in the simulation literature. It appears that
phenomena previously believed to occur below the tem-
perature at which the bulk melts, may actually have oc-
curred above T,,. Calculating T,, by free-energy analysis
is a time consuming and technically difficult process, as is
illustrated in Paper II. We note that extrapolation of
solid-liquid interface velocities to zero provides a con-
venient operational way of obtaining T, .

As to the question of premelting, our results on the
(110) twist bicrystal show that this grain boundary with a
large spacing of lattice planes parallel to the GB plane is
quite stable in silicon up to temperatures close to the
thermodynamic melting point. -‘That this, in fact, holds in
general is strongly suggested by the corresponding results
obtained on a (100) twist boundary in Cu (Paper II).

We have studied the free surface here in order to show
that different kinds of extrinsic surfaces can provide nu-
cleation sites for the initiation of thermodynamic melt-
ing. It should be noted that the melting behavior of free
surfaces of Si is a problem of considerable current interest
in its own right.!”#6% Simulation of laser-pulse melting
of (100) and (111) surfaces has shown quite different inter-
facial characteristics.!” Also a recent careful study of
crystallization and melting at the (100) surface gives
propagation velocities showing the proper asymmetry be-
tween the two processes.*® Our data on the propagation
velocity on melting (i.e., above T,,) are in reasonable
agreement with these results.

Finally, to our knowledge this is the first simulation
where the effects of an internal interface and a free sur-
face are explicitly compared. It seems that other studies
of interfacial properties can usefully exploit the com-
monality of these two systems.
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