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Melting of solids usually starts with a thin liquid layer forming on the surface at temperatures below their
bulk melting point. While the liquid phase formation in the so-called premelting is understood to be governed
by the interface energies among the coexisting solid, liquid, and vapor phases, the influence of the underlying
crystal structures on its kinetics, and atomistic mechanisms are unknown, and consequently, ignored in the theory
of melting. Here we report the first observation of a strong influence of the underlying crystal structure on
melting kinetics with the resulting localization and delocalization behavior of the surface disordering and the
liquid layers. With increasing temperature, the surface disordering remains in the localized state with a constant
thickness in fcc crystals, whereas it becomes delocalized by growing steadily into the bulk in bcc crystals. In
both cases, the surface melting is found to occur with highly correlated atomic motion in the form of extended
atomic chains and loops that emit from the disordered surface and transmit to the bulk. This newly discovered
mechanism in surface melting is behind the surface melting kinetics: The close packed fcc crystal can effectively
impede the correlated atomic motion and limit the surface disordering to only the localized region on surface,
while the more openly packed bcc crystal allows for its proliferation by tunneling from the surface into the
bulk of the crystals. These findings provide valuable insights for future development of new theories of crystal

melting.
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I. INTRODUCTION

Except in a few highly controlled cases to deliberately
avoid heating from the surface [1,2], melting naturally starts
from the surface of solids. This happens for two reasons:
one is that heat needs to be transmitted from the surface
to the inside, and the other is the existing disorder of the
surface. As a result, surface melting occurs at a relatively
lower temperature than the melting point of the bulk by first
forming a surface liquid phase [3]. The existence of this
thin liquid layer has fascinated scientists for ages, ranging
from the explanations of ice skating to sintering particles at
low processing temperatures in metallurgy [4,5]. Advanced
experimental approaches indeed reveal the formation of liq-
uid layers during the premelting process via, for example,
shadowing and blocking diffraction in proton scattering [6],
x-ray diffraction [7], and differential scanning calorimetry
[8], just to name a few. The formation of the liquid phase is
explained by a thermodynamic relationship among the surface
and interface energies, i.e., ¥, + Va = Vsv, Where vy, is the
original solid (s)-vapor (v) interface energy before the solid
surface melts into a liquid, y, the solid-liquid (1) interface
energy after the liquid phase forms on the surface, and y;,
the new liquid-vapor surface energy after the surface becomes
liquid. The inequality indicates that once formed, the solid-
liquid interface becomes unstable and propagates to the bulk
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upon further heating, leading to the final melting of the bulk,
while the equality signals a co-existence of all three phases
at premelting temperature [9]. Computer modeling provides
some detailed atomic processes of premelting and confirms
that the atoms on the surface become more easily agitated at
the premelting temperature and the formation of a liquid layer
that further grows into the bulk, resulting in bulk melting [10].

In this work, we report findings from an atomistic modeling
of premelting in two typical crystalline materials that have
neither been anticipated nor observed in both experiments
and theories including atomistic modeling. Different from the
generic picture of surface melting with a liquid layer forming
and propagating straight into the bulk, we observe two rather
different kinetic behaviors of the surface disordering and liq-
uid layers before and during premelting. For fcc metals, once
the surface disorder occurs, the disordered layer(s) remains in
the localized state with a nearly constant thickness even upon
further temperature increase; for bcc metals, it becomes delo-
calized by growing steadily into the bulk with the increasing
temperature. This strong dependence of the surface disordered
layer on the underlying crystal structure is found to be the
result of the unique atomic mechanisms of surface melting
that have not been known before: Rather than random, highly
correlated atomic motions are observed to form in the form of
extended atomic configurations (EACs) of chains and loops in
surface mediated melting. These correlated atomic configura-
tions emit from the surface disordered layer and transmit to
the bulk that cause the final bulk melting. Therefore, for the
close packed fcc crystals, the densely packed atomic structure
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can make the propagation of the correlated atomic motions
difficult, which causes the disordered layer to be localized
at the surface regions. In contrast, the more open bcc crystal
allows for easy proliferation of the atomic chains and loops by
tunneling into the bulk of the crystals. Hence the disordered
layer becomes delocalized once formed. These findings, i.e.,
the correlated atomic motion originated from the surface and
the strong dependence of surface mediated melting on the
underlying crystal structure, shed light on our understanding
of surface melting, and challenge the existing theories which
so far have not taken into consideration the collective atomic
motion nor the dependence of the underlying crystal structure
in the formulation of crystal melting.

II. METHODS

In this work, we use Cu and Ta single crystals with (100)
surfaces as examples. Other surfaces, namely the (110) and
(111), are also tested and the results remain qualitatively the
same. Hence we only report the results from the samples with
(100) surface. There are a large number of prior works on
melting of Cu (100) surface that provide references for this
work [11-13]. The bcc Ta has a more open atomic packing
as compared to fcc Cu. The latter is about 8.8% higher in
its packing density than the former. As shown below, this
difference leads to the profound difference in the localization
and delocalization behaviors of the surface disordered liquids
in premelting and the subsequent bulk melting.

To simulate melting and the related atomic-level prop-
erties, we use the classical molecular dynamics (MD)
simulation implemented via the large-scale atomic/molecular
massively parallel simulator (LAMMPS) [14]. The embedded
atom method interatomic interactions are used in both Cu and
Ta [15,16]. For Cu, three samples with 13 950, 108 000, and
625 000 atoms were used to test the size effect. For Ta, we also
examined the size effect in our previous work [17]. We found
that the systems with 54 000 atoms for Ta and 108 000 atoms
for Cu are sufficient that have no obvious size effect; and
hence, we report our results here mostly from these samples.

Three types of samples with (100), (110), and (111) sur-
faces are constructed for each metal. For each sample with
a specific surface, we arrange the atoms in both the fcc and
bce crystals with two surfaces exposed on two sides of the
sample, while the distance between the surfaces is sufficiently
large such that along the direction z of the surface normal such
that the atoms on the surfaces do not interact with each other.
Along the other two directions parallel to the surfaces, x and
v, the atoms still retain the periodic boundary conditions.

We use the isothermal-isobaric (NPT) ensemble MD to
simulate melting in the samples and in particular, the NoSe-
Hoover method [18,19] to control temperature. The Newton
equation of motion is solved numerically with a time step
of 1 fs per step. After equilibration, the samples are heated
from 300 K until they melt. At each time interval of 1 ps we
change the temperature by about 0.1 K. We save the atomic
trajectories for analysis and calculation of structures and prop-
erties. Note that since temperature 7 is linearly related to time
t through the heating rate, the two are used interchangeably in
this work.

For better reference, we list the various melting points be-
low obtained from this work. For fcc Cu, the premelting point
for (100) surface is Tpremetting = 1350 K, the bulk melting point
is TS = 1364 K and 7™ = 1555K [13] with and without
surfaces from the MD simulations, whereas the experimental
melting point is 7,7 = 1357K [20]; and for bcc Ta, the
premelting point for (100) surface is Tpremeiting = 2919 K and
the bulk melting point is 73" = 3094 K and 7> = 3430 K
[21] with and without surfaces, whereas the experimental one
is T, = 3290K [22]. For both crystals, the bulk melting
points are obtained with the heating rate at 10'' K/s in the
MD simulation of the samples with and without free surfaces.
The higher bulk melting point T™* without the surface is
caused by superheating [23]. The slight differences in the
melting point with the surface present from the experiment
are caused by the interatomic interactions that are fitted with
other material properties.

III. RESULTS

A. Surface disordering and premelting

Our current understanding for premelting is that it starts at
a lower temperature than the bulk melting point with a thin
layer of liquid forming on the surface, a few atomic layers
at most. For such a small or thin region, it is difficult for
experimental measurement to detect the changes in the atomic
structure and surface properties. In contrast, atomistic mod-
eling enables us to track each atom and monitor the surface
disordering and melting in relation to the atomic structure
change. It is known that under thermal agitation, atoms start to
move away from their lattice positions. To determine precisely
the nature of the surface disordering and possibly melting, and
the onset of surface and bulk melting, we use the following
quantities.

The first is the mean square displacement (MSD) for each
atom i, Ar2(t) = |7 (t) — 75 (0)]?, where 7 (¢) is the dis-
tance between the position Ti)(t) at time ¢, or temperature 7,
and the initial position 7; (0) at temperature T = 300 K, or
initial time ¢+ = 0. For a system at a given temperature, the
MSD is calculated by taking the average over the number
of atoms, (Ar?)(t) = %Zf\’:l 17(t) — 7(0)°, where N is
the number of the atoms. If we chose N for the atoms on
the surface layer(s), or the interior excluding the surface, or
the entire sample, the MSD represents the atomic position dis-
order in the different regions. From the definition, the higher
the temperature, the larger the MSD, and more severe the
atomic position disordering.

Since the surface is only a few atomic layers thick, the
change of the MSD related to the surface is relatively small
if averaged over the atoms in the entire sample. To detect
the local change on the surface represented by the MSD, we
also use the non-Gaussian parameter [24,25] o, = ;(2—:2;2 —
Here (Ar?) and (Ar*) can be obtained from the MSD Ar
mentioned above. By definition, o, can capture the MSD
that does not follow the Gaussian distribution of the MSDs
contributed from the atoms in the interior of the sample at
temperatures before bulk melting. That is, as a sample with
surfaces is heated up, all atoms execute MSD from their
lattice position. The surface part that has larger MSD does
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not follow the Gaussian distribution of the MSD dominated
by the large number of atoms from the interior. This skewness
can be picked up sensitively by «,. When the large atomic
displacement occurs on the surface while the atoms inside
the sample still execute small displacement, the distribution
of the MSD will deviate from the Gaussian, and therefore,
o becomes a nonzero value. From this, we can determine
the onset temperature for surface disordering. In addition, at
higher temperature, the atomic displacements in the entire
sample become homogeneous when the bulk starts melting,
then o, becomes zero again.

Figures 1(a) and 1(b) shows that as Cu and Ta are heated up
from 300 K, the MSD increases slowly and in almost a linear
fashion. Here we normalize the MSD by the nearest neigh-
bor distances to get the relative displacement, or Lindemann
parameter, §;. About a few hundred degrees before the bulk
melting point is approached, §; rises up sharply, for both Cu
and Ta. The values of «; rise up rapidly also but at much lower
temperature, about 883 K, or 0.65Tn§‘“f, for Cu and 1641 K,
or 0.54T"", for Ta, where T3 is their respective bulk melt-
ing point of the samples with (100) surfaces. The rising a»
from zero indicates that the surface regions start to disorder.

At about 1050 K, or 0.7677;;““, for Cu and 1911 K, or
O.63T,;j“rf, for Ta, a, reaches its peak value; and precisely at
this temperature, the MSD rises sharply and deviates from the
(low temperature) linear trend. The values of «, subsequently
decline after reaching the peak values. The decrease in the
value of a; signals that the local displacement or disorder oc-
curred on the surface region starts at 883 K for Cu and 1641 K
for Ta is now weighted down by the MSD from the atoms
inside the sample. The emergence of the disordering from the
interior contributes to the continuously increasing MSD, and
as the MSD of the interior atoms becomes more dominant,
a, decreases. Further increase of temperature results in the
disappearance of o, where the MSD becomes homogeneous
through the samples, which corresponds precisely to the bulk
melting at 73" = 1364 K for Cu and 7" = 3094 K for Ta
[Figs. 1(a) and 1(b)].

Surface melting is previously determined by the degree of
surface atomic position disorder via the MSD, or the direct
visual observation of the atom trajectories [26,27], which is
also shown in Fig. 1 by the atomic configurations for Cu
and Ta at some representative temperatures mentioned above.
One can clearly see that at the surface disorder temperature
Tout_ais Where oy becomes nonzero, the atomic structure on
the surfaces are actually fairly ordered, and at the temperature
corresponding to the peak in «;, the atomic position displace-
ments in the surface as well as inside the samples get bigger,
but the structures still remain crystalline. At temperatures
slightly below the bulk melting point, the disorder on the
surface becomes larger and deeper inside the bulk. The more
random the trajectories are, the larger the MDS, and the more
disordering. According to the previous works, when the MSD
reaches a critical value, namely, the Lindemann critical value
[28], melting is claimed.

We have shown [17] that this criterion to determine pre-
melting, as well as bulk melting, is not only imprecise but
fundamentally incorrect, since the MSD contains both the
atomic position disorder and the diffusional displacement,
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FIG. 1. The Lindemann parameter §,, the non-Gaussian param-
eter ay, and the structure factor S(k) for Cu (a) and Ta (b) with
(100) surface versus temperature (bottom x axis) and normalized
temperature by the melting point (top x axis). Snapshots of the
atomic configurations shown at different temperatures for fcc Cu at
(al) 800 K, (a2) 1050 K, (a3) 1356 K, and beec Ta at (b1) 1500 K, (b2)
1911 K and (b3) 3080 K. (c¢) The structure factor S(k) and local §;
for surface atoms versus normalized temperature by the bulk melting
point for Cu and Ta. The surface disordering temperatures of Cu and
Ta are labeled as T2 and 75", the premelting temperatures
are T2 and TP*™""%  and the bulk melting temperature T3
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especially at the high temperature close to melting. The atoms
engaged in diffusion jump between lattice positions does not
contribute to any information of topological disorder relevant
to melting [17,21]. Hence, the MSD based on Lindemann
criterion cannot predict melting, which holds true here in the
case of surface mediated melting for Cu and Ta. From the
MSD and «, shown in Fig. 1, we can see that the surface
becomes disordered at certain characteristic temperatures, al-
though the surface Lindemann value §;, is reached the value
that predicts melting, for Cu, it is 0.134 at 0.86Tn§urf and Ta
0.161 at 0.64TmSurf [Figs. 1(a) and 1(b)]. Since these §, are
averaged in the entire sample, the Lindemann parameter may
not reflect the disorder of the surfaces. Figure 1(c) shows the
local MSD for the atoms only in the surface regions, about
three atomic layers, during heating. Like §; obtained from the
entire samples [Figs. 1(a) and 1(b)], the surface MSD rises up
at much lower temperature, but as shown below, no premelting
occurs until much higher temperatures are reached. Hence,
the MSD based quantities such as §; tell us certain structure
disordering but not melting.

To find out whether or not a liquid layer forms, that
is, true surface melting, we need to use other quantities to
directly probe the surface and the bulk atomic topological
disordering. One is the structure factor defined as S;(k) =

%IZL exp(ik o r,-j)lz), where k is the wavevector which
is along the (111) directions in fcc Cu and (110) directions in
bec structure, 7;; is the nearest neighbor pair distance centered
at atom i, and j that runs over all N nearest neighbors. S(k)
defined here corresponds to the first diffraction peak with the
wavevector k. The value of the S;(k) is close to one in a
perfect crystal and zero in liquid state. The first eight near-
est neighbors of bec Ta often become indistinguishable from
those of the six second nearest neighbors when temperature
is high. For this reason, we use N = 14 for Ta. For the atoms
on the surface layer, we use the number of the actual nearest
neighbors.

Figures 1(a) and 1(b) show that at 300 K, the structure
factor S(k) for the entire samples of both Cu and Ta is about
0.9. The slight decrease from one is due to thermal agita-
tion. As temperature increases, S(k) decreases smoothly; at
the onset of surface disordering where o, becomes nonzero,
S(k) is at about 0.8 for Cu and 0.7 for Ta, which indicates
that the samples are relatively ordered despite the disordering
occurring on the surfaces. The decreasing trend continues
until the temperature reaches the bulk melting point where
S(k) eventually drops to zero. Since the results are obtained
by averaging over the entire sample and the surface con-
tributes only a small portion, there is no visible drop in
the value of S(k) before bulk melting suggesting that there
is no apparent liquid phase formation at temperatures be-
low the bulk melting point. The S(k) obtained in Fig. 1(c)
is obtained from the atoms in the surface layers. It shows
obvious decrease prior to the bulk melting. However, since
the drop is too close to the bulk melting points, more di-
rect and precise measurement is needed to find the surface
premelting.

In order to obtain the structural information from the thin
top layers of surfaces, we used another structure parameter,
the two-dimensional radial distribution function (2DRDF) de-

_ _n(r~r+Ar,6~04+A0) R
fined as g(r,0) = At Ar0~61A0)0m for the atoms within 2

~3 top surface layers, or about 1.65 A in thickness, where
A is the area of a surface region bounded between the radial
distance r and r 4+ Ar in the plane parallel to the surface,
and polar angle 6 and 6 + AG; n(r ~r+ Ar,0 ~ 0 + AB)
is the number of atoms inside the thin slice, and pg is the
mean atomic number density of the slice. The 2DRDF can
give us direct information about surface disorder and liquid
layer formation. Figure 2 is a series of the 2DRDFs for Cu
and Ta during heating starting from 300 K to the temperatures
slightly below the bulk melting point where premelting on
the surface is suspected. The 2DRDFs show that the (100)
surfaces in both Cu and Ta remain in a fairly ordered crys-
talline state up to the temperatures just slightly below the bulk
melting points as evidenced by the clearly periodic patterns
formed by the underlying surface crystalline structure. These
crystalline patterns only begin to disappear at the premelting
point Tyremelting = 1350 K for Cu, about 15 K, or Tpremelting =

0.997 3" before its bulk melting point at 75" = 1364 K, and
at 2919 K for Ta, which is 75 K, or T = 0.96T ",

premelting
below its bulk melting point at TS = 3094 K. At these tem-
peratures, the surfaces become true liquid that not only has no
translational symmetry as shown in the 2DRDFs, but also no
orientational symmetry [17].

B. Stability of the surface liquid phase

Our results show unambiguously that a liquid phase indeed
forms in the top surface layers as suspected at the premelting
temperature which is very close to the bulk melting point,
particularly for Cu. The difference between the premelting

temperature 7. .ip, and bulk melting temperatures Tsurt,

(Tniurf — Tpremelting)/ Tni“rf, is about twice as larger for Ta as that
for Cu. In other words, Ta is much easier to premelt than Cu.
In the following, we shall demonstrate that this difference is
in fact a manifestation of a far more profound kinetic property
of the surface mediated melting dominated by the underlying
crystal structures: Once the liquid layer forms, the surface
becomes unstable as the samples are heated continuously.
As a result, the liquid layer grows into the bulk, causing
bulk melting. In the following, we focus on how the surface
liquid phase, once formed, propagates into the interior of the
crystals, or the kinetics of the surface mediated melting.

To monitor the motion of the surface liquid layer, we mea-
sure the atomic position disordering from the surface down
to the inside of the crystals during heating. To do so, we use
the atomic number density profile (ANDP). The profiles are
obtained by cutting the samples into thin slices of about 1 A in
thickness at the position z parallel to the surface and counting
the number of atoms in each slice. When a sample is in the
ordered crystalline state, the number density exhibits peri-
odic oscillations which reflect the underlying atomic planes;
otherwise, if disordering occurs, its magnitude decreases and
width broadens; and in the completely disordered liquid state,
the periodic oscillation disappears. By properly identifing the
position of the liquid-solid interface and its movement during
heating, we can monitor the stability and movement of the
surface liquid phase.

Figures 3(a) and 3(b) show the ANDPs of Cu and Ta along
the direction perpendicular to the (100) surface at various
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1358 K

FIG. 2. The 2DRDF:s for Cu (a) and Ta (b) at various temperatures.

temperatures approaching their bulk melting points. When the
sample is in the ordered crystalline state, the ANDP exhibits
periodic oscillations with the top surface layers having smaller
magnitudes. As temperature goes up, disordering occurs and
consequently, the magnitude of the density peaks decreases

and width broadens; the decrease and broadening is larger for
the top surface layer and the layers close to the surface than
those in the interior. In the liquid state, the periodic oscillation
disappears and the density approaches the mean value of the
liquid phase.
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FIG. 3. The atomic number density profiles for Cu (a) and Ta (b)
at different temperatures. As an illustration, we use the red arrow to
mark the location of the interface between the liquid surface layer
and the underlying crystal at 1358 K for Cu and at 3080 K for Ta.
The bulk melting point is 1364 K for Cu and 3094 K for Ta in our
MD simulations respectively. (c) The relation between the density
of top 3 layers, shown in the light yellow regions in (a) and (b),
versus temperature of Cu and Ta. (d) The zoom-ins of (c) close to
the melting point.

Consistent with the observation in the 2DRDFs, the
ANDPs of the surface layers at the temperatures below the
bulk melting points indeed become flattened: for Cu it occurs
around 1350~1356 K and Ta at 2919~3030 K [see Figs. 3(a)
and 3(b)]. Figure 3(c) summarizes the change of the peak
height for the top surface layers in the ANDPs at different
temperatures. While it is obvious that for both Cu and Ta,
the peak heights decrease with increasing temperature, Cu
shows an abrupt drop at premelting whereas Ta exhibits a
gradual change. To see more clearly the manner in which
the drop occurs, we plot the peak heights closer to the bulk
melting points in Fig. 3(d). The difference in the change of the
crystalline order in premelting between Cu and Ta suggests
that their surface liquid phases have different kinetic behaviors
upon premelting and subsequently in causing the surface me-
diated bulk to melt for the two crystals with different atomic
structures: For Cu, the surface layer remains relatively stable
upon being heated to premelting and further to bulk melting
point, whereas for Ta, the surface disorders progressively and
a liquid phase forms, and at the same time pervades the bulk.
In the following, we examine the movement of the liquid
phase in the two systems.

C. Movement of the surface liquid phase:
localization vs delocalization

From the ANDPs we can locate the liquid-solid interface at
the location corresponding to the midpoint on the ANDPs that
changes from the liquid to the solid phase, which is marked by
ared arrow in Figs. 3(a) and 3(b). By following the movement
of the interfaces at various temperature or time as we contin-
uously heat the samples, we can measure the velocity of the
interfaces. Figure 4(a) is the plot of the interface location d
from the original position of the top surface layer and Fig. 4(b)
is the velocity v obtained from fitting the interface positions
versus time.

At low temperature, Ad is simply the mean surface posi-
tions. As the surfaces become disordered when the samples
are heated up, the surfaces fluctuate and their positions ex-
pand. This is corroborated by that at the temperatures marked
by the rising of the nonzero o, values, ~0.54Tnj“rf for Ta
and ~0.65T" for Cu as shown in Fig. 1, Ad shows a step
in Fig. 4(a). As temperature increases further, Ad for Cu
increases slowly, which is consistent with the observation as
shown in the 2DRDFs (Fig. 2) that the surfaces experience
thermal agitated disordering while still hold the crystalline
order. Correspondingly, the surface shows no movement with
nearly zero velocity v, or the surface disordering is localized
[Fig. 4(b)]; the small, nonzero value comes from the surface
expansion during heating. For Ta, the disordering region Ad
becomes larger and increases steadily. At higher temperatures
corresponding exactly to the premelting, both Ad and v start
to rise up. In particular, for Ta the liquid phase formed on
the surface layers begins to move toward the interior with
an almost divergent velocity at ~0.96T"". Tn contrast, the
surface phase in Cu remains stationary up to ~O.99Tn§”rf,
right before the bulk melting occurs. In other words, the
surface disordering of Cu exhibits a tremendous stability, or
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FIG. 4. (a) The thickness Ad of the surface disordered and liquid
layers of Cu and Ta and (b) the liquid-solid interface velocity of Cu
and Ta versus temperature during melting process. Since the length
of the sample changes during heating, we normalize Ad by the length
of sample at each temperature. Below premelting, Ad measures the
disordered crystalline surface mean position.

resistance to delocalization throughout the temperature range
until premelting, whereas that of Ta grows steadily with a
nearly constant velocity [Fig. 4(b)].

In the following, we show that the different kinetic behav-
ior of the surface disordered and liquid layers for bcc Ta and
fcc Cu is related to the underlying crystal structure: the more
densely packed fcc crystal surface prefers to have a layer of
disordered or liquid staying in a constant thickness, or being
localized once it forms, while the more open or loosely packed
bece crystal exhibits growth, or delocalization. The underlying
reason is related to their unique atomic mechanism of surface
mediated melting, i.e., formation and kinetics of the correlated
atomic configurations.

D. Correlated atomic motion as a mechanism
for surface mediated melting

Melting is an atomic position disordering process with
atoms being displaced out of their lattice positions by thermal
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FIG. 5. The probability for particle displacement described by
van Hove function G,(r, t) at 1099 K of Cu (a) and 2000 K of Ta (b)
that are used to define mobile atoms.

agitation. Therefore, this process is thought to be random and
chaotic. Recent works have revealed a more detailed atomic
process in bulk as well as surface mediated melting where
highly correlated atomic motions are involved [29]. Instead
of carrying out independent or random displacement, atoms
in the heated crystals form extended, or correlated atomic
configurations in the form of atomic chains or loops; and these
atoms move collectively. Melting is found to be related to the
proliferation of those EACs. In the following, we show that
the above-reported kinetic behaviors are originated from this
atomic mechanism.

To identify the correlated atomic configurations, we first
define the mobile atoms that have their MSDs larger than
the threshold values, 0.35r,, for fcc Cu and 0.43r,, for
bce Ta as shown in Fig. 5, where r,, is the nearest neigh-
bor distance at a temperature. r,, corresponds to the valley
position between the first and the second neighbors in the
corresponding crystals’ RDF. When the MSD is larger than
this value, the atom has moved away from its lattice position
and is “mobile”. If two nearest atoms are moving away from
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FIG. 6. The percentage of mobile atoms of the surface and bulk
region for Cu (a) and Ta (b) versus temperature. The x axis of
temperature is also normalized by the respective melting temperature
of Cu (1364 K) and Ta (3094 K).

their respective lattice positions simultaneously, they form
the unit of the correlated atomic configuration [29-32]. For
example, mobile atom i and j form a collective atom displace-
ment if they are still in each other’s neighborhood, that is,
min[|(r;(At) — r;(0)], |(#;(0) — r;(At)|]] < r*, the threshold
r* is 0.35r7,, for fcc Cu and 0.43r,,, for bcc Ta shown in Fig. 5.
By identifying all possible units that are moving together,
we can map out the correlated atomic motions involved in
melting. As shown below, these units take two forms, chain
or loop.

Figures 6(a) and 6(b) show the number fraction of mobile
atoms in the surface region and the interior of the sample
excluding the surfaces for Cu and Ta. At low temperature,
there are few mobile atoms present as both the surface and
the interior remain in a crystalline state. As the temperature
increases, above about 0.657 """ for Cu and 0.54T""" for Ta,
the number of mobile atoms in the surface region begins to

increase; and the onset of its rise coincides precisely with the
surface disordering temperatures observed in oy and MSD in
Fig. 1. In general, one finds that at each given temperature
below the bulk melting point, there are more mobile atoms on
the surfaces than in the bulk. At the premelting temperature,
the surface mobile atoms proliferates and at the bulk melting
point, their number increases dramatically.

Another intriguing observation is the difference in the tem-
perature dependence of the number of mobile atoms in the
surface region, as well as the interior, between fcc Cu and
bce Ta: At the onset of surface disordering, the fraction of
the mobile atoms on Cu (100) surface quickly rises up and
continues to increase with the increasing temperature. Since
the slope of the curve gives the rate of the production of the
mobile atoms, one can see in Fig. 6(a) that the fcc Cu surface,
once becomes disordered, will continue with the disordering
with a steady growth rate of the mobile atoms. In contrast,
the interior region shows little change, i.e., the number of the
mobile atoms remains nearly negligible until the bulk melting
is approached. The sample finally melts when the number
of the surface mobile atoms diverge at the bulk melting
point.

Ta shows just the opposite behavior: Once formed at a
slightly lower onset temperature at 0.657"" the surface dis-
ordering reaches a plateau with nearly a constant number
fraction of the surface mobile atoms [Fig. 6(b)]. In the mean-
time, the number of mobile atoms in the interior of the sample
starts to increases rapidly at about 0.677" with the in-
creasing temperature. The number of the mobile atoms inside
the sample quickly dominates the overall disordering process
including the final melting: At about 0.857 ", the number
of the mobile atoms inside the sample outgrows rapidly and
passes that of the surface which remains nearly unchanged. In
the following, we give the reasons behind these observations,
and other results presented early. One is the strong depen-
dence of surface disordering and melting on the underlying
crystal structure, and the second is the atomic mechanism
of melting resulted from the formation and kinetics of the
collective atomic configurations.

Since the (100) plane of the fcc Cu is denser than that of the
bce Ta, the latter becomes disordered relatively easily under
thermal agitation. Hence Ta has the lower surface disordering
temperature and the relatively higher number fraction of mo-
bile atoms compared to that of Cu [Fig. 6(a)] and the quick
saturation of surface disordering by the number of surface
mobile atoms [Fig. 6(b)]. The same reason is also behind the
change of the interior mobile atoms. As shown in Fig. 6(b),
mobile atoms start to form inside the Ta crystal as soon as
the surface disordering just becomes saturated, or reaches the
plateau region at about 0.85T,Z“rf. The fraction of the mobile
atoms formed inside the crystal increases exponentially with
the increasing temperature, while that of the surface remains
a constant. Apparently, the easy generation of disordering
allows the surface as well as the interior to disorder easily
because of its more open structure. As a comparison, the
more close packed the fcc crystal, the harder it is for Cu to
generate disordering, as compared to Ta on surface, and even
more difficult inside the crystal, which requires a longer time,
or higher temperature to accomplish. Therefore, the underly-
ing crystal structure plays an important role in the different
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kinetic behaviors of surface and bulk disordering during sur-
face mediated melting.

The difference in melting kinetics during heating is also
manifested through the unique atomic mechanisms through
the correlated atomic movement for the EACs formed by
the mobile atoms. When an atom vibrates with an amplitude
larger than a threshold value, it presumably moves out of
the equilibrium lattice position. The atomic motion does not
appear to be completely random as thought [30]. Instead, each
atomic motion is correlated to another atom’s movement, col-
lectively they form the extended atomic configurations of the
mobile atoms that are moving synchronously. Our early work
[17,21] established the connection between these collective
motion of the extended atomic configurations and melting
transition in perfect crystals without surfaces: When a suffi-
cient amount of these EACs are formed, their mutual inter-
action becomes intense enough to break the crystal structure
and hence causes melting. The same mechanism appears to
act similarly here in surface mediated melting. Figures 7(a)—
7(d) show the snapshots of the correlated atomic motion. One
can see the atomic chains and loops in Cu and Ta at different
temperatures. For better visualization, we plot both the top
and side perspective views of the samples, so one can see the
EAC:s on the surface and inside the samples clearly.

As shown in Fig. 7(a), for Cu the EACs form primarily
on the surface and as the temperature increases, more EACs
appear on the surface [Fig. 7(b)] and little forms in the interior
of the crystal [Fig. 7(e)], even at relatively high temperature
close to the bulk melting point at 0.957 " [Fig. 7(f)]. For Ta,
the situation is just opposite: The EACs form on the surface at
relatively lower temperature and quickly become saturated to
a plateau value [Figs. 7(c) and 7(d)]. At higher temperatures,
more EACs start to appear on the surface and also inside the
sample [Figs. 7(g) and 7(h)].

Note that in both Cu and Ta, most of the EACs inside the
crystals are originated from the free surfaces; and the surfaces
are the source mediating EACs that subsequently permeate to
the inside of the samples. The EACs in Ta form both chains
and loops [Figs. 7(g) and 7(h)], while those of Cu mostly
chains and a few loops which can be seen clearly in Figs. 7(e)
and 7(f). The difference in this behavior is quantified by the
number of the chains and loops at each given temperature as
shown in Fig. 8. The EACs start to form at the corresponding
surface disordering temperature with the chains emerging first
and followed by the loops. In general, there are more chains
than loops. For Cu, a few loops form, and even when they
form, the loops are mostly confined to the surface, forming
the rings beginning and ending on the surfaces [see Figs. 7(e)
and 7(f)]; while for Ta, both chains and loops form that emit
from the surface to the bulk [see Figs. 7(g) and 7(h)].

IV. DISCUSSIONS AND CONCLUSIONS

Melting starts on the surface of solids with the forma-
tion of a thin liquid layer at a lower temperature below the
melting point. Further increase of temperature leads to bulk
melting which is traditionally perceived as the growth of the
surface liquid phase governed by the thermodynamic relation,
Viv + Vs1 > Vs Despite the past extensive research, the ki-
netics and atomic mechanisms of premelting and the surface

(9) Ta (h) Ta

FIG. 7. The snapshots of the extended atomic configurations of
the loops and chains that execute the correlated diffusive atomic
motion on crystal lattices for the fcc Cu and bcc Ta with the (100)
surface at different temperatures. At low temperatures, the EAC
shows on the surface with top view for Cu at (a) 0.70T,flurf and (b)
0.75T"; and for Ta at (c) 0.60T" and (d) 0.62T"", where 73"
is their bulk melting point in the samples with surfaces. At higher
temperatures, the EACs appear inside the crystals which are plotted
with the perspective view for Cu at (e) 0.907* and (f) 0.95T";
and for Ta at (g) 0.777:*" and (h) 0.807*"". To distinguish different
chains and loops, we color them differently.

mediated melting remain little known. In this work, using
extensive atomistic modeling we provided detailed informa-
tion and analysis for premelting and bulk melting mediated
by surfaces. We show that at elevated temperatures, surface
disorders first, followed by premelting where about a few
atomic surface layers become liquid. Upon further heating,
the liquid phase pervades the interior of the crystals, causing
bulk melting.

134204-9



FAN, CHEN, PAN, LIU, LIU, AND LI

PHYSICAL REVIEW B 104, 134204 (2021)

Time, t (ns)
7 8 9 10 11
] T u T % T . T v
2 1 @)
§ /
s 104 3
=1 3
ié ] MV’
8 ] \/’A"/.\r
o /«,//
£ 10? 3 E
kel ]
el
(3]
©
S 4
£ 104 ;
3 E /‘ —=— Loops
‘5 ] | —— Chains
o} ] |
= | V\f
100 < — - - . . =
T T
0.7 0.8 0.9 1.0
Temperature, T/T
Time, t (ns)
12 14 16 18 20 22 24 26
10* E ' T Y T ¥ T Y T Y T y T T T #
(b) ;

y - -

(=) o o
% ) W
1 'l wul

e
(=]
°
i TR T

—=— Loops
+— Chains

No. of extended atomic configurations

: ; T : r . : . r
0.5 0.6 0.7 0.8 0.9 1.0
Temperature, T/T

FIG. 8. The total number of the extended atomic configurations
in the forms of chains and loops versus normalized temperature
T/ T,j‘"f (x axis on the bottom of the figure) and time ¢ (x axis on
the top of figure in continuous heating of Cu (a) and Ta (b), where
T is their bulk melting point in the samples with surfaces.

m

Perhaps the most intriguing discovery from this work is
how the surface liquid-crystal interface becomes unstable and
subsequently moves into the crystal. We show that both the
surface disordering and premelting depend strongly on the un-
derlying crystal structures. The loosely packed bcc structure
can promote the formation of surface disorder as well as cause
disordering inside the crystal, leading to delocalization of the
surface disordering during the surface mediated melting. In
contrast, more densely packed fcc structure is more effective
in impeding the formation and propagation of the surface
disorder, resulting in a slow or sluggish movement of the
surface disordered region, or localization. During this kinetics
process, we found that the highly correlated atomic motion in
the form of extended atomic chains and loops are carriers to
spread the disorder that emit from the disordered surface and
transmits to the bulk. The final melting of the entire sample is
dependent on the manner of how these EACs behave, and the
atomic mechanisms of surface mediated melting.

The localization and delocalization behavior for the surface
premelted liquid phase will lead obviously to very different
kinetic mechanisms of melting mediated by surface and melt-
ing itself as seen in the real world. For the crystals with more
dense atomic packing, surface disordering is more localized
and the surface melting, if it happens at all, would dominate
the melting process by forming a well-defined liquid layer
first. Bulk melting occurs only after the surface is completely
disordered or wet, or premelts. For less dense atomic pack
crystals, surface disordering occurs readily on the surface
that wets the surface; at the same time, disordering inside
the sample happens either through the surface mediated dis-
order or bulk disorder. Therefore, melting in this types of
crystals can occur in a delocalized way, especially through
the formation of the highly correlated EACs. These results
and insights gained here will certainly help the formulation of
new theories and models for crystal melting which has been
baffling scientists for ages.
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