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Molecular dynamics study of melting of the bcc metal vanadium. Il. Thermodynamic melting
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We present molecular dynamics simulations of the thermodynamic melting transition of a bcc metal, vana-
dium, using the Finnis-Sinclair potential. Our motivation was to answer the question whether premelting
phenomena, extensively studied for fcc metals, are also present in bcc metals. We studied the structural,
transport, and energetic properties of slabs made of 27 atomic layers with a free surface. We investigated
premelting phenomena at the low-index surfaces of vanadiydl, V(001), and \(011), finding that as the
temperature increases, thé1\t1) surface disorders first, then thg M0 surface, while the Y110 surface
remains stable up to the melting temperature. Also, as the temperature increases, the disorder spreads from the
surface layer into the bulk, establishing a thin quasiliquid film in the surface region. We conclude that the
hierarchy of premelting phenomena is inversely proportional to the surface atomic density, being most pro-
nounced for the Y111) surface which has the lowest surface density.
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[. INTRODUCTION potentials’»*? Melting at the surface is anisotropic, meaning
that certain surfaces of fcc metdBb(110), Al(110)] exhibit
Theories of melting?*can be separated into two classes.premelting!®> while this phenomenon is not observed for
The first one describes theechanical meltingf a homoge- ~ close-packed surfacgBh(111), Al(111)]. Theoretical aspects
neous solid resulting from lattice instabifity and/or the Of this anisotropy were discussed by Trayanov and To¥atti.
spontaneous generation of thermal deféctd.The second This paper is organized as follows: details of the molecu-
class treats ththermodynamic meltingf heterogeneous sol- lar dynamics simulations are presented in Sec. Il. Section Il
ids, which begins at extrinsic defects such as a free surface §ontains most of the results of this study, including the ther-
an internal interface(grain boundaries, voids, erc:1?2-1®  modynamic melting temperature and several structural, ener-
Both types of melting have been studied extensively for thedetic, and transport properties of the surface. Finally, in Sec.
case of fcc metals. In order to determine whether the mechdV, we summarize our results.
nism of homogeneous melting differs if the lattice symmetry
is changed, in our first pap&twe extended these stu_dies.to Il SIMULATION DETAILS
a bcc metal, vanadium. We used molecular dynamics simu-
lations to study the mechanical melting transition in a bulk We model the melting of vanadium with a free surface
system and found that the melting transition occurs uniusing molecular dynamicg@ID) simulation$®>*in a canoni-
formly throughout the solid at the melting point. The shearcal ensemble. The many-body interaction potential used in
elastic instability leading to this melting of vanadium oc- this study was developed by Finnis and SinéfaiES). The
curred once the molar volume reached a critical valuecomputational aspects of the algorithm are described in de-
whether reached by heating the solid or by adding defects a&il in our previous articlé®
a constant temperatut The temperature at which the me-  Ideally, a crystal with a surface is a semi-infinite system.
chanical melting transition takes place in our modellis We modeled this system as a thick slab. This slab is shown in
=2500+ 10 K, which is above the melting temperature mea-Fig. 1. The bottom 3 atomic layers have the positions of
sured experimentallyT,,=2183 K. Thus, the mechanical atoms fixed in order to mimic the effect of the presence of
melting transition can be observed only if melting at surfaceshe infinite bulk of the crystal. Due to the relatively short
is artificially suppressed, since in the laboratory it is pre-range of the repulsive part of the modified FS potential, 3
empted by the thermodynamic melting transition which be-fixed layers are sufficient to represent the static substrate. On
gins at a free surface. This paper is devoted to a comparisdop of those 3 layers there are 24 layers in which the atoms
of the thermodynamic melting of bcc metals which were notare free to move. We have also used samples with 17 and 20
previously investigated, with fcc metals which were exten-free layers. We found that the surface properties discussed in
sively researched both theoretically and experimentally.  the following were less sensitive to the substrate as the num-
Theoretical aspects of melting beginning at the surfacder of free layers increased. With 24 layers, the influence of
have been studied by phenomenological thedrié$;?? the substrate was within the noise of the simulations. Peri-
lattice-gas model¥ and density functional theoj.Micro-  odic boundary conditions are used along the in-planar(d
scopic descriptions of static and dynamic properties of melty) directions, while the top boundary of the slab, alongzhe
ing phenomena beginning at a surface emerged from condirection, is free. In Fig. 1 we show a sample where the
puter simulations which employ many-body interactiontemperature is high enougif €2100 K) so that the layers
potentials derived from the effective-mediti®® and near the free surface are already disordered.
embedded-atom theoriés?’Cas well as pairwise inter-  Three different samples with various low-index surfaces
atomic interactions in the form of Lennard-Joneswere constructed: ¥01), V(011), and M111), whose sur-
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IIl. PREMELTING EFFECTS ON SURFACES
A. Thermodynamic melting temperature

In order to investigate the phenomenon of surface disor-
der and premelting, we first determined the thermodynamic
melting pointT,, of vanadium described by the modified FS
potential.T,,, was obtained by means of the method proposed
by Lutskoet al3® In this method one raises the temperature
of the solid abruptly toT,, well aboveT,,, and creates a
solid-melt interface. The interface propagates from the sur-
face inward. The value of,, is not known, but the speed of
the interface is proportional td,—T,,. Consequently, the
melting temperature can be found as the valu€pat which
solid-melt interface becomes stationdopexistence

In this way, we foundT,,=2220+ 10 K for the (111)
sample, which has the lowest surface packing density. This
value is close to the experimental valtief T,=2183 K.

For the other surfaces, the value Bf, comes out slightly

higher, but within the uncertainty limits of the simulation.

The difference could be due to superheating effects on the

solid-liquid interface just above the thermodynamical melt-

ing pointT,,. The largest difference is found for the close-

) packed \011) surface, withT,~2240+ 10 K. This depen-
FIG. 1. (Color onling Geometry of the sample(d01) surface. dence of the thermodynamic melting point on the crystalline

plane forming the surface was also observed in MD simula-
face layers are shown in Fig. 2. The(001) and M111)  tions of fcc metalgh?426-28
samples contain 2700 atoms, initially arranged as a perfect

bcc crystal of 1k 10X 27 unit cells(100 atoms in a layer B. Surface thermal expansion and amplitude of atomic
The V(011 sample contains 2646 atoms arranged &s77 vibration
X 27 unit cells(98 atoms in a layer The interlayer relaxation and surface thermal expansion

Each simulation starts from a low-temperature solid. Theyas calculated using the difference between the average
lattice constant of the frozen layers is assigned a value agoordinate of théth andi + 1th layers:

propriate to the bulk® As the temperature is raised, this
value is adjusted to reflect thermal expansion as obtained 1 1 >
J L

from bulk simulations® We found that~10° integration diji+1= O P z«l Zi @)

time steps were sufficient in order to reach thermal equilib-

rium after a temperature changa time stepdt=1.05 wherez; is thez coordinate of the atom n; is the instanta-
xX10 '®s). An equilibrium state is considered to be neous number of atoms in the layieand the angular brack-
achieved when there is no significant temporal variatlmer  ets denote a time average. The distances between the neigh-
yond the statistical fluctuationf the total energy, layer boring layers could be determined up to temperatures where
occupation number, structure order parameters, self diffusioaurface premelting effects blur the distinction between indi-
coefficients, and a uniform profile of kinetic temperaturevidual layers, although some structure remains visible in the
across the sample is observed. Thereafter the various strulocal density profilegsee below

tural and transport properties of the system are calculated, At low temperatures, the first layer exhibits an inward
accumulated, and averaged over a long period df NI relaxation, i.e.A; ,<0, where we define

steps. Throughout this study, interactive visualizatitime

AVIZ prograni®) was implemented to observe sample disor- A i i+ 1= dpuik
der and layer mixingsee Fig. 1 A discussion of this visu- i+l
alization can be found in Ref. 37.

: )
dbulk
whered, ;. ; is the distance in the direction between thé

andi+1 surface layers, andy, is the distance between
V(001) V(011) V(111)

- secsecccee two neighboring layers in the bulk. In Figs. 3 ar?er,i+1 is

:E;E E;E gt R b LE plotted versus temperature for two of the low-index faces.

Sadesaesseed S TR LY The effect of the different geometry of the various sur-

e e N N faces is reflected in the thermal expansion; i.e., a surface

- e () . . .

e sesecccsee with a lower atomic density expands more than a surface
SeveeeRRew

which is close packed. As shown in Fig. 5, the thermal ex-
FIG. 2. Geometry of the low-index faces of vanadiutop  pansion of the V111) surface layers is significantly larger
view). The drawings are to scale. than the thermal expansion of other surfaces and fixed layers
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FIG. 3. Plot ofA; ;, for the first(squarel second(triangles, FIG. 5. Normalized interlayer distances between the first and
and third(diamonds surface layers as a function of temperature for second layersd; AT)/d, ATo), at To=1000 K for the \(111)
the V(011 surface. (squarey V(001) (diamondg, and M011) (triangles surfaces and

the bulk (crosses Note the anomalous thermal expansion of the
(bulk). In Fig. 6 we plot thermal expansion of surface layersV(11) surface.
[for the V(001) and VO1)) slabg and fixed layers on an wherea=X,y,z denotes the spatial direction of motion, is

enlarged scale. The observed “anomalous” thermal expang,q jnstantaneous number of atoms in the first surface layer,
sion of these surface layers is a direct consequence of elpg the angular brackets represent an average over time.
hanced vibration at the surface, where atoms probe the more |4 4 harmonic systen"(,u2> increases linearly with tem-
anharmonic region of the interatomic potential. Anomalousyerature, and therefore deviations from linearity are a mea-
thermal expansion was first observed in experiments 0OQyre of anharmonicity. The mean-square amplitudes of vibra-
Pb(110 by Frenken and vander Veeh. tion shown in Fig. 7 for the Y111) surface demonstrate
Atomic vibration properties at the different faces of vana-substantial anharmonicity at elevated temperatures. Figure 7
dium are important for illustrating the onset of anharmonic-also shows that there is a noticeable difference between the
ity at high temperatures. We calculate the mean-square vibran-plane MSVA(u2) and out-of-plane onéu?) (we found
tion amplitude (MSVA), (u7) around the equilibrium  that (u2)=(u2)). In-plane MSVAS are larger than out-of-
position in the first surface layer as plane amplitudes also for (@01) and M011) surfaces. One
reason for this anisotropy could be the different nearest-
neighbor distances along tlk@ndz directions caused by the

o 1 %1: - - 2 inward relaxation of the surface layer, leading to a net restor-
(U= n, <4 (i = (Miam)19), 3 ing force that is higher in the direction perpendicular to the
surface.
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FIG. 6. Normalized interlayer distances between the first and
FIG. 4. Plot ofA; ;. for the first (squares and secondtri- second layers]; T)/dy ATo), atTo=1000 K for the 001) (dia-
angle$ surface layers as a function of temperature for thg1) monds and M(011) (triangles and the bull(circles. The solid lines
surface. are drawn to guide the eye.
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FIG. 7. Mean-square amplitudes of vibratioy?) (solid
circles and(uf} (square} for the first layer of the V111) surface
as a function of temperature. The solid lines are a fit to the data.

FIG. 9. Density profile across the(Y11) slab along the direc-
tion at various temperatures.

The in-plane components of the mean-square amplitudesherez; is the z coordinate of atom, with z=0 set at the
of vibration for the various faces of vanadium are shown inbottom of the first layer which is not fixed, and the angular
Fig. 8. As may be seen from the figure the in-plane MSVA isbrackets indicate a time average. The width of each slice,
largest for the ¥111) and smallest for the ¥011) surface. Az, is chosen as a trade-off between high contrast and low
Atoms which belong to the loose-packed surfad@M) are  noise. A smallAz results in too few particles in each slice,
less tightly bound than atoms of the close-packg®)  which leads to large statistical errofsoise. A large Az

face and therefore vibrate with larger amplitudes. averages out the density variatigih@w contrast. Our choice
of Az=0.1a,/2\/3, although arbitrary, appears to satisfy
C. Layer density profiles both requirements reasonably well.

In order to display the structure of the sample alongzhe  FOF @ system in equilibriump(2) can be obtained by an

direction, perpendicular to the surface, it is convenient to us@verage over many different configurations. Plotp () at
the densityp(z), defined so thap(z)dz is the number of different temperatures are given in Fig. 9 for thel ) slab,

atoms in a slice of thicknesdz at z. We represenp(z) by a ir; I;ig. 10 for the (011 slab, and in Fig. 11 for the {001)
continuous function defined according to Chetral ;2”28 siab.

Premelting effects at the crystal surface can be examined
< 1 (z—7;)2 > by monitoring the layer-by-layer modulation of the density
p(z)= E exr{ - ) , (4) profile of the systemp(z), at various temperatures up to the
V2mAz i 24z melting pointT,,. At low temperaturep(z) consists of a
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FIG. 8. The calculated in-plane components of mean-square am z (R)
plitudes of vibration,(ui), for the first surface layer of {11
(solid circles, V(00D (crosses and M011) (squaresas a function FIG. 10. Density profile across the(@01) slab along thez di-
of temperature. The solid lines are a fit to the data. rection at various temperatures.
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FIG. 11. Density profile across the(®11) slab along thez di- FIG. 12. In-plane structure factoy, of the V(111) slab along
rection at various temperatures. the x direction vs layer number at several temperatules400 K
(circles, T=860 K (square T=1100 K (diamond$, T=1500 K
) ) (down triangley T=1800 K (up triangle$, T=2100 K (left tri-
series of well-resolved peaks. The atoms are packed in thggles T=2200 K (right triangles, and T = 2230 K (crosses
layers with constant density in each layer and virtually no
atoms in between these layers. As the temperature increases

X . D. Layer structure factors
the effective width of each layer becomes broader due to the Y

nf

E exqigaFj)

jel

enhanced atomic vibration. The position of the density peaks The preceding section dealt with the onset of disorder
moves to larger values afdue to the thermal expansion. At along thez direction, perpendlcglar to the surface. In_ order to_
higher temperatures the atomic vibration becomes so |argér,10n|tor the ons_et of in-plane disorder in each atomic layer, it
especially in the topmost layers, that the minimapég) in ' Useful to define a structure fact@rder parametery, ,
between two layers rise to nonzero values. In addition, disifough @ Fourier transform of the atomic density which is
order sets in, with atomic migration taking place between thecalculated separately for each layer:
layers. Comparing Figs. 9 and 10, one can see that the
V(111) surface crosses over to a state of premelting first, 2
then M(001), while on the \(011) surface premelting effects 7 a=< > , (5)
are very small.

Above some temperatuffel ,,,=1000 K for the 111
surface, Tp=1800 K for the MO00D surface, Tom  \wherea=x,y andg,=2m/a 6, is a set of reciprocal lattice
=2200 K for the (011) surfacd the density of the topmost \eciors.a, is the distance between nearest neighbors,rand
layer becomes slightly lower than that of the underlying lay-js the instantaneous number of atoms in the ldy&he sum
ers. This loss of density is compensated by the appearance gktends over particles in the laylerand the angular brackets
an adlayer. The adlayer appears first on the least-packed senote averaging over time.
face M111) and then at a higher temperature on th@04) For an ordered crystalline surface the structure factor is a
surface. The close-packed facé0¥1) develops an adlayer at unity at zero temperature. Enhanced vibration and formation
temperatures very close 1,,. This hierarchy indicates that of point defects lead to a decrease of the structure factor with
the formation energy of structural defe¢tsacancy-adatom increasing temperature. This is illustrated in Figs. 12 and 13
pairg is different on these surfaces. That hierarchy was alsavhere the structure factor along thxedirection is plotted
observed in the investigation of the surface premelting of fcaversus layer number for the(¥11) and V(011 slabs, respec-
metals[Al (Refs. 30 and 40 Ni (Refs. 26-29 and Cu tively. It is seen that these effects are most pronounced in the
(Refs. 17 and 24, where it was found that an adlayer ap- surface region. Vacancies do not directly affect the order pa-
pears first on the least-pack€dill) surface, then at higher rameter, since a normalization procedure is employed during
temperature on thé€001) face, and finally on the close- each measurement by using the instantaneous layer occupa-
packed(111) surface at a temperature closeTg. As the tion n, of a layer. Nevertheless, vacancies have an indirect
temperature increases towaifls the distinction between the effect on the order parameter by introducing a localized lat-
surface layers becomes blurred. These layers resemble a litiee distortion.
uid as far as the density, radial distribution function, diffu- As Figs. 12 and 13 show, for the(¥11) slab we found a
sion coefficients, etc. On the other hand, some crystallineontinuous decrease of the in-plane order parameter. In con-
order is still evident—for example, the anisotropy of thesetrast, the close-packed(¥11) sample exhibits a relatively
properties. Hence, the term quasiliquid is used to describabrupt decrease of the structure factor within less than
these layers. ~20 K of the melting temperature.
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p(r,) (A?)

FIG. 15. Two-dimensional radial distribution functiqugr)) of

lated along thex direction vs layer number at several temperatures:ithe surface layers of @11) at temperaturd =2230 K. The layer

T=1000 K(circleg, T=1200 K(squares T=1500 K(diamonds,
triangley T=1900 K (up triangles, T
=2100 K (left triangleg, T=2230 K (right triangles, and T

T=1700 K (down
=2250 K(crosses

E. Radial distribution function

n=0 corresponds to the adlayer=1 to the first layern=2 to the
second one, etc.

the intralayer structure in these layers changes gradually
from crystalline to liquid like as one approaches the surface.
Particularly noticeable is the disappearance of the crystalline

The formation of a quasiliquid film can be analyzed by features inp(r/) that correspond to the second, third, and
using a plane radial distribution function defined as

1 o(rij, | —ryp)

n 27TI'||

pi(rp= n

wherer;; || is the component of the;—r; parallel to the

(6)

other nearest neighbors. In addition to the heights of the
peaks, the area under thér ) curve changes, which reflects
the change in the density across the solid-liquid interface.
The plane pair-correlation functions for the first layer of
the V(001 at elevated temperatures are shown in Fig. 16. It
is clear that the crystalline structure vanishes gradually and

surface planen, is the instantaneous number of atoms inthe |ayer becomes quasiliquid as the melting pdipt is

layerl, the sum extends over all particles in layeand the

angular brackets denote averaging over time.

The two-dimensional radial distribution functiop(r,)

approached.
We conclude from the analysis of the plane radial distri-
bution functions and density profiles that surface premelting

for several layers of the 11 and M(011) slabs very close pegins first on the least-packed surfacé1M), while
to T,, is shown in Figs. 14 and 15. As seen from the f|gureschangeS only appear on the closed-packédily) surface at

p(r,) (A?)

10 15

r,(A)

FIG. 14. Two-dimensional radial distribution functiqgr) of
the top surface layers of (¥11) at temperaturel =2230 K. The
layer n=0 corresponds to the adlayer=1 to the first layer,n

=2 to the second one, etc.

temperatures which are very close to the melting point.

Radial distribution function

1550 K :/\/\/\/\/\/\/
1000 K
) a 8 12

Distance (A)

FIG. 16. Two-dimensional radial distribution functiqgr) of
the first layer of (001) at various temperatures.
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> T J TABLE I. Formation energyE of adatom-vacancy pairs. Top
line, Eq.(7); second line, Eq(8). The data for Cu is from Ref. 24.
3 > ] Units are in eV.
2 NS 1 Surface (11 (001) (011)
R | 1 V (bco (eV) 0.6£0.2 0.670.03 2.68£0.2
= V (bco (eV) 0.53+0.05  0.73-0.05 2.5-0.3
8 of NG ] Cu (fco) (eV) 1.92 0.86 0.39
-1t
surface defect formation energies of the various low-index
-2f 1 faces of vanadium are tabulated in Table I.
An alternative method of estimating valueskfis to use
-3t . : 3 the contribution of defects to anharmonicity, as reflected in
5 10 15 20 the temperature dependence of the mean-square vibration
1/ KT (1/eV) amplitude(u?). Because the lattice in the vicinity of a defect

FIG. 17. The natural logarithm of the equilibrium adatom con-is distorted, the value dfu®) will be larger for atoms near a
centrationn as a function of K, T on the 001), V(011), and  defect. The layer averaged contribution(tt?} will therefore
V(111 faces(denoted by diamonds, triangles, and squares, respede proportional to the number of defects, and hence to
tively.) The dashed lines are linear fits to the data. exp(—Eg/kgT). To extractEg, we have fitted oufu?) data to

the form
F. Layer occupation and point defects
. . o . (u?)=aT+b(T)exp(—Es/kgT), 8

As seen in the density profiléBigs. 9—11, the formation , , o
of an adlayer on the least-packed surfaddM) begins at wherea is a constant ant(T) is a I_ow—order _polynomlal in
aroundT~800 K. At these temperatures, the appearance of - Ve found that taking(T) to be first order inf—namely,
an adlayer involves the generation of vacancies only in th&(T) =bT—was sufficient to obtain a good fit. Typical fits
first surface layer, while at higher temperatureg ( Were shown as solid lines in Figs. 7 and 8. ValuesEef
>1600 K) vacancies in the underlying layefthe second deduced from these fits for the various surfaces are given in

and third layersbegin to appear via promotion of atoms to 1a0l€ I. There is good agreement between the values;of
vacant sites in the first surface layer. Atom migration fromebtained by the two methods.

the deeper layers into the surface layers increases signifi- 10 Summarize this subsection, the formation energy of
cantly as the temperature approachies In contrast to the surface defects is lowest at thé M.1) surface and increases

V(111) sample, adlayer formation and generation of adatom@! the M001) and M011) surfaces. This hierarchy is consis-

vacancy pairs at the (0 surface becomes observable only €Nt with the results obtained for vﬁa}lrious faces of copfrer
above T~ 1400 K (in practice, all adatoms come from the 'attic® by Hekkinen and Mannimen. In both cases, the sur-
first laye. face defect formation energy is largest for the close-packed

The same effect—namely, the appearance of an adlayer St"facedV(011) in case of a bec lattice and Q1Y) in case
different surfaces at successively higher temperatures—was

observed in computer simulations of surface premelting of '

fcc metals,’?42"?%3qhere the lowest-densit1 10 surface 0.0ah %I

of fcc metals begins to disorder first, while the close-packed

(111) surface preserves its ordered crystalline structure al-

most up toT,. & 003f &,
Knowledge of the equilibrium-averaged number of atoms “9: 't

in the adlayer allows us to estimdtg, the formation energy < st e

of a surface defedtadatom-vacancy pairaccording to the Q" 0.02 +

relation _?.¥

n/N(T=0)=exp — Es/kgT), ) 0.01 n 2 :
wheren is the adlayer occupation number at a temperafure 2 2 i i h
andN(T=0) is the number of atoms in a layer at zero tem- o ® L . . .
1200 1400 1600 1800 2000 2200

perature. Equatiof7) holds as long as the surface structure
is preserved, and interactions between defects can be ne- T(K)

glected. Hence, we used the adlayer occupation data in a FIG. 18. Diffusion coefficients in layers, vs temperature, for the
temperature region in which the concentration of adatomy/ (111) system along the direction (110]). Squares correspond
vacancy pairs is small. The natural logarithm of adlayer oc+o the adlayer| =0, triangles to the first layet=1, diamonds to
cupation versus kLT is shown in Fig. 17 for the ¥111), the second layet,=2, and crosses denote coefficients of diffusion
V(001), and M01)) surfaces, respectively. The calculatedin layerl=3.
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-3 TABLE Il. Calculated diffusion activation enerdyy and migra-
tion energyE,, .
-4}
Surface \(111) V(001 V(011)
-5t
Eq4 (eV) 0.96+0.02 1.56:0.03 3.29:0.2
“> -8 E., (eV) 0.43+0.07 0.870.08 0.79£0.5
]
B
2 the various low-index faces are given in Table Il. The diffu-
-8 sion coefficient of the least packed 1) face is the largest.
The diffusion coefficient of Y001 is smaller, but still larger
of than the diffusion coefficient of the close packe®¥1) sur-
) ) . . . _ face. In the temperature range where the surface region is
6 7 8 ) 10 1" still solid like, diffusion takes place mainly by atoms ex-
1 KT (1/eV) changing places with vacancies. Writif as a sum of the

FIG. 19. Plot of natural logarithm of the in-plane diffusion co- formation energye; and mlgra_ltlon ene_rgEm, and usmg_the
efficient In©)), for the various faces of vanadium as a function of values ofEs from thg preceding section, we can obtz_am val-
inverse temperatureD) is in units of A/ps. ues ofE,, for the various surfaces. These are listed in Table

II. It is seen that the migration energy for thé\1) surface
of a fcc latticd and lowest for the least-packed surfacesis again the lowest, while for the other two surfaéggis the
V(111) and Cy011), respectively. same within the error bars of our calculation.

G. Diffusion coefficients IV. CONCLUSIONS

Mass transport at surfaces can be characterized using the In this paper we extended simulations of thermodynamic
self-diffusion coefficients. These coefficients are found frommelting of fcc metals to the bcc structure. This was done in
the particle trajectoriess*i,#(t) by calculating the average orde.r to compare whether t_he variety of premeltlng phenom-
mean-square displacemeﬁaﬁﬂ: ena in these to structures is similar or not. To this end, we

' investigated premelting effects at the various surfaces of va-
s - - ) nadium using molecular dynamics simulations. We deter-
Riu= n_| % [riu(t+7) =1 u(n]7), ©) mined the thermodynamic melting temperature of vanadium
described by the FS potential as 22200 K (V(111) sur-
face and studied structural, transpddiffusion), and ener-
%etic propertiegformation energy of surface defegts

We found that the surface region of A1) begins to dis-
order first, via the generation of vacancy-adatom pairs and
the formation of an adlayer at temperatures above 1000 K. At
higher temperatures, the surface region becomes quasiliquid.

2 This process begins above 1600 K for th@®1) surface. At
D, = lim e (100  the closest-packed (011) surface, this effect is observed
' 2t only in close proximity ofT,.
The results of our simulations of surface premelting of the
¢ metal, vanadium, are similar to the results obtained for
Harious fcc metals, in the sense that the onset of disorder is
Seen first at the surface with the lowest den&ty.

where u=Xx,y,z is a coordinate index, the sum includes at-
oms in the layet, and the angular brackets denote averagin
over time from the origin ).

The diffusion coefficientd, , are calculated separately
for each layer in the, y, andz directions, according to the
Einstein relation

t—oo

Values of the diffusion coefficients versus layer number arg .
shown in Fig. 18. As expected, the mobility of atoms is
larger the closer one comes to the surface. At high enoug
temperatures, where the surface layers become quasiliqui
the diffusion coefficient is the sam@vithin the error bars
for all the atoms in the region of the surface. These observa-
tions correlate with the structural variations in the surface We are grateful to Dr. G. Wagner and A. Kanigel for their
region exhibited in the pair correlation functions, the struc-contribution to this project. The authors would like to ac-
ture order parameters, and local density profiles. knowledge the use of computer resources belonging to the

The natural logarithm of the in-plane diffusion coeffi- High Performance Computing Unit, a division of the Inter
cientsD| = F(Dy+ D,) for the first surface layer of the vari- University Computing Center, which is a consortium formed
ous faces versus temperature is shown in Fig. 19. Within ouby research universities in Israel. More information about
accuracy, the diffusion can be characterized by a simple exhis facility can be found at http://www.hpcu.ac.il. This study
ponential dependence throughout the whole temperatunas supported in part by the Israeli Science Foundation, the
range, D(T)<exp(—Ey/ksT), with diffusion activation en- German-Israeli Foundation, and by the Technion VPR Fund
ergy E4 being independent of temperature. Value€gffor  for Promotion of Research.
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