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Molecular-dynamics calculations have been performed for noble-gas (krypton) surfaces. As pair
potential between the particles, we used the, potential of Barker et at. This potential is consistent
with a wide range of experimental data and should be more realistic than the more familiar
Lennard-Jones (6-12) potential. The calculations have been perform. ed for temperatures of 7, '70,

and 102 K. We used the following model: The krypton atoms are arranged as a slab-shaped fcc
crystal, the two free surfaces being (100) planes. The slab consists of 11 layers of 50 atoms, i.e., the
total number of particles used in the calculations was 550. The structure of the layers has been stud-
ied by means of the single-particle distribution function and the pair correlation function. Whereas
the results for the innermost layer of the model agree well with the corresponding data of the bulk,
there are relatively large effects for the outermost layer. This is also the case for the mean-square
displacements (u ), which is much larger in the outermost layer than in the bulk of the crystal.
For T= 102 K; we observe the effect of surface premelting: The outermost layer is disordered and
the particles perform a diffusive motion parallel to the surface and the diffusion coefficient D is
comparable to that in liquids. The effect of premelting in our system is obviously much more pro-
nounced than in the case of Lennard-Jones systems.

I. INTRODUCTION

In this paper we want to study the structure and the
dynamics of free crystal surfaces. The knowledge of the
structural and the dynamical behavior of such surfaces is
also important for the understanding of phenomena at the
surface. For example, the behavior of adsorbates and
chemical reactions at surfaces are influenced by these
properties.

In order to carry out a first-principles calculation of
surface properties, it is necessary to have an accurate
knowledge of the atomic interactions. The only group of
materials for which this requirement is nearly satisfied is
that of noble-gas solids. In contrast to metals, the poten-
tial functions of noble-gas solids do not depend on the
density, and they are the same at the surfaces and in the
bulk of the crystal. At free metal surfaces the local back-
ground electron density may be changed from its average
bulk value and produces concomitant changes in the po-
tential functions. Such difficulties do not arise at noble-
gas surfaces and, therefore, we want to restrict our study
to noble-gas (krypton) surfaces.

It is widely accepted that in the quantitative treatment
of the surface phenomena anharmonic effects have to be
taken into consideration. This is because the mean-square
amplitudes of the particles are significantly larger at the
surface of the crystal than in the bulk. The harmonic ap-
proximation should be valid' for surface vibrations of
noble-gas crystals below one-sixth of the melting tempera-
ture T (as compared to about —, T~ for the bulk). The
melting temperature of krypton is 116 K. Thus, in the
case of krypton usual lattice dynamics calcu-lations should
only be valid for T (19 K. For T &19 K we have to
consider anharmonic effects Molecular d.ynamics -(MD)

calculations are important in studying classical many-
particle systems with strong anharmonicities, since anhar-
monicity is treated without approximations. In this paper
we want to study by means of MD the structure and
dynamics of a krypton surface as a function of tempera-
ture. Because we use MD we are not restricted to tem-
peratures smaller than 19 K as in the case of usual
lattice-dynamics calculations.

Because the surface particles are, in general, less bonded
than'the bulk particles, we expect that the structure and
the dynamics are more sensitive to variations in tempera-
ture than in the bulk of the crystal. Thus, in the study of
temperature effects (e.g., phase transitions) of adsorbed
layers, also the crystal surface on which the layer is situat-
ed should be treated as temperature dependent and not as
a static lattice corresponding to a temperature of zero.
Recently, the temperature dependence of the structure of
adsorbed layers has been investigated by MD. In Refs.
2 and 3 a monolayer is situated on a static crystal surface.
We want to study here in a first step the microscopic
behavior of crystal surfaces without the presence of ad-
sorbed particles.

We have chosen a krypton system because for this sub-
stance a reliable pair potential is available. The krypton
potential of Barker et al. should be more realistic than
the more familiar Lennard-Jones (6-12) potential because
it undoubtedly correlates accurately a much wider range
of experimental data. We shall see in Sec. III that the
differences between Barker's potential and the Lennard-
Jones potential give rise not only to quantitative effects in
the results of surface properties, but also to qualitatiue ef-
fects. All MD calculations on noble-gas surfaces reported
in literature have been -done exclusively with the
Lennard-Jones potential. Examples are given in Refs.
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2—4 and in Ref. 6.
The main topics of this work are (i) interplanar spac-

ings (relaxation) and the structure perpendicular to the
surface, (ii) pair correlation functions parallel to the sur-
face, (iii) mean-square displacements perpendicular and
parallel to the surface, and (iv) nonlinear effects. Because
Barker's potential for krypton is close to the real pair po-
tential, the results given in this paper can be considered a
quantitative description. Some of these results have been
briefly described in a preliminary publication.

sidered but also many bo-dy forces. For example, it is
shown in Refs. 10—12 that the influence of three-body
forces on dynamical correlation functions can be of im-
portance. So, the potential energy U for N identical
atoms has to be expanded in terms of pair and many-body
contributions:

U= —, $ uj+ 6 $ ujt +
i j =1 ij,k =1

g+J i~j~k

II. MODEL AND INTERACTION POTENTIAL

A. Model parameter

Our MD calculations have been performed for the fol-
lowing model: The krypton atoms are arranged as a slab-
shaped fcc crystal, the two free surfaces being (100)
planes. For this (100) surface, which is an open, square
lattice, the effect of premelting should be more pro-
nounced than at the (111)close-packed triangular surface.
The slab consists of 11 layers of 50 atoms, i.e., the total
number of particles used in the calculations was 550.
Periodical boundary conditions (PBC's) were imposed
with respect to translations parallel to the surface. For
this system the classical Hamiltonian equations were
solved by iteration. The time step used in the calculation
was 10 ' sec. We did the calculations for 8500 time
steps (0.85X10 ' sec). The magnitude of the initial ve-
locities of all atoms was chosen to be equal, but Maxwell's
distribution was reached after 120 time steps (1.2)& 10
sec). The initial directions of the velocities have been dis-
tributed randomly, so that the velocity averaged over all
atoms is zero and remains zero for all time steps.

It is widely accepted that for potentials whose range is
shorter than half the box size, the effect of PBC's will be
rather small. In the case of our krypton system the box
size is L =28.5 A and the cutoff radius for the potential
(the details of the potential are given in Sec. IIB) was
chosen to be the fourth-nearest-neighbor distance (8 A);
we found that the interaction of the fifth neighbors has no
influence on the results. Thus, we may conclude that the
krypton pair potential is short ranged compared to half
the box size and, therefore, the effects due to PBC's
should be small. This is confirmed by a more systematic
analysis: We varied the particle number from 108 to 864
and found that in the case of N =550 no systematic ef-
fects arose out of PBC's.

All the bulk data which are given in this paper have
been determined also by MD (model without free surfaces,
i.e., PBC s in all directions) using the same model parame-
ter and the same interaction potential as in the surface
calculations.

We did the calculations for three temperatures: 7, 70,
and 102 K (the melting temperature is 116 K). The densi-
ty for each temperature has been extracted from the ex-
perimental data given in Ref. 9.

B. Interaction potentials for krypton

For the description of the interaction between the parti-
cles, in general, not only the pair potential has to be con-

Clearly, the most important term in Eq. (1) is the pair-
potential contribution. For the pair potential u;J—:u (r;J ),
where r,J is the relative distance between the particles i
and j, we have chosen the potential of Barker et al. ,
which is shown in Fig. 1. In order to check whether
many-body contributions are relevant, we have added the
Axilrod- Teller three-body potential'

1+3 cos8q cosOz cos03
~~gk =&

3 3 3
rjJ re rJk

(2)
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FIG. 1. Pair potentials for krypton:, potential of Bark-
er et al. ; ~ ~, Lennard-Jones (6-12) potential.

to Barker's pair potential. r J,r k, rJk and OI, 6I2, 03 are the
sides and the angles of the triangle formed by the particles
i, j, and k. The parameter v was chosen to be
220.4&&10 cm erg (see Ref. 14); the investigations in
Ref. 12 indicate that this value is realistic for krypton.
On the basis of this model we have studied in a first step
how u,zt, is reflected in the phonon density of states
(PDOS) for the bulk of krypton. Due to the three-body
interactions the computer-time requirements are very
large and we had to restrict ourselves to a system consist-
ing of 108 particles; similar calculations are planned for
systems with free surfaces on the basis of more than 108
particles.
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The PDOS f (co) has been obtained by Fourier
transform of the velocity autocorrelation function (VAF),

(v;(to)'v;(t +to) )g(t)= (3)
v;(to )

where the average ( ) is performed over time origins
to and particles i T.he number of time origins was chosen
to be 200. Then we obtain a statistical error (i =108) of
0.7%. The PDOS is given in terms of g(t) by

00f (co) = I tg—(t) cos(cot)dt,

25— xx

where f (co) is normalized to unity. In the calculation of
f (to) one is limited to a finite range of the time t, and it is
necessary to truncate the integration at t =t'& Oo. We
performed each calculation for 10 values of t', and the re-
sulting spectra do not show systematic deviations from
each other. A possibility for a quantitative estimation of
the error due to the cutoff effect in t is to integrate the
spectrum: f(co) is normalized to unity and we found that
the deviations of our integrated data from unity are not
larger than 6% MD. results for the PDOS in the bulk of
krypton at T=7 K with and without the presence of
three-body interactions are plotted in Fig. 2. It can be
seen from Fig. 2 that the effect of the three-body forces is
relatively small —much smaller than in the case of gase-
ous krypton, ' but larger than the error in the calcula-
tions. The arrows in Fig. 2 indicate the positions of the
peaks in f (co) which have been obtained on the basis of a
three-nearest-neighbor force-constant fit to experimental
dispersion curves. ' The positions of the peaks obtained
from our calculations are the same, indicating that al-
ready a small system consisting of 108 particles is able to
give a realistic description. It should be mentioned that
quantum effects (not considered in our calculation)
should, in principle, also contribute, but these are expected

to be relatively small in the case of krypton (see Refs. 14
and 16).

In conclusion, the effect of three-body interactions on
the PDOS is small and, therefore, we restricted ourselves
in Eq. (1) to the pair-potential contribution.

The pair potential of Barker et al. (Fig. 1) is consistent
with a wide range of experimental data, including second
virial coefficients, gas-transport properties, solid-state
data, and measurements of differential scattering cross
sections. The more familiar Lennard-Jones potential is
also shown in Fig. l. Although the shapes of the two po-
tentials are similar, there are considerable quantitative
differences. For example, the depth of the minimum of
Barker's potential is approximately 25% larger than the
depth of the Lennard-Jones potential. The potential of
Barker et al. should be more realistic because it undoubt-
edly correlates accurately a much wider range of experi-
mental data. We did an additional check for the potential
of Barker et al. on the basis of very accurate structure
data for gaseous krypton. ' It turned out (see Ref. 7) that

' Barker's potential describes the experimental structure
data undoubtedly better than the Lennard-Jones potential.

In the calculation of the properties of the system the
forces acting on the particles are relevant. The force F;
acting on particle i is given by

r,z Bu(r;1)Ij EJ

l

j=$ /J lJ

Jl
where u (r,z ) =u,j with r,j=r. Thus, the derivative of dif-
ferent pair potentials should be studied. In Fig. 3,
Bu (r)/Br are plotted as well for Barker's potential as for
the Lennard-Jones potential in the vicinity of the first-
nearest-neighbor distance; the first-nearest-neighbor con-
tribution to the sum in Eq. (5) should be of considerable
relevance. It can be seen from Fig. 3 that the differences
between the derivatives of the two potentials are very
large for all temperatures.

The differences between Barker's potential and other
realistic pair potentials (for example, the potential of
Aziz' ) are very small —much smaller than the differences
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FIG. 2. Phonon density of states in the bulk of krypton at 7K:,with three-body forces; & )& & &, without three-body

forces.

FIG. 3. The derivative of pair potentials in the vicinity of the
first-nearest-neighbor distance. The position of the arrows are
the first-nearest-neighbor distances at T~ ——7 K, T2 ——70 K, and
T3 —102 K:,Barker's potential; ———,Lennard- Jones
potential.
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between Barker's potential and the Lennard-Jones poten-
tial. So, we expect that the potential of Aziz will also give
reliable results for the properties of the system.

III. RESULTS

A. Structure and displacements perpendicular
to the surface
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FIG. 4. Single-particle distribution functions at (a) T =7 K,
(b) T =70 K, and (c) T=102 K. Solid lines and points, g~(z) at
the surface; crosses, g&(z) in the bulk; dashed lines, mean posi-
tions of the layers in the bulk of the crystal.

I

In the following the coordinates x,y are parallel to the
surface and the coordinate z is the direction perpendicular
to the surface. Furthermore, we define rn =1, for the
outermost layer, m =2 for the plane just below the upper
layer, and so on. In order to investigate how the particles
are distributed in the z direction, we have calculated the
single particl-e distribution function gI(z); gI(z) is the
probability that a particle of the system is between z and
z+dz. The results for gI(z) for the temperatures of 7, 70,
and 102 K are shown in Fig. 4. It can be seen from Fig. 4
that the single-particle distribution for m =6 (innermost
layer) agrees very well for all temperatures with the corre-
sponding data of the bulk. There are, however, large ef-
fects in the outmost layer (m = 1): with decreasing rn the
height of the peaks are getting smaller and their width
broader. This is consistent with the fact that the mean-
square amplitudes of the particles are significantly larger
at the surface than in the bulk of the crystal; the MD re-
sults of the mean-square amplitudes are shown in Fig. 5.

In the calculation for T=7 K we observe a double-
peak structure which is a typical feature of a classical os-
cillator; it is not due to double minima in the effective
single-particle potential, but rather to a dynamic effect
which will be discussed in more detail in a forthcoming
paper. For m =5 and m =6 this double-peak structure
could not be resolved by our MD calculation and this is
because the amplitudes of the oscillations are very small
for I =5 and rn =6 [0.07 A for m =6 (see Fig. 5)]. The
asymmetry in the peak structure for m =1 can be ex-
plained as follows: Let us consider surface particles
which are vibrating perpendicular to the surface. Upon
moving inward, they collide with the particles of the
second layer (m =2) and the repulsive part of the poten-
tial is effective, which causes them to reverse their direc-
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FIG. 5. Mean-square displacements for different layers and
temperatures.

tion of motion. When the particles are moving outward,
however, they do not collide with any other particles, but
the direction of motion is reversed by the attractive part of
the potential in the crystal. Because of the asymmetry of
the repulsive and the attractive parts of the pair potential,
we observe an asymmetry in the probability distribution
described here by the single-particle distribution function
gI(z) [Fig. 4(a), m =1].

Because the attractive part is weaker than the repulsive
part of the potential, the probability of finding a particle
in the region where the potential is attractive is larger
than that of finding it in the repulsive region. The
double-peak structure could not be recognized in the cal-
culations for 70 and 102 K, indicating that the layers are
disturbed perpendicular to the surface; there must be a
thermally induced disorder.

Behavior of the root mean squar-e disp-lacements: From
Fig. 5 we observe that the gradient of the root-mean-
square displacements (u, )'~ in the bulk decreases with
increasing temperature. Explanation: the repulsive part
of the pair potential is becoming effective with increasing
temperature and, therefore, the gradient of (u, ) '~ in the
bulk as a function of temperature must decrease with in-
creasing temperature. At low temperatures (T &75 K;
the value of 75 K has been obtained by extrapolation) the
gradient of (u, )'~ at the surface decreases with increas-
ing temperature. For T ~75 K, however, the gradient of
(u, )'~ at the surface increases with increasing tempera-
ture. Explanation: when a surface particle is moving out-
ward it is not influenced by the repulsive part of the po-
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FIG. 6. Derivative of Barker's pair potential.
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tential but by its attractive part, .and the derivative of the
pair potential (see Fig. 6), which determines the forces
acting on the particles [see Eq. (5)], has a maximum (at
4.43 A) in the attractive region. At low temperatures
( T &75 K) the distance of' most of the particles of the
outermost layer from those of the second layer is smaller
than 4.43 A and —as in the case of repulsion —the gra-
dient (u, ) '~ as a function of temperature decreases with
increasing T. At 102 K, however, distances with r &4.43
0

~ 2 1/2A are probable and we expect that the gradient of (u, ) '~

increases for T & 102 K.

B. Interplanar spacings

Let us now study the deviations of the mean positions
a~ of layers near the surface from the mean positions a~
that these layers would have in the bulk of the crystal.
a~ can be obtained from the single-particle distribution
function g~(z) (see Fig. 4). a' is given by the position of
the center of mass of the peak belonging to layer m. In
the case of a symmetrical curve, a' is identical to the po-
sition of the maximum of the peak. In Fig. 7 the quantity

hb =a' —a

is represented as a function of m. It can be seen from
Fig. 7 that there is a multilayer relaxation for all three
temperatures. In the case of T~ ——7 K the relaxation ef-
fect is getting small with increasing m. Due to the
geometrical symmetry the mean position of the innermost
layer (m =6) must be identical to that in the bulk of the
crystal; this is fulfilled for 7, 70, and 102 K.

In general, the relaxation as a function of temperature
is determined by minimizing the total free energy (includ-
ing vibrational modes), and the resulting mean displace-
ments a~ are called the dynamic displacements. If the
mean displacements are determined by minimizing the
static energy, we only obtain the static displacements.

FIG. 7. (a) The deviations of the mean positions of layers
near the surface from the mean position that these layers would
have in the bulk. Eb is defined by Eq. (6). (b) Interplanar spac-
ing of surface layers. 5 is defined by Eq. (7):,our
model ( T =70 K.); ———,Lennard-Jones system (Ref. 6)
(T =57 K).

I I
a~+~ —am

am+1 —am
(7)

are discussed. Figure 7 shows our results for b,~ at 70 K
together with those obtained for the Lennard-Jones sys-
tem at 57 K (see Ref. 6). As can be seen from Fig. 7,
there are not only large quantitative differences between
our model and the Lennard-Jones system, but also qualita-
tive differences: for m & 2 in our system the distances be-
tween the layers are smaller, and in the Lennard-Jones
system, larger than in the bulk of the crystal. The correc-

Most of the lattice-dynamical calculations in literature
(see, for example, Ref. 19) have been performed on the
basis of the static displacements. However, it is shown in
Fig. 7 that hb varies strongly with temperature, and
therefore, the assumption that the mean displacements
have their static values breaks down at high temperatures.
Thus, in lattice-dynamical calculations. we have to consid-
er that both the harmonic approximation and the validity
of the static approximation for the mean displacements
break down at high temperatures. MD calculations take
both dynamic displacements and anharmonic effects into
account automatically. The curves in Fig. 7 show the
dynamic displacements. We expect, however, that the
curve for T, =7 K is close to the static case.

Let us compare our results with those obtained from a
Lennard-Jones system. In Ref. 6 the results of the quan-
tity
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tions due to the different temperatures for which the cal-
culations have been performed would strengthen the
differences between the two systems. Furthermore, the re-
sults for the lowest temperature show that the relaxation
of our system is negatiue (contraction of the system) and
in the case of the Lennard-Jones system it is positiue (ex-
pansion of the system).

1

g, (r)
0 /&LJ

C. Structure and displacements parallel to the surface

In Sec. III A we studied the structure perpendicular (z
direction) to the surface by means of the single-particle
distribution function g& (z). The points in the x,y plane of
layer m are equivalent and, therefore, the relative dis-
tances between the particles are relevant. Thus, it is in-
structive to study the structure parallel (x,y directions) by
means of the pair correlation function, i.e., the probability
distribution for the distances (with respect to the x,y coor-
dinates) between neo particles. Let us denote in the fol-
lowing the pair correlation function with gq(r), where r is
the relative distance between two particles with respect to
the x,y coordinates. gq(r) has been simply computed by
means of the coordinates x;,y; of all particles which be-
long to layer m and is given by

1 n(r, b, r)ger=
2nr br p

(8)

where p is the two-dimensional macroscopic density of
layer m, and n (r, b, r) is the density in the two-
dimensional spherical shell around a particle having the
radii r and r +b,r. The z coordinates of the particles are
not considered in gz(r), but are in g~(z) (see Fig. 4). Re-
sults for gz(r) for various layers m are represented in
Figs. 8—10. It can be seen from Figs. 8—10 that gz(r) for
the innermost (m =6) layer agrees very well for all tem-
peratures (7, 70, and 102 K) with that in the bulk of the
crystal.

The results for gz(r) for the outermost (m = 1) layer at
T =7 K agrees well with those for the innermost (m =6)
layer. Thus, at T=7 K there are no (or almost no)
structural effects parallel to the surface. This is con-
sistent with the fact that the mean-square displacements

JUL J
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- FIG. 9. Pair correlation function gz{r) parallel to the surface
( T =70 K):,surface calculation;, bulk calculation.

1
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parallel to the surface are almost independent of m. In
contrast to this behavior we found in Sec. II A that in the
calculation for 7 K the single-particle distribution func-
tion g~(z) and the mean-square displacements perpendicu
lar to the surface vary strongly with I (see Figs. 4 and 5).

In the calculation for T =70 K we observe in gz(r) rel-
atively large effects; the peaks of gq(r) of layer m = 1 are
broadened and their heights are reduced in comparison to
those of layer rn =6 (see Fig. 9). The mean-square ampli-
tude parallel to the surface is approximately 125%%uo larger
for layer rn =1 than for layer m =6. gz(r) for layer

12 —.
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FIG. 8. Pair correlation function gq(r) parallel to the surface
( T =7K):,surface calculation; ~ ~ ~, bulk calculation.

FIG. 10. Pair correlation function gq(r) parallel to the sur-
face ( T =102K):,surface calculation; ~, bulk calcu-
lation.
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4k' T
(r (t)) = f (t s)g(s)ds,— (9)

where m is the mass of the particles. With the asymptotic
form

lim ( r ( t) ) =4Dt +const,t~ oo

(10)

we can estimate the diffusion coefficient D from our MD
data. We have calculated (r (t) ) from the MD data by

I

( '(t))= g g [r;( +r, ) —r;(r, )]', (ll)
I j=I i=I

m =2 already agrees well with that of layer m =6 (see
Fig. 9). Thus, at T =70 K only the structure of the
outer'most layer is distinctly disturbed in the x,y plane.

In the calculation for T = 102 K (see Fig. 10) a periodic
structure parallel to the surface for layer m =1 can hard-
ly be recognized; in Fig. 11 three-dimensional plots for the
outermost layer at 7, 70, and 102 K illustrate by compar-
ison the degree of disorder at T =102 K: Although the
temperature is still 14 K below the melting point, the
outermost layer is extensively disordered. In particular, it
can be seen from Fig. 11 that not all the particles are ar-

ranged side by side but also one upon the other, leading to
the "black" area in gz(r) (see Fig. 10, m =1); due to the
relatively small energy of the particles at T =102 K this
"black" area in gz(r) could not be occupied in the case of
a pure two-dimensional layer, i.e., a layer without degree
of freedom perpendicular to the surface.

The mean-square displacement in the calculation for
T =102 K shows a singularity parallel to the surface for
m =1 (see Fig. 5), and this situation indicates a diffusion
process in the x,y plane. We have determined the dif-
fusion coefficient D for the outermost layer by means of
the mean-square amplitudes (r (t) ) parallel to the surface
as a function of time. (r (t)) can be expressed by the
VAF [defined by Eq. (3)] as follows:

2 Pl

w k~T
(12)

and the numerical value obtained from f(to=0)~~ agrees
well with that we have estimated from (r (t)). A more
detailed discussion concerning surface phonons (in partic-
ular, the phonons perpendicular to the surface) is given in

Ref. 22.

where N, is the number of time origins and Ni is the
number of particles in the outermost layer. N, was
chosen to be 200. With Ni =50 (see Sec. II) we obtain a
statistical error of 1%. The results for (r (t) ) are
represented in Fig. 12. On the basis of Eq. (10), we have
estimated D from the slope of the linear part of (r (t) )
given in Fig. 12, and we obtained for D a value of
0.85&&10 cm /sec, which is also a typical value for
II',quids.

Because D is so large and the structure of the layer is
disordered at 102 K (see Figs. 10 and 11), we may con-

clude that the outermost layer shows the effect of surface
premelting already investigated 'for Lennard-Jones sys-

tems. ' ' In Ref. 21 the diffusion process has not been

studied, and in Ref. 4 the long-time gradient for (r (t) ) is
immeasurably small on the MD scale and, in our opinion,
one is hardly able to recognize a diffusive motion. This
means that the observed premelting in our system is obvi-

ously much more pronounced than in the case of the
Lennard-Jones system studied in Ref. 4. It is not straight-
forward to understand physically why Barker's potential
shows stronger premelting phenomena than the Lennard-
Jones system given in Ref. 4.

The diffusive motion parallel to the surface in the
outermost layer indicates that nonlinear effects to T =102
K should be very pronounced. In fact, due to the anhar-
monicities parallel to the surface the spectrum of the pho-
non density of states f (co)~~ in the calculation for T =102
K (see Fig. 13) is shifted to lower frequencies with respect
to f (co)

~~
at 7 K. In particular, it can be seen from Fig. 13

that f(co=0)~~ at T =102 K is not zero, which is con-
sistent with the fact that the particles perform a diffusive
motion in the x,y plane. f (co)~~ is connected to the dif-
fusion coefficient D by

T= 7K

T= 70K

T= 102K

~CTY+
'l.2 2.4 3.6 4.8 6.0

t(10 sec}

FIR. 11. Three-dimensional plots for the outermost layer at
7, 70, and 102 K.

FK». 12. Mean-square amplitudes parallel to the surface as a
function of time ( T =102 K).
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FIG. 13. Phonon density of states parallel to the surface. (a)

T =7 K and (b) T = 102 K.

IV. SUMMARY

In order to carry out a first-principles calculation of
surface properties, it is necessary to have an accurate
knowledge of the atomic interactions. All MD calcula-
tions on noble gas sur-faces reported in the literature have '

been done exclusively with Lennard-Jones potentials. In
our MD calculations for krypton we have used Barker's
potential. This potential should be more realistic than the
Lennard-Jones potential because it undoubtedly correlates
accurately a much wider range of experimental data. Al-

though there are no qua/i tat&Ue differences between
Barker's potential and the Lennard-Jones potential, we
found that the differences between the two potentials not
only give rise to quantitative differences in the results of
surface properties, but also to qualitatiue effects.

The structure of the layers has been studied by means
of the single-particle distribution function and the pair
correlation function. Whereas the results for the inner
most layer of the model agree very well with the corre-
sponding data of the bulk, there are relatively large effects
in the outermost layer. This is also the case for the
mean-square displacements (u ): (u ) is much larger in
the outermost layer than in the bulk of the crystal. For
example, in the calculation for T =7 K the mean-square
displacement perpendicular to the surface is approximate-
ly 10 times larger than in the bulk. For T =102 K we ob-
serve the effect of surface premelting: the outermost layer
is disordered and the particles perform a diffusive motion
parallel to the surface, and the diffusion coefficient D is
comparable to that in liquids. The effect of premelting in
our realistic system is obviously much more pronounced
than in the case of Lennard-Jones systems.
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