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The energetics and dynamics of the vicinal~113!, ~115!, and~117! surfaces of aluminum have been inves-
tigated using a realistic many-body potential, based upon the effective medium theory, to describe the atomic
interactions. These surfaces are found to show two distinct forms of thermal disordering. Firstly, above 700 K
the surfaces undergo a roughening transition, characterized by a disordering of the step edge structure, the
roughening temperature decreasing with decreasing step density. Secondly, above 900 K the surfaces undergo
a melting transition, characterized by a complete disordering of the surface, the melting temperature increasing
with decreasing step density. From studies of the step meandering, the time dependence of fluctuations in the
step position were found to show a power-law dependence,tn, where 0.25,n<0.5. This is consistent with
two-dimensional diffusion on the surfaces, as observed experimentally. For noninteracting steps this corre-
sponds to a time exponent ofn50.5. The reduced time dependence is then due to the repulsion between the
steps.

I. INTRODUCTION

No real surface is perfectly flat over macroscopic length
scales. Misorientation of a crystal surface with respect to the
major symmetry directions results in a structure of low-index
terraces separated by atomic steps. Many of the unusual
properties of stepped surfaces, such as their catalytic behav-
ior, can be attributed to the low coordination of the step edge
atoms. That the step edge atoms can be dislodged more eas-
ily than other surface atoms implies that as the temperature
of a crystal is raised, the series of ordered steps will become
full of defect kinks which will wander across the surface.
This is the origin of the so-called roughening transition, a
continuous phase transition of the Kosterlitz-Thouless~KT!
type.1 The KT transition is an infinite order phase transition;
all temperature derivatives of the free energy are continuous.
The roughening transition is associated with the proliferation
of kinks, the transition temperatureTR for roughening being
that at which the free energy of step formation tends to zero.
Above the transition temperature, kinks can spontaneously
form and the step edges meander, the surface becoming de-
localized, characterized by a logarithmic divergence of the
step height-height correlation function.2 Because thermal ex-
citation at the step edges is much less costly than that from a
terrace, the physical roughening occurs initially at the steps,
while the terraces remain ordered until much higher tempera-
tures. As a result, flat surfaces do not show signs of rough-
ening until close to their melting pointTM . However, for
vicinal surfaces, with periodic arrangements of steps, rough-
ening can occur at temperatures well below the onset of sur-
face melting, the two effects being distinct forms of thermal
disorder.

Surface roughening on metal surfaces was first postulated
from helium diffraction intensities for Cu~113!, ~115!, and
~117!.3–5 Direct evidence for such a transition then followed
from helium atom scattering6–12 and surface x-ray13,14 stud-
ies for the~11$2m11%! surfaces of both Ni and Cu. These
surfaces showed changes in the diffraction line shapes con-
sistent with a logarithmic divergence in the step height-

height correlation function. The existence of a roughening
transition has since been observed for many surfaces at tem-
peratures ranging from 0.2TM to 0.8TM , depending on the
exact nature of the surface in question.

In recent years there has been a resurgence of interest in
the energetics and dynamics of stepped surfaces, due mainly
to the ability of the scanning tunneling microscope~STM!,
and other microscopies, to produce real-space images of such
surfaces.15–21 This has allowed measurements of real-time
fluctuations in the step positions under equilibrium condi-
tions. From such observations it is possible, theoretically, to
determine the atomic mechanisms for step motion.17,18 Sev-
eral physical mechanisms for step motion have recently been
described in terms of different rate limiting processes such as
kink-diffusion or step-terrace exchange.22,23 These different
processes affect the time dependence and length scale of the
step fluctuations, leading to a method of distinguishing the
different processes experimentally. Such an analysis of the
‘‘frizzy’’ step edges observed on Ag~111! at room tempera-
ture using STM revealed that step motion occurs via kink
diffusion along the step edge only.18

The equilibrium morphology of a surface is determined
by the minimization of the surface tension~which at 0 K is
the surface energy!, while maintaining the surface
orientation.24 The variation of the reduced surface tension
f (u,T) with step density, tanu is given by25

f ~u,T!5g0~T!1
b~T!

h
utanuu1g~T!utanuu3,

whereg0(T) is the surface tension of the terraces between
the steps,b(T) is the free energy cost per unit length of step
heighth, andg(T) utanuu3 is the free energy cost per unit area
due to step-step interactions. To stabilize a stepped surface
the reduced surface tension must decay with increasing step
separation in such a way that, e.g., the~115! surface has a
lower free energy than the corresponding linear combination
of, e.g.,~113! and ~117! surfaces.
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The interactions between the steps come from three
sources. The first is stress mediated interactions caused by
relaxations about the steps. The closer the steps are together,
the fewer atoms there are between them to accommodate the
relaxations, giving rise to long-range repulsive interactions
between the steps.26,27 Second, dipolar interactions, due to
electrostatic dipoles induced along the step edges.28 These
interactions have recently been calculated, using density
functional theory, for steps on~111! surfaces of aluminum,
and were found to be weakly repulsive.29 Finally, at high
temperatures, there is an entropic contribution30 arising from
the fact that meandering steps cannot cross one another,
since to do so would create an overhang that is energetically
unfavorable. Bringing steps nearer to one another decreases
the amount of wandering, and thus the configurational en-
tropy, leading to an entropic repulsion between steps.

The equilibrium properties of a stepped surface, such as
the terrace width and kink concentration, are then determined
by a balance between the entropy gained by step meandering
and the true energetic repulsion between the steps. Note that
at any finite temperature a small concentration of kinks, and
other defects, will always be thermodynamically stable be-
cause of the increased configurational entropy associated
with their formation.

Many theoretical studies of stepped metal surfaces have
concentrated on the energetics of step, kink, and defect
formation.5,31–35Such calculations of surface energies are a
necessary starting point for understanding the structure of
stepped surfaces. However, because entropy is such an im-
portant factor in determining the thermodynamic properties
of surfaces, energy calculations that correspond to zero tem-
perature structures do not necessarily give a true understand-
ing of the behavior of real surfaces. This issue is now being
addressed directly by molecular dynamics~MD! simulations
with realistic many-body potentials.36,37In this spirit we have
performed MD simulations of the~113!, ~115!, and ~117!
vicinal surfaces of aluminum with atomic interactions de-
scribed by the effective medium theory~EMT!.38 The
~11$2m11%! vicinal surfaces, of whichm51,2,3 have the
highest step densities, consist of~001! terraces, separated by
~111! steps. On each terracem11 atomic rows are exposed.
The simulations were performed at temperatures ranging
from 0 K, to study the energetics, up to 1000 K, to investi-
gate the dynamics of the roughening and melting transitions.

This paper is organized as follows. In Sec. II we briefly
review the effective medium theory and outline the details of
the simulations. The 0-K results for the surface energies, and
relaxations, are presented in Sec. III. The general thermody-
namic properties of the stepped surfaces are then discussed
in Sec. IV, before we go on to consider the dynamics of step
motion in greater depth in Sec. V. Finally, in Sec. VI we
summarize the main findings of our study.

II. MODEL AND METHOD

A. The effective medium theory

The effective medium expression for the binding energy
of a metal38 is

EB5(
i

@EC~ n̄i !1DEAS~ i !#1DE1-el, ~1!

where the sum is over all atoms in the system. The first term,
EC(n̄ i), is the cohesive energy, the energy of the atom em-
bedded in a homogeneous electron gas of densityn̄ i , defined
as the average over a neutral sphere around atomi of the
electron densities from all the other atoms in the system. The
final two terms are corrections for differences between the
atom in the metal and in the reference system. The atomic-
sphere correction energy,DEAS( i ), describes the difference
in the electrostatic interaction of the atom in the metal and in
a close-packed fcc arrangement@where the electrostatic in-
teractions are already included in theEC(n̄ i) function#. The
final term, the one-electron correction energy,DE1-el, is the
difference between the covalent bond energy in the metal and
in the reference system, and describes the discrete nature of
the one-electron spectrum. In many cases, the first two terms
alone are sufficient to provide a good description of the bulk
and surface properties of simple metals, such as aluminum,
for which the final term is generally assumed negligible.

In a previous paper on the self-diffusion of adatoms on
the low-index surfaces of aluminum,39 we showed the impor-
tance of covalent bonding during exchange mechanisms. The
main finding was that covalent bonding was only important
for systems with very low coordination, and was negligible
in all other cases. For stepped surfaces, with narrow terraces,
like those studied here, the repulsion between the steps pre-
vents the diffusion of atoms away from the step edges into
the low coordination sites on the terraces. Thus the situation
addressed in the previous paper should never arise on the
stepped surfaces studied here, and we may therefore assume
covalent bonding, i.e.,DE1-el, to be negligible. Further veri-
fication of this point will be given when we discuss the ob-
served diffusion mechanisms on the stepped surfaces.

The effective medium theory has previously been used,
with a great deal of success, to study the disordering and
melting of the low-index surface of aluminum,40–42and other
metals,43 and we will briefly review the results: The observed
surface stability follows the order in the packing density. The
~110! surface disorders first via anharmonic effects~up to
750 K!, then by adatom-vacancy formation, and finally by
melting of the surface. The~100! surface also shows anhar-
monic effects, but no melting of the surface layers below the
bulk melting point. Finally, the~111! surface is very stable
up to the bulk melting point and even shows weak superheat-
ing effects. The bulk melting point of aluminum in these
simulations,TM'1050650 K, is higher than the experimen-
tal melting point~933 K!. This is because the effective me-
dium potential is optimized to the perfect fcc structure, and
as a result, its description of the liquid is not as accurate as
its description of the solid.

B. Simulations

The computational cells employed in our MD simulations
are of a slab geometry, with periodic boundary conditions in
thex-y plane, and the surface normal parallel to thez direc-
tion. All simulations begin with the atoms in their perfect
lattice positions, with the appropriate lattice constanta(T)
taken from previous constant pressure~P50! simulations of
the bulk. The dimensions of the computational cells are de-
fined byNx3Ny3Nz , Table I, whereNx is the number of
steps,Ny is the number of atoms along the step direction, and
Nz is the number of dynamic ‘‘full layers;’’ on a~11$2m11%!
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surface each full layer consists ofm11 ‘‘partial layers’’
~atomic rows!. The layers are numbered from the topmost
free surface; layer 1 is the first partial layer of atoms forming
the step edges on an ordered surface.

The 0-K simulations were performed on a slab having two
free surfaces. For the finite temperature simulationsNstatic
full layers on the bottom surface of the slab are kept at their
perfect lattice positions to prevent spontaneous rotation of
the system to expose a more stable surface. The static sub-
strate acts as a perfect thermal insulator, and its thickness is
greater than the range of the atomic interactions. The thick-
ness of the dynamic slab,Nz , was adjusted to minimize in-
teractions between either the two free surfaces or the surface
and the static substrate, and it is assumed that bulk behavior
is obtained away from the free surface~s!. However, the static
substrate has an artificially high order that will affect the
adjacent dynamic layers, especially at very high tempera-
tures, close to the melting point, when the number of disor-
dered layers becomes comparable to the number of dynamic
layers.

Since the overall size of the simulations~3000–4000 at-
oms! is restricted by computer considerations, and part of the
study involved the investigation of the melting transition of
the stepped surfaces, the area of the surface was limited by
the requirement of an accurate description of subsurface lay-
ers, there being no direct interactions between the disordered
layers and the static substrate layers. In most cases it was
found that surfaces with areas of approximately 40340 Å2

@equivalent to 8, 6, and 4 steps on the~113!, ~115!, and~117!
surfaces, respectively, with 13 atoms along the step direc-
tion# were large enough to give a clear picture of the impor-
tant physical processes. However, as with all molecular dy-
namics simulations, there are inherent limitations that should
be highlighted. Firstly, the use of periodic boundary condi-
tions places severe constraints on the extent of step meander-
ing. Secondly, the step meandering process is slow relative to
the time scale associated with molecular dynamics. Both
these points will be discussed at the appropriate juncture.

The simulations were performed using molecular dynam-
ics, the classical equations of motion for the atoms integrated
using the velocity-Verlet algorithm,44 with a time step of
1.0310214 s to ensure numerical stability~i.e., energy con-
servation!. The 0-K properties were calculated using the
same molecular dynamics routine, modified to allow quasi-
dynamic minimization; the kinetic energy of an atom is set to
zero when the scalar product of its velocity and acceleration
~i.e., force! is negative, corresponding to the atom moving
out of a local minimum. This procedure quickly removes all
excess energy from the system as the atoms relax to the
minimum energy configuration. The minimization is consid-
ered complete when a system can run for several hundred
time steps without further removal of energy, and the tem-
perature is less than 1.031026 K. The surface relaxations
and energies are calculated for defect-free systems, with per-
fectly ordered steps. Defects of opposite ‘‘sign’’~forward
and backward movement of the step edges! can be intro-
duced into the system by moving atoms from one surface of
the slab to the other, keeping the total number of atoms con-
stant. As there are no direct interactions between the two free
surfaces it follows that there are also no interactions between
the defects. By comparing the energy of the relaxed defect
system with that of the relaxed defect-free system, the defect
energy can be found exactly.

For the finite temperature studies, the systems were
equilibrated to the simulation temperatureTS by stochastic
thermalization.44 Equilibration takes several thousand time
steps, with massive stochastic collisions being applied at
regular intervals. This is the most efficient way of equilibrat-
ing a system of atoms, and reduces the risk of any collective
motion of the atoms parallel to the surface. Following equili-
bration, the system is allowed to evolve microcanonically for
a further several thousand time steps, with configurations
saved every 10 time steps for subsequent analysis.

III. ZERO TEMPERATURE CALCULATIONS

A. Surface relaxations

The percentage interlayer relaxations, defined as

di ,i115100
~zi2zi11!2z0

z0
, ~2!

wherez0 is the unrelaxed bulk interlayer spacing, are pre-
sented in Table II. That the magnitude of the relaxations
appears to increase with terrace width is an artifact of the
definition of di ,i11, due to the decrease in bulk interlayer
spacingz0 with increasing terrace width, Table I. The mag-
nitudes of the physical displacements actually decrease with
increasing terrace width.

TABLE I. Dimensions of the~11$2m11%! surfaces and of the
computational cells used in the simulations. Thex direction andy
direction are taken as perpendicular and parallel to the step edges.
The z direction is normal to the surface plane,u is then the angle
between the surface normal and the~001! terrace normal. The com-
putational cell for the~11$2m11%! surface consists ofNx steps,Ny

atoms long, andNz(m11) crystal layers.

Surface u ° x0 ~Å! z0 ~Å! NxNyNz

~113! 25.239 4.712 1.212 8313310
~115! 15.793 7.382 0.773 6313310
~117! 11.422 10.145 0.563 4313310
~100! 1.421 13313310

TABLE II. Calculated percentage interlayer relaxations at 0 K for the first 3~m11! crystal layers on the~11$2m11%! surface.

Surface d1,2 d2,3 d3,4 d4,5 d5,6 d6,7 d7,8 d8,9 d9,10 d10,11 d11,12 d12,13

~113! 26.8 14.0 22.9 12.1 21.1 10.9
~115! 28.0 25.2 18.4 23.2 23.2 14.5 21.4 21.3 12.0
~117! 28.3 24.9 25.9 113.1 23.6 23.1 23.3 17.1 21.2 21.9 21.2 13.6
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The surface layers show a repeated pattern of inward and
outward relaxations, with a periodicity equal to the number
of atomic rows per terrace, and an exponential damping in
magnitude away from the surface. For a surface with terraces
m11 atomic rows wide, the topm layers of atoms show
inwards relaxations, the effect being greatest for the first
layer; the atoms that constitute the step edges, being particu-
larly exposed, are strongly attracted to their neighbors; while
the finalm11 layer of atoms, the corner atoms, being par-
tially covered by the step edge atoms of the next terrace,
have large outward relaxations. Thus the layers of atoms on a
stepped surface attempt to flatten out, as illustrated by the
arrows in Fig. 1. Similar relaxations have been found both
experimentally and theoretically for stepped surfaces of other
metals.31,33,36,45,46

B. Surface energies

The surface energygs , defined as the excess energy per
atom per unit surface area, is given by

gs5
E2N«b
2LxLy

, ~3!

whereE is the total energy of the system ofN atoms ob-
tained from the energy minimization,«b is the energy of a
bulk atom, andLxLy is the area of the surface. The factor of
2 accounts for the two free surfaces of the slab used in the
calculation.

The calculated surface energies are summarized in Table
III. At low temperatures the surface energy arises from the
reduced coordination, and thus bonding, of the atoms at the
surface relative to those in the bulk. As such, it is a measure
of the stability of the surface; the higher the surface energy,
the less stable the surface. Thus the~113! surface, having the
highest density of sevenfold coordinated step edge atoms per
unit area, is the least stable. As the terrace width increases,
the surfaces become more stable, and in the limit of infinitely
wide terraces, the surface energy will approach that of the
flat ~100! surface.

We can also calculate the excess energy per atom as a
function of position, i.e., layer, on the stepped surfaces:

g l5« l2«b , ~4!

where«l is the energy of an atom in layerl , and«b is again
the energy of a bulk atom. The results are shown in Fig. 2.
Again the step edge atoms have the highest excess energies,
0.55 eV, due to their low coordination, seven nearest neigh-
bors~7 NN!. A terrace atom with 8 NN has an energy of 0.42
eV, and a corner atom with 10 NN an energy of 0.23 eV. The

FIG. 1. Views of the~11$2m11%!, m51,2,3, surfaces projected
onto thex-z plane, showing the nature of the interlayer relaxations.
Notice that the interlayer spacing decreases with increasing terrace
width. The step edge atoms (S), the terrace atoms (T), the corner
atoms (C), and the subsurface or bulklike atoms (B), as labeled,
refer to the ordered phase.

TABLE III. Calculated surface energygs , step-step repulsionwm , kink formation energyW0, and
adatom-vacancy pair formation energyEdefect, at 0 K for the~11$2m11%!, m51,2,3, surfaces.

Surface
gs

~J m22! w1 ~K! w2 ~K! w3 ~K! W0 ~K!
Edefect
~eV!

~113! 0.995 115.7 1155.1 0.423
~115! 0.988 21.7 1091.4 0.387
~117! 0.979 12.3 1140.0 0.352
~100! 0.608

FIG. 2. The excess energy per atom as a function of position for
the ~100! ~solid line!, ~113! ~dotted line!, ~115! ~short-dashed line!,
and the~117! ~long-dashed line! surfaces. The surfaces are perfectly
ordered at 0 K. The respective energies of the step edge atoms (S),
the terrace atoms (T), the corner atoms (C), and the subsurface or
bulklike atoms (B) are comparable on all three stepped surfaces.
Also the energy of the terrace atoms is consistent with that of an
atom in the~100! surface.
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atoms in the subsurface layer with a full 12 NN, having only
lost a few of their next-nearest neighbors, have excess ener-
gies of less than 0.06 eV.

C. Kink formation energy and step-step interaction

To understand the dynamics of stepped surfaces, i.e., the
step roughening and meandering processes, it is first neces-
sary to develop an understanding of the energetics of kink
formation. Villain et al.5,31,47were the first to associate the
energy of a stepped surface with the number of kinks and the
degree of step-step repulsion present. They developed a
model for the energy of a stepped surface based on two pa-
rameters: the kink creation energy on a step edgeW0 and the
repulsion energy per unit length between steps, i.e., the en-
ergy required to move a step-edge atom one atomic row
closer to another step,wm , wherem11 is the number of
atomic rows originally separating the two steps.

The step-step interaction energywm can be calculated di-
rectly in our simulations by moving one complete atomic
row of step-edge atoms~i.e.,Ny atoms! from the upper sur-
face of the slab to the lower surface. The energy difference
between this system and the defect-free system then gives
wm . Similarly, the kink formation energyW0 can be calcu-
lated by systematically moving step-edge atoms from the
upper surface of the slab to the lower surface. Ifn atoms
(n51,...,Ny/2) are moved from one surface to the other,
creating two pairs of kinks~one positive and one negative!
both of lengthn, then the energy difference is equal to
4W012nwm .

The calculatedwm andW0 are summarized in Table III.
The step-step interactionswm are all positive, i.e., repulsive,
decreasing with increasing terrace width. Thus the three sur-
faces are stable. The kink formation energiesW0 for the
three surfaces are all of the same order of magnitude, inde-
pendent of terrace width and kink length, and are consider-
ably larger than the respectivewm . Note thatW0 andwm are
calculated at 0 K, and the effect of thermal motion and dis-
order on the two parameters is unknown. Experimentally, it
is very hard to obtain consistent values for the two param-
eters due to the continuous nature of the roughening
transition.5,8–10,12,13,48,49

Finally, the formation energies of a single step edge
adatom-vacancy pair for the three surfaces are also given in
Table III, and can be seen to decrease with increasing terrace
width due to decreasing step-step repulsion as discussed
above.

As we have already mentioned, the long-range repulsion
between steps is necessary to ensure the stability of the sur-
faces at low temperatures. The ability of the EMT to give
what appear to be, in the absence of any experimental data,
reasonable values for the step-step interactions, and other
physical properties, is a good indication of its suitability for
such studies.

IV. FINITE TEMPERATURE SIMULATIONS

Before starting the analysis of the dynamics of the
stepped surface we can first visualize the results of our simu-
lations by means of snapshots of the atomic positions from
the MD trajectories. Figure 3 shows some snapshots for the
~115! surface at various temperatures. At 600 K the surfaces

are well ordered with straight steps; this is the ordered phase.
As the temperature increases kinks start to appear in the step
edges, 800 K. The first signs of disordering are clearly re-
stricted to the step edges, the terraces remaining well ordered
until much higher temperatures. As the temperature contin-
ues to increase the surfaces become more and more disor-
dered as the extent of the step meandering increases. This is
the rough phase. At 1000 K the surfaces appear completely
disordered as the result of surface melting.

A. Layer structure

To investigate the variation of the properties of the
stepped surfaces with temperature we show first in Fig. 4 the
average atomic densities projected onto thez axis, normal to
the surface, at various temperatures. The most striking fea-
ture of these results is the pronounced grouping of the first
m11 partial layers forming the~11$2m11%! surface, and of
subsequent layers. This is due to the relaxation effects al-
ready discussed. Above 600 K there is a gradual change in
the density profiles near the surface, which now start to
slowly spead into the vacuum at the interface. This is due to
the presence of atoms in positions above the surface, associ-
ated with the formation of additional surface layers that are
absent at lower temperatures. In simulations of low-index
surfaces, atoms in layers above the surface are generally re-
ferred to asadatoms, with associatedvacanciesin the surface
layers. In our discussion of the properties of the stepped

FIG. 3. Snapshots of the atomic configurations generated by the
molecular dynamics simulations for the~115! surfaces. The darkest
shading corresponds to adatoms, the lightest to subsurface atoms.
Three different phases exist on the stepped surfaces: the ordered
phase, below 600 K; the rough phase, around 800 K; the molten
phase, around 1000 K.
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surfaces we shall retain this convention, but emphasize that
these adatoms are now formed by the motion of the step
edges; motion of step-edge atoms one, or more, atomic rows
forward from their position in the ordered phase is associated
with the creation of step-edge adatoms, and equivalently,
motion of step-edge atoms one, or more, atomic rows back
with the creation of step-edge vacancies. The adlayers are
therefore the result of surface roughening and are not directly
attributable to the melting of the surface, as on low-index
surfaces.40 At very high temperatures, close to the bulk melt-
ing point, there is a disintegration of all layer structure near
the surface. This loss of structure is attributed to the forma-
tion of a liquidlike interface on the surface, the thickness of
which increases with temperature, and is associated with sur-
face melting.40–43,50,51A cautionary word; although there is
undoubtedly some melting of the surfaces at high tempera-
tures, above;900 K, the picture is complicated on the
higher-index stepped surfaces by the large vibrational ampli-
tudes of the surface atoms compared to the interlayer spac-
ings.

At elevated temperatures, the surfaces are highly mobile,
and at the end of a trajectory an atom may be found at a
considerable distance, and in a different layer, from its origi-
nal lattice position. As an error in the assignment of layer
number for an atom can cause a substantial error in the cal-
culated properties of a layer, it is necessary to reassign layer
numbers for all atoms in order to correctly analyze the MD
trajectories. Further, the assignment of lattice positions al-
lows the time dependence of fluctuations in step-edge posi-
tion to be determined, enabling us to study the dynamics of
step meandering. Since, as we shall see, the system always
retains some degree of crystalline order, even at the highest
temperatures, it is possible to assign layer numbers and lat-
tice positions by mapping the positions of all the atoms onto
a perfect lattice, i.e., assigning layer and position according
to the nearest lattice site.

B. Defects in layers

The average layer occupations as a function of tempera-
ture, ^Nl&T , are shown in Fig. 5~a!. As the temperature in-
creases above 600 K there is a gradual increase in the occu-
pation of successive adlayers, and an associated decrease in

FIG. 5. ~a! The average layer occupations as a function of tem-
perature for the adlayers and first few crystal layers on the three
surfaces. The symbols, which for the crystal layers refer to the
position of the layer in the ordered phase, are open circles for ad-
layers, squares for the step edges~i.e., the first crystal layer!, dia-
monds for the terraces, triangles for the corners, and solid circles
for all other subsurface atoms. The increased occupation of adlayers
and decreased occupation of crystal layers above 600 K is due to
surface roughening as described in the text.~b! The natural loga-
rithm of the adatom-vacancy concentration,N, for the adlayers-
crystal layers, as a function of 1/kT. The adatom-vacancy formation
energies are estimated to be 0.44, 0.39, and 0.36 eV, for the~113!,
~115!, and~117! surfaces, respectively.

FIG. 4. Average atomic densities projected onto thez axis normal to the surface for the~a! ~113!, ~b! ~115!, and~c! ~117! surfaces. Notice
the grouping of them11 layers on the~11$2m11%! surface. At 700 K, and above, the density profile of the surfaces changes with the
presence of atoms in positions above the surface, located atz50 Å for the perfectly terminated bulk, due to surface roughening. Surface
melting can be implied from the loss of structure in the topmost surface layers around 1000 K, although this is complicated on the
higher-index surfaces due to the large vibrational amplitudes of the atoms compared to the interlayer spacings.
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the occupation of the surface layers, due to the formation of
kinks and step meandering. The adatom-vacancy concentra-
tions for each layer have been plotted in the Arrhenius form,
Fig. 5~b!. At low concentrations the data can be fitted to
straight lines, consistent with a thermally activated process.
The energy to create an adatom in the first adlayer~and as-
sociated vacancy! is equivalent to the energy to create a va-
cancy in the first surface layer~and associated adatom!. The
divergence at high concentrations results from the correlated
nature of step fluctuations. The adrows and vacancy defects
are no longer individual adatoms or vacancies but trains of
such defects which have a lower energy per step edge
adatom-vacancy pair than was calculated for single pairs, see
Table III. The formation energies for an adatom~and asso-
ciated vacancy! in the first adlayer are estimated to be 0.44,
0.39, and 0.36 eV for the~113!, ~115!, and ~117! surfaces,
respectively, which are in surprisingly good agreement with
the values calculated at 0 K, Table III.

In conclusion, there is a gradual increase in the occupa-
tion of adlayers, and a decrease in the occupation of surface
layers, due to the formation of kinks and defects, at tempera-
tures above 600 K on all three surfaces. Since the adatom-
vacancy pair formation energies decrease with increasing ter-
race width, it follows that the surface roughening
temperature also decreases with increasing terrace width.
Unfortunately we cannot be more specific on this point due
to the finite sizes of the systems studied.

C. Relaxations and vibrational amplitudes

The calculated percentage interlayer relaxations as a func-
tion of temperature are shown in Fig. 6 for the~115! surface.
Similar behavior is observed on the other two surfaces,
where it is also found that relaxations are strongly tempera-
ture dependent. This directly reflects the anharmonicity of
the surface layers. If the thermal expansion coefficient of the
surface region was the same as that of the bulk, the relax-
ation curves would all be horizontal lines. This is clearly not

the case. At low temperatures, the repeated pattern of inward
and outward relaxations, as observed at 0 K, is visible. As
the temperature increases, the general trend is an outward
expansion of the layers forming the surface. The increased
outward surface relaxations then correspond to an enhance-
ment of the thermal expansion coefficient of the surface. The
exception is for the topmost surface layer, which shows in-
creased contraction as the atoms forming the step edge in the
ordered phase try to maximize their coordination by forming
a flat ~step-free! surface. Note that such a surface would be
highly distorted.

Above 700 K, the forward and backward motion of the
step edge increases the coordination of some atoms in the
first few layers while reducing that of other atoms in deeper
layers. Under such conditions the nature of the interlayer
spacings changes due to the large variety of different con-
figurations experienced by the atoms in the topmost surface
layers. The adlayer relaxations, not shown, are all negative,
increasing in magnitude with temperature, consistent with
the idea of the surface trying to flatten out. The interlayer
relaxations of the partial layers forming the second, and
deeper, full layers are much simpler, showing enhanced ther-
mal expansion with increasing temperature.

The vibrational amplitudes of the atoms can be calculated
directly from the distribution of the positions of the atoms in
a layer:

sa,l
2 5K 1

Nl
(
i51

Nl

@Ra,i2R̄a,i #
2L , ~5!

whereRa,i (a5x,y,z) is the position of the atom at lattice
site i , R̄a,i is the equilibrium position of the lattice sitei , Nl
is the instantaneous number of atoms in layerl , and average
^ & is over the MD trajectory. Figure 7 shows the mean-
square displacements~MSD! in the x, y, andz directions as
functions of temperature, for the three surfaces. Note that the
x andz directions are defined by the unit cell of the stepped
surface, and not by that of the flat terraces.

The vibrations are clearly anharmonic, scaling nonlinearly
with temperature. The degree of anharmonicity increases
with temperature being largest for the firstm11 layers, i.e.,
the exposed surface, and decreases rapidly for deeper layers.
There are no discontinuities in the calculated amplitudes as-
sociated with either the roughening or melting transitions,
although there are slight increases in the temperature depen-
dence of the amplitudes in both thex andy directions, above
600 and 900 K, and in thez direction also above 900 K, on
all three surfaces, which are undoubtedly related to these
phenomena.

The amplitudes in thex and y directions, perpendicular
and parallel to the step edges in the plane of the surface, are
comparable, being a few percent larger in thex direction, for
all layers on all surfaces. This is surprising, considering that
the first partial layer of atoms, those which on the ordered
surface constitute the step edge, are unbounded on the lower
terrace side in thex direction. There are two probable factors
contributing to this observation: firstly, relaxation effects, the
adatoms being strongly attracted to their neighbors acts to
confine them, and secondly step-edge repulsion limits the
motion of the step-edge atoms perpendicular to the steps

FIG. 6. Percentage interlayer relaxations as a function of tem-
perature for the surface layers on the~115! surface. The symbols are
defined in Fig. 5. The relaxations of adlayers, not shown, are nega-
tive, increasing in magnitude with increasing temperature. For all
three surfaces, the general trend is for an outward expansion of the
surface layers, corresponding to an increased thermal expansion
coefficient of the surface.
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FIG. 7. The mean-square vibrational displacements in thex, y,
andz directions for the first 3~m11! crystal layers on the~a! ~113!,
~b! ~115!, and~c! ~117! surfaces. The symbols are as defined in Fig.
5. The vibrations are anharmonic, the degree of anharmonicity in-
creasing with temperature. The magnitude of the vibrations in thex
andy directions are comparable on all three surfaces, whereas the
magnitude of the vibrations in thez direction decreases with in-
creasing terrace width reflecting a change from interlayer to intra-
layer bonding.
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~although this effect would be hard to quantify!. In the y
direction there is grouping of them11 partial layers forming
the full layers, that is, atoms in the surface layers have
equivalent amplitudes parallel to the steps irrespective of
their position relative to the step. In thex direction the am-
plitudes decrease uniformly away from the surface, the at-
oms forming the step edges in the ordered phase having the
largest amplitudes. For the~115! and~117! surfaces, the first
partial layer, the step-edge atoms, shows reduced amplitudes
in the y direction compared to the terrace atoms, below 700
K. This is also attributed to the relaxation effects and the
energetic step-step repulsion, which are then gradually
swamped by the thermal energy of the surface atoms above
700 K.

The displacements in thez direction, perpendicular to the
surface, are considerably smaller than the in-plane displace-
ments, with this effect becoming more pronounced with in-
creasing terrace width. On the~117! surface the in-plane
mean-square displacements are a factor of 2 greater than the
out-of-plane amplitudes of the highest temperatures. They
also show the samem11 grouping of partial layers, going
many layers deep into the surface. Thus as the terrace width
increases, the atoms become more tightly bound with atoms
in the same layer than with those in the adjacent layers.
Indeed, the vibrational amplitudes for the atoms in a~117!
surface are comparable with those in a~100! surface.42

There are two problems inherent in MD simulations of
this kind, which must taken into account when interpreting
MSD results. Firstly, the finite size of the computational cells
and the periodic boundary conditions may generate collec-
tive motion of the atoms in the close-packed directions, e.g.,
along the atomic rows, which leads to an overestimate of the
MSD in that direction. However, this effect is expected to be
small for the large systems used in this work, and the
chances of generating collective vibrational modes are
greatly reduced by the use of stochastic thermalization. Sec-
ondly, since we have not extrapolated our results to the ther-
modynamical limit,52 i.e., the infinite system, we have sys-
tematically underestimated.

D. Surface energy

The surface energy, as previously defined, is now given
by

g~T!5
1

A~T! (
l51

Nz8

^Nl&T~^« l&T2^«b&T!, ~6!

where^« l&T is the average interaction energy of an atom in
layer l , ^«b&T is the average interaction energy of an atom in
the bulk, ^Nl&T is the average number of atoms in layerl ,
and the summation is over all layersNz8 for which
^« l&TÞ^«b&T . A(T) is the surface area of the computational
cell at temperatureT.

The calculated surface energies, Fig. 8, are roughly con-
stant, at low temperatures, before increasing rapidly above
600 K. At low temperatures the surface energy is caused by
the loss of neighbors for the surface atoms, with a contribu-
tion from surface relaxations. At higher temperatures there
are additional contributions coming first from the increased
anharmonicity~plus the harmonic enhancement! of the sur-

face vibrations, and then from the presence of surface de-
fects. Under these conditions several layers may contribute
to the surface energy.

The surface energy is the sum over the excess energy per
atom per layer, i.e.,̂« l&T2^«b&T , these are shown explicitly
for the ~115! surface in Fig. 9, for the adlayers and first six
partial layers. Up to 600 K, the excess energies of all layers
are approximately constant. Above 600 K, we see the appear-
ance of adatoms with large excess free energies. However,
below;700 K, the concentration of such atoms is low, Fig.
5, and their contribution to the surface energy is expected to
be small. The initial increase in surface energy is then due to
the increasing excess energies of surface and subsurface lay-
ers due to increasing anharmonicity. At very high tempera-
tures, close to the bulk melting point, the excess energies of
the adlayers and surface layers decrease. This is caused by
the increased coordination of these atoms with the formation

FIG. 8. Surface energy as a function of temperature for the~113!
~solid line!, ~115! ~dot-dashed line!, and ~117! ~dashed line! sur-
faces. At low temperatures the surface energy is nearly constant
~arising from the loss of neighbors for the surface atoms!, but then
increases rapidly above 600 K with the formation of surface defects
with step meandering.

FIG. 9. The average excess energy per atom as a function of
layer for the~115! surface. We now see the increased surface energy
above 600 K is due to the presence of an increasing number of
adatoms (A), see Fig. 5, with high excess energies. The decrease in
the excess energies of the adatoms with temperature is due to the
enhanced coordination arising from with the increased occupation
of adlayers.
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of a liquidlike layer. The large number of such adatoms
though now make the dominant contribution to the surface
energy. Notice also that the excess energy of the subsurface
layers continues to increase.

E. Structure factors

In order to study the translational order of the surface
during the disordering processes, we have calculated the in-
plane layer-dependent structure factor, defined as

Sl~k!5
1

Nl
(
i51

Nl

exp@ ik–r i #, ~7!

wherek is a reciprocal lattice vector parallel to the surface,
and the sum runs over all atoms, with position vectorsr i in
layer l . UsingSl~k!, we can obtain an order parameter for the
surface layers,̂uSl~k!u2&, where the averaging is over the MD
trajectory.^uSl~k!u2& probes the local thermal disorder within
a layer, being equal to one for an ordered layer atT50, and
near zero for a totally disordered or molten layer. It is, how-
ever, not sensitive to the nature of the disorder; lattice vibra-
tions, vacancy formation, and melting all reduce it from
unity. Notice that the existence of vacancies does not directly
affect the order parameter, since it is normalized at each time
step using the instantaneous layer occupationNl . Vacancies
do have an indirect effect by inducing distortions in the sur-
face region and by allowing the remaining atoms in a layer to
disorder.

In Fig. 10, the calculated order parameters in thex andy
directions, perpendicular and parallel to the step edges, are
presented as functions of temperature for the three stepped
surfaces. For each surface the order parameters of the first
3~m11! partial layer are shown. In they direction, parallel
to the step edges, the reciprocal lattice vector is the same for
all three surfaces. In thex direction, perpendicular to the
steps, the reciprocal lattice vector decreases in magnitude
with increasing terrace width. Decreasing the size of the re-
ciprocal lattice vector increases the length scale over which
the order parameter is measured. As a result, the calculated
structure factor in thex direction for the~113! decreases
more rapidly with temperature than for the~115! surface,
which in turn appears more disordered than the~117! sur-
face. Similarly, all three surfaces look more ordered in thex
direction, compared to they direction, because of the shorter
reciprocal lattice vectors. This makes thex order parameter
relatively insensitive to disorder.

The behavior of the order parameter, in both thex andy
directions, exhibits two distinct regimes. At low tempera-
tures, ^uSl~k!u2& shows a slow monotonic decrease with in-
creasing temperature, for all layers. The deviation of the or-
der parameter from unity originates from thermal vibrations
and the decrease near the surface reflects the enhanced vibra-
tional amplitudes of the surface atoms. In the harmonic ap-
proximation of solids ~the Debye approximation!,53

ln^uSl~k!u2& is proportional toT. Deviations from the linear
dependence on temperature can be explained in terms of an-
harmonic vibrational effects, which introduce terms propor-
tional to T2 and T3 into the expression for ln̂uSl~k!u2&. At
higher temperatures, thêuSl~k!u2& decrease more rapidly,
both for the bulk due to enhanced vibrational amplitudes and
in particular for the surface layers due to further enhanced

vibrations, and the generation of defects and disorder. For
the surface layers, the behavior of the order parameter cannot
be fitted by the above mentioned expression for ln^uSl~k!u2&
because of the onset of defects and disorder.

Parallel to the step edges there is a clear grouping of the
partial layers, and below the transition temperatures there is
again evidence of pinning of the first and last partial layers
forming the terraces on the~115! and ~117! surfaces, which
disappears once the surface layers start to completely disor-
der.

The exact nature of the disordering on these surfaces can-
not be determined from the calculated order parameter; how-
ever, since there is already a considerable number of adatoms
present on the respective surfaces at these temperatures, and
the order parameter is normalized by the layer occupation,
we can conclude that this disordering is not directly due to
the roughening transition and the disordering of the step
edges, but rather to the melting transition and the disordering
of the surface, or at least that the surface melting is the
dominant effect being observed. This is a reasonable inter-
pretation since allm11 surface layers on a~11$2m11%! sur-
face are seen to disorder at the same temperature. From the
order parameter we estimate the surface disorder-melting
temperatures for the~113!, ~115!, and ~117! surfaces to be
875625, 900625, and 925625 K, respectively.

Above the transition temperatures there is a gradual layer-
by-layer disordering and/or melting of all the surfaces. This
can be seen more clearly in Fig. 11, where^uSl~k!u2& is plot-
ted as a function of layer for the~117! surface. As the tem-
perature is increased, first the topm11 partial layers start to
melt, then the nextm11 partial layers melt, and so on into
the bulk. At high temperatures, just below the bulk melting
point, we are left with a completely disordered~molten! sur-
face, separated from a still reasonably well ordered substrate
by a partially melted full layer. The enhanced ordering of the
deepest layers is due to the presence of the static substrate.

To see the actual roughening transition it is necessary to
redefine slightly the above expression forSl~k!, such thatk
is a reciprocal lattice vector perpendicular to the step edge
and, by design, of equal length on all three surfaces,r j is
now the displacement of the step-edge atom~irrespective of
layer! at position j along the step, from the position of the
step edge in the ordered phase~corrected for thermal relax-
ation and vibrations!, and the sum is over all atoms forming
the step edges. These new results are shown in Fig. 12. The
loss of order on the surfaces is now seen at lower tempera-
tures, firstly on the~117!, then the~115!, and lastly the~113!,
at 725625 K, and is the direct result of the surface roughen-
ing transition.

V. STEP DYNAMICS

A. Step-edge position

The histograms shown in Fig. 13 show the displacement
of the step-edge atoms in terms of the number of atomic
rows forwards and backwards from their positions in the or-
dered phase. As the temperature increases above 600 K, so
does the number of kinks and the degree of step meandering
that is reflected in the broadening of the distributions. At all
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temperatures there is a symmetrical distribution of the step-
edge position about the equilibrium terrace width, a displace-
ment of zero, showing there to be no collapse of the step
structure consistent with a repulsive interaction between
steps. At high temperatures this repulsion is principally en-
tropic in origin.

As the width of the terraces increases then so does the
possibility of greater displacements of the step edge; this
effect can also be seen in the calculated layer occupations,
Fig. 5. In general, if the terraces arem11 atomic rows wide,

then the maximum forward displacement of the step edge at
high temperatures is equal tom atomic rows, while the maxi-
mum backward displacement is roughlym11 atomic rows.
These values should only be taken as an indication of the
respective step-edge displacements. Even though the average
terrace width of the surfaces, and therefore the maximum
possible step-edge displacements, is structure dependent, the
finite size of the computational cells and the periodic bound-
ary conditions impose serious limitations on the extent of the
step meandering in simulations of such systems.

FIG. 10. Calculated order parameters parallel~y direction! and perpendicular~x direction! to the steps, for the first 3~m11! crystal layers
on the~a! ~113!, ~b! ~115!, and~c! ~117! surfaces. The recipical lattice vectors in they andx directions are 2p/a and 2p/b, respectively,
wherea is the interatomic spacing atom the step andb the step separation. That the surfaces appear more ordered in thex direction with
increasing terrace width is due to the decreasing magnitude of the reciprocal lattice vector. The simultaneous disordering of the~m11!
crystal layers on the~11$2m11%! surface with increasing temperature is distinct from the disordering of the step edges associated with the
roughening transition. The total disordering of the surface is therefore attributed to the surfaces melting transition. The disorder-melting
temperatures for the~113!, ~115!, and~117! surfaces are estimated to be 875625, 900625, and 925625 K, respectively.
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B. Step correlation functions

The spatial and time dependence of fluctuations in the
step positions can be determined by calculating the step cor-
relation functionsF(y) andF(t), which are a measure of the
average width of the steps.2,5,15 For spatial fluctuations the
step correlation functionF(y) is defined by

F~y!5^@Rx~y1y0!2Rx~y0!#
2&, ~8!

whereRx(y0) is the displacement of the step edge atom at
some coordinatey0, andRx(y1y0) is the displacement of
the step-edge atom a distancey along the same step. The
average is over all pairs of atoms within the same step, all
steps, and all configurations. Similarly for the step fluctua-
tions in time the correlation functionF(t) is defined by

F~ t !5^@Rx~y0 ,t1t0!2Rx~y0 ,t0!#
2&, ~9!

whereRx(y0 ,t0) is the displacement of the step edge at po-
sition y0 at time t0, andRx(y0 ,t1t0) is the displacement of
the step edge at a later timet1t0. The average is now over
all positionsy0 and timest0.

Both correlation functions can be measured using an
STM.15–21 The conventional method of imaging the surface
is to scan the tip across a region of the surface. Since the
STM does not provide an instantaneous image of the surface,
consecutive scan lines under such conditions represent spa-
tial fluctuations of the steps as well as movement in time.
Because the step motion is fast relative to the scan speed, the
tip finds the step edge in a different position in each scan
line, giving rise to a ‘‘frizzy’’ appearance of the steps.17,18,20

An alternative method of imaging the surface, which sepa-
rates the influence of the spatial fluctuations from the fluc-
tuations in time, is to repeatedly scan the tip over the same
line perpendicular to the step edges, giving a time sequence

of the step-edge positions. Giessen-Seibertet al.20 recently
showed the equivalence of the two step correlation functions
@F(y) calculated from conventional images andF(t) from
time images# for step fluctuations on Cu~1 1 19! surfaces at
T.TR . Thus the fluctuations in the step positions in conven-
tional tunneling images are entirely due to the time depen-
dence.

For a surface with isolated or widely spaced steps~which
would have a very low roughening temperature!, F(y) is a
linear function ofy, and describes the random walk of free
~unhindered! steps. If, however,F(y) is comparable to the
square of the average step separation, the noncrossing con-
straint of neighboring steps prevents each step from making
a random walk andF(y) then diverges logarithmically.

The exact time dependence for motion of the steps by
different mechanisms~different rate limiting processes! have
been modeled using Langevin dynamics.22,23 If mass trans-
port occurs solely along the steps, then the resulting motion
of a step will be strongly correlated between different posi-
tions along the step. The fluctuations in a step will be slow,
and the correlation functionF(t) is proportional tot1/4. If,
however, the steps diffuse by exchange with a reservoir of
atoms on the neighboring terraces, then the correlations in
the step fluctuations are expected to be weak and the motion
of the steps will be correspondingly faster. In this case the
correlation functionF(t) is proportional tot1/2.

The calculated step correlation functionF(y) for the three
surfaces at several temperatures54 is shown in Fig. 14. The
step meandering process is inhibited to a large degree by the
periodic boundary conditions, and the maximumy value is

FIG. 11. Order parameter parallel~y direction! to the steps as a
function of layer for the~117! surface at several temperatures~in
steps of 50 K!. The surface is seen to disorder and/or melt in a
layer-by-layer fashion, where a layer refers tom11 crystal layers,
starting from the surface.

FIG. 12. Calculated order parameter for the step edge atoms on
the ~113! ~dotted line!, ~115! ~short-dashed line!, and ~117! ~long-
dashed line! surfaces as a function of temperature. From the con-
struction of the structure factor, as described in the text, the ob-
served disordering is now the result of the roughening transition.
The roughening temperature is seen to decrease with increasing
terrace width, and is of the order of 725625 K for the three sur-
faces.
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fixed equal to half the size of the computational box in the
direction parallel to the steps. In principle, the step roughen-
ing temperatureTR can be determined from the logarithmic
divergence ofF(y) for largey. At the roughening tempera-
ture the step correlation function has the form5

F~y!5A~T!ln~y!1B, ~10!

whereA(TR)52/p2 is a universal constant@if T.TR then
A(T).2/p2#, andB is a nonuniversal constant. From fitting
the data to the above relationship we estimate the roughening
temperature to be between 900 and 950 K for the~113! sur-
face, 850 and 900 K for the~115! surface, and 800 and 850
K for the ~117! surface. These values are considerably higher
than other estimates based on the concentrations of adatoms,
and the structure factors for the step edges. Experimentally
the logarithmic divergence ofF(y) is measured over macro-
scopic distances~of the order of hundreds of angstrom! and
the small surface area of the systems studied thus precludes
an accurate determination of this behavior, and hence of the
roughening temperature. As a consequence, these results
~and all MD simulations of finite systems! can only provide
a qualitative guide~an upper limit! to the roughening tem-
perature although we believe the trends from surface to sur-
face to be real.

The calculated step correlation functions for fluctuations
in time for the three surfaces54 all show a time dependence
proportional totn, Fig. 15. However, we find that the power
n is dependent on the both the surface and the temperature,
Table IV. Sincen is greater than 0.25 for the three surfaces
at all temperatures, we conclude that surface diffusion is in-
trinsically two dimensional, and that step fluctuations occur
by exchange with a reservoir of atoms, in this case provided
by the adjacent steps. This is verified by analysis of snap-
shots of the atomic configurations from the simulations, and
the calculated layer diffusion coefficients.

The t1/2 power law for step fluctuations is derived assum-
ing widely spaced, noninteracting, steps.22 The inclusion of
step-step interactions will limit the amount of step meander-

ing leading to an increase in the characteristic time scale for
step fluctuations, reducingn. At any finite temperature, the
larger the interactions, i.e., the closer the steps, the larger the
effect. As the temperature is increased, the energetic step-
step interactions will be gradually overwhelmed by the ther-
mal energy of the atoms, causing the time dependence of the
fluctuations to increase ultimately ton→ 1

2.
However, at higher temperatures above 750 K for the

~113! surface and 800 K for the~115! and~117! surfaces, the
calculated values ofn again decrease. This effect is due to
entropic repulsion~the topological constraint that the mean-
dering steps cannot cross!; the t1/2 law is therefore only
strictly valid whenF(t) is small compared to the square of
the mean terrace width.~The extent of step meandering with
increasing temperature can be seen in Figs. 5, 13, and 14.!
Thus as the temperature increases beyond the roughening
transition the extent of the step meandering increases result-
ing in a gradual disordering of the terraces as a prelude to
surface melting. As one would expect, the temperature order-
ing for this effect, first the~113!, then~115!, and finally the
~117! surface, then reflects that of the surface melting tran-
sition.

C. Diffusion

To compare the dynamical properties of the three surfaces
during the roughening and melting transitions we have stud-
ied the layer diffusion coefficients in the directions perpen-
dicular and parallel to the steps in the plane of the surface,
and in the direction normal to the surface plane. The layer
diffusion coefficient is defined by the long-time behavior of
the mean-square displacement of the atoms calculated from
the atomic trajectories:

Da,l5 lim
t→`

Ra,l
2 ~ t !

2dt
, ~11!

whered51 is the dimensionality,a5x ~i.e.,'!, y ~i.e., i!,
andz, andRa,l

2 (t) is the MSD of an atom in layerl :

FIG. 13. Histograms of the step edge dis-
placement for the~a! ~113!, ~b! ~115!, and ~c!
~117! surfaces. The broadening of the distribution
with increasing temperature is due to increased
step meandering. At low temperatures the step
meandering is limited by the energetic repulsion
between the steps; at high temperatures it is lim-
ited by the entropic repulsion between the steps.
The distribution is symmetric at all temperatures,
and there is no collapse of the step structure, even
at the very highest temperatures.
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The sum includes all atoms in layerl at time t, and the
average is over time originst.

The layer diffusion coefficients are plotted in Fig. 16 for
the adlayers and top 33~m11! partial layers of each surface.
Several features are apparent between 600 and 1000 K on all
three surfaces. With the onset of step meandering, we see the
formation of a mobile adlayer. The large layer diffusion co-
efficients in the direction parallel to the steps,D i, reflects the
adatoms moving relatively quickly along the step edges
~atomic hopping!. This increased mobility is, however, not
restricted to the direction parallel to the steps;D' also rises
as atoms move backwards and forwards due to the step me-
andering.~There is also a marked increase inDz , but this
effect is much smaller than for eitherD i or D' .! This in-
creased mobility between 600 and 800 K is largest on the
~117! surface~not shown!, which is generally the first to

show signs of step roughening due to the weaker step-step
repulsion present. On all three surfaces, the layers of atoms,
which in the ordered phase form the step edges~and the
terraces!, also show increased mobility, and for these layers
D i'D' . The increased mobility parallel to the steps is due
to the presence of vacancies in these rows, whereas the in-
creased mobility perpendicular to the steps reflects the move-
ment ~exchange! of atoms between the steps~and terraces!.

As the temperature increases then so does the extent of
the step meandering with the increased occupation of higher
adlayers and the formation of deeper vacancies, Figs. 5 and
13. The increased occupation of an adlayer, and the subse-
quent occupation of the next adlayer, starts to limit the dif-
fusion of atoms in that layer resulting in a decrease in layer
diffusion coefficient parallel to the steps as that of the next
adlayer increases. These higher adlayers also show increased
mobility perpendicular to the steps, and in thez direction.

These results are consistent with the two-dimensional dif-
fusion of the atoms during the step meandering, as discussed
previously. Although different diffusion mechanisms must
prevail in the two directions, parallel and perpendicular to
the steps, these mechanisms must be similar on all three
surfaces since there is no great difference between the re-
spective results.

At temperatures above 950 K,D i'D''2Dz for all ex-
posed surface layers; that is atoms can now move as freely
perpendicular to the steps as parallel to them, and there is
also a large degree of intermixing between the surface layers.
This enhancement of the diffusion coefficients of the top-
most surface layers relative to the deeper bulk layers at tem-
peratures slightly below the bulk melting temperature is con-
sistent with the idea of surface melting, and the growth of a
highly mobile liquidlike film on the surface. This is more
apparent in Fig. 17, where the diffusion coefficients are plot-
ted as a function of depth at 1000 K. The equivalence of the
diffusion coefficients in thex and y directions at this tem-
perature implies a complete disintegration of step structure at
the surface. Diffusion perpendicular to the surface is still,
however, smaller than the in-plane diffusion, since the liq-

FIG. 14. Mean-square displacements of step positionF(y) as a
function of positiony along the step for the~113!, ~115!, and~117!
surfaces. The maximumy value is equal to half the size of the
computational box in the direction parallel~y direction! to the steps.
The true logarithmic divergence ofF(y) for largey, which is ob-
served only above 900, 850, and 800 K, for the~113!, ~115!, and
~117! surfaces, respectively, is then constrained by the finite size of
the computational cells.

FIG. 15. Mean-square displacement of step positionF(t) as a
function of timet for the ~117! surface at 800 K. The inset shows
the same data on a logarithmic plot. The solid lines are power-law
fits, F(t)}tn, wheren50.4960.03, see Table IV. Notice thatF(t)
starts linearly and crosses over tot1/2.
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uidlike layer is only a few atomic layers thick, approximately
2 and 3 full layers, i.e.,;5 Å, on all three surfaces.

D. Diffusion mechanisms

Firstly, parallel to the step edges, the adatoms move by
atomic hopping. No adatoms were observed to hop away
from the step edges on to the terraces; to do so would in-
volve a reduction in coordination, and hence a large initial
activation energy barrier, which would be further increased
by the step-step repulsion. The only atomic hopping events
observed perpendicular to the steps were predominantly on

the ~115! and ~117! surfaces, and involved an atom moving
forward one atomic row out of the step edge creating a va-
cancy. These step edge vacancies then diffuse by a neighbor-
ing atom hopping into the site. Again vacancies were never
observed to diffuse away from the step edges. However, any
vacancies in the terraces are quickly absorbed into the step
edges. A few exchange events parallel to the steps were also
observed in which the adatom on the step edge displaces a
corner atom from the underlying terrace. Unlike for self-
diffusion on the~100! surface of aluminum,39 the coordina-
tion of the exchanging atoms on the vicinal surfaces remains
high due to the presence of the neighboring step-edge atoms,
effectively stabilizing the exchange process. Perpendicular to
the step edges, diffusion occurs by elaborate exchange

TABLE IV. The calculated exponentsn for the time dependencetn of the step fluctuations. Values have
an associated error of60.03.

Surface

Exponent in the time correlation function

650 K 700 K 750 K 800 K 850 K 900 K

~113! 0.31 0.38 0.39 0.35 0.33 0.29
~115! 0.34 0.37 0.43 0.46 0.41 0.36
~117! 0.34 0.38 0.45 0.49 0.44 0.37

FIG. 16. Calculated layer diffusion coefficients, as a function of
temperature, in they ~i.e., i!, x ~i.e.,'!, andz directions for the 2m
adlayers and 3~m11! crystal layers on the~113! surface. The sym-
bols are defined in Fig. 5. The adlayers are highly mobile parallel,
and also perpendicular, to the step edges. For the~m11! surface
layers at all temperatures, and the adlayers close to the surface
melting temperature,D i'D''2Dz . Thus diffusion during step
meandering is generally two dimensional.

FIG. 17. Layer diffusion coefficients,Dy ~solid line!, Dx ~long-
dashed line!, andDz ~short-dashed line! as a function of positionz
at 1000 K for the~113!, ~115!, and~117! surfaces. The large diffu-
sion coefficients of the adlayers and surface layers reflect the for-
mation of a highly mobile liquidlike layer at the surface. The thick-
ness of this layer,;5 Å, is the same on all three surfaces.
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mechanisms, involving chains of several atoms.55 By this
method atoms are able to move ‘‘up’’ and ‘‘down’’ the steps,
frequently over more than one step at a time, especially on
the ~113! surface, which has the narrowest terraces. Chain
slippages were also found to be a common way of creating

new kinks in the step edges: A chain of atoms on a terrace
would either move backwards one atomic row, leaving a
vacancy in the step edge, while the first atom in the chain
becomes an adatom on the higher terrace, or forwards one
atomic row forming a new adatom at the step edge; the re-

FIG. 18. Contour plots of the average atomic density projected onto thex-z plane for the~a! ~113!, ~b! ~115!, and~c! ~117! surfaces. The
highest densities have not been shown and as a result, the central parts of the atoms appear empty. The disappearance of the step structure
and the formation of a diffuse liquidlike layer can be seen on all three surfaces above 900 K. Some oscillations in the thickness of this layer
can be seen on the~113! surface at 950 K due to the corrugation of the underlying periodic potential.
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sulting vacancy left by the end of the chain is quickly filled
by a step-edge atom on the higher terrace falling down a
level. The first of these two mechanisms was found to be the
most frequent method of defect creation on the~113! surface.

E. Solid-liquid interface

The presence of a liquidlike layer on the surfaces, at tem-
peratures approaching the bulk melting point, can be seen
more clearly in the contour plots of the atomic density pro-
jected onto thex-z plane, perpendicular to the steps, Fig. 18.
As the temperature approaches the bulk melting point, the
steps disappear~but do not collapse! with the formation of a
broad diffuse layer at the surface. As we have already seen,
from the calculated structure factors and diffusion coeffi-
cients for the layers, the surface melting occurs in a layer-
by-layer fashion. The order for the surface melting follows
that of the terrace width; the step structure disappears first on
the ~113! surface, then on the~115! surface, and finally on
the ~117! surface at temperatures between 900 and 1000 K.
For all surfaces, at 1000 K, the liquidlike layer is broad but
not uniform, suggesting weak faceting. Notice that even at
1000 K the atoms moving in the liquid layer close to the
solid-liquid interface exhibit some residual crystal order due
to the underlying periodic potential. The corrugation of the
potential decreases with step density, but this does not ap-
pear to affect the thickness of the liquidlike layer at 1000 K
on the three surfaces, although it is visible on the~113! sur-
face at 950 K, and may be responsible for the observed os-
cillations in the thickness of the liquid layer.

VI. DISCUSSION

The dynamics of the~113!, ~115!, and~117! stepped sur-
faces of aluminum have been studied using the MD method
with a realistic many-body potential that at 0 K gives reason-
able predictions for the stability of the surfaces and the in-
teractions between the steps. The principal result of this
work is that these surfaces show two distinct forms of ther-
mal disordering. Firstly, around 700 K the surfaces undergo
a roughening transition, characterized by a disordering of the
step-edge structure; the roughening temperature for the sur-
faces decreases with decreasing step density~decreasing
step-step repulsion!, i.e., TR

(113).TR
(115).TR

(117). Secondly,
around 900 K the surfaces undergo a melting transition,
characterized by a complete disordering of the surface; the
melting temperature for the surfaces increases with decreas-
ing step density~following the order of the surface stability!,
i.e., TM

(113),TM
(115),TM

(117)(,TM
(001)).

The stepped surfaces exhibit strongly anharmonic behav-
ior. The anharmonicity manifests itself as an enhanced ther-
mal expansion coefficient of the surface, and an anomalous
increase in the vibrational amplitudes of the surface atoms.
Above 600 K we also observe the formation of adatoms and
vacancies associated with motion of the steps, and the onset
of surface roughening. As the temperature is increased fur-
ther, the amount of step meandering increases with the ap-
pearance of atoms in higher adlayers, and vacancies in
deeper surface layers. There is then also a rapid increase in
the surface energy above 600 K due to both the step mean-
dering and the increased surface anharmonicity.

Identification of the rough phase in MD simulations is

difficult because the small sample sizes and simulation times
preclude the accurate determination of the logarithmic be-
havior of the step correlation function. Based upon the cal-
culated structure factors for the step edges, the roughening
temperatures for the~113!, ~115!, and~117! surfaces of alu-
minum are estimated to be in the range 725625 K, with the
ordering as above. These are lower than the values suggested
by the spatial dependence of the fluctuations in the step-edge
position, which should only be taken as upper limits on the
true values.

The time dependences of the step fluctuations show a
power-law behavior,tn, where 0.25,n<0.5, and diffusion
on all three surfaces is essentially two dimensional. The
atomic trajectories indeed show atoms moving parallel to the
steps by atomic hopping and exchange, and perpendicular to
the steps by the concerted motion of chains of atoms that can
extend over more than one terrace. However, at temperatures
close toTR the energetic repulsion between the steps reduces
the time dependence of the step fluctuations, reflecting a de-
crease in the amount of step meandering compared to that of
a system of noninteracting steps.

From studies of the low-index surfaces of metals, it is
generally believed that anharmonic effects control the dy-
namics of the surface roughening and melting transitions:
The large vibrational amplitudes of the surface atoms result
in the initial disordering of a surface with the creation of
adatoms and vacancies; these vacancies then allow the re-
maining surface atoms to disorder, leading eventually to sur-
face melting. Note, however, that the anharmonicity alone
does not make the surfaces vibrationally unstable. The vibra-
tions of the surface atoms must also be coupled to an ‘‘es-
cape route’’ from the ordered surface structure. Such a path
exists on the open~110! surface, which shows signs of
roughening, but not on the closely packed~100! surface,
which does not, although both show comparable surface
anharmonicity.42 On stepped surfaces, the appearance of ad-
atoms and vacancies is again correlated with the increasing
vibrational amplitudes of the surface atoms, most impor-
tantly in the direction perpendicular to the step edges, con-
sistent with the above picture.

The first signs of surface roughening are restricted to the
step edges, the terraces remaining well ordered. As the tem-
perature increases and the thermal energy of the atoms over-
comes the repulsion between steps then the extent of the step
meandering increases, leading to a broader distribution of the
step-edge position and the disordering of more and more of
the atomic rows forming the terraces. The dynamics of the
step motion is now governed by the entropic repulsion be-
tween steps, and the topological constraint that the meander-
ing steps cannot cross. When the width of the step-edge dis-
tribution becomes greater than that of the terraces, then all
the atoms in the surface are effectively disordered. Further
increases in the temperature result in the disordering of more
and more layers, i.e., layer-by-layer melting, and the forma-
tion of a broad diffuse interface at the surface. The estimated
melting temperatures for~113!, ~115!, and~117! surfaces of
aluminum are 900625, 925625, and 950625 K, respec-
tively. These are slightly larger than the values quoted earlier
from the structure factors, which we interpret as the initial
structural disordering of the topmost surface layers, preempt-
ing the surface melting.
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43H. Häkkinen and M. Manninen, Phys. Rev. B46, 1725~1992!.
44See, for example, M. P. Allen and D. J. Tildesley,Computer

Simulations of Liquids~Oxford University Press, Oxford 1987!.
45H. L. Davis and J. R. Noonan, Surf. Sci.126, 245 ~1983!.
46P. R. Watson and K. A. R. Mitchell, Surf. Sci.203, 323 ~1988!.
47D. Gorse, J. Lapujoulade, and V. Pontikis, Surf. Sci.178, 343

~1986!.
48P. Zeppenfeld, K. Kern, R. David, and G. Comsa, Phys. Rev.

Lett. 62, 63 ~1989!.
49Y. Cao and E. H. Conrad, Phys. Rev. Lett.64, 447 ~1990!.
50E. T. Chen, R. N. Barnett, and U. Landman, Phys. Rev. B41, 439

~1990!.
51R. N. Barnett and U. Landman, Phys. Rev. B44, 3226~1991!.
52M. O. Robbins, G. S. Grest, and K. Kremer, Phys. Rev. B42,

5579 ~1990!.
53J. M. Ziman,The Principles of the Theory of Solids~Cambridge

University Press, Cambridge, 1965!.
54P. A. Gravil and S. Holloway, Surf. Rev. Lett.11, 611 ~1994!.
55P. A. Gravil, Ph.D. thesis, University of Liverpool, 1994.

53 11 145ROUGHENING AND MELTING OF STEPPED ALUMINUM SURFACES


