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Roughening and melting of stepped aluminum surfaces
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The energetics and dynamics of the vicifial3), (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 dependetigayhere 0.25n=<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 0f=0.5. The reduced time dependence is then due to the repulsion between the
steps.

[. INTRODUCTION height correlation function. The existence of a roughening
transition has since been observed for many surfaces at tem-
No real surface is perfectly flat over macroscopic lengthperatures ranging from 0%, to 0.8T\,, depending on the
scales. Misorientation of a crystal surface with respect to th@xact nature of the surface in question.
major symmetry directions results in a structure of low-index In recent years there has been a resurgence of interest in
terraces separated by atomic steps. Many of the unusuHl€ energetics and dynamics of stepped surfaces, due mainly
properties of stepped surfaces, such as their catalytic behat®? the ability of the scanning tunneling microsco(&TM),
ior, can be attributed to the low coordination of the step edgénd other microscopies, to produce real-space images Of such
atoms. That the step edge atoms can be dislodged more egsirfaces® ! This has allowed measurements of real-time
ily than other surface atoms implies that as the temperaturBuctuations in the step positions under equilibrium condi-
of a crystal is raised, the series of ordered steps will becomBons. From such observations it is possible, theoretically, to
full of defect kinks which will wander across the surface. determine the atomic mechanisms for step motfofi.Sev-
This is the origin of the so-called roughening transition, a€ral physical mechanisms for step motion have recently been
continuous phase transition of the Kosterlitz-Thoulé€$) described in terms of different rate limiting processes such as
type® The KT transition is an infinite order phase transition; Kink-diffusion or step-terrace exchan@f@® These different
all temperature derivatives of the free energy are continuougrocesses affect the time dependence and length scale of the
The roughening transition is associated with the proliferatiorstep fluctuations, leading to a method of distinguishing the
of kinks, the transition temperatufié for roughening being ~different processes experimentally. Such an analysis of the
that at which the free energy of step formation tends to zero.ffizzy” step edges observed on Ag11) at room tempera-
Above the transition temperature, kinks can spontaneousiifre using STM revealed that step motion occurs via kink
form and the step edges meander, the surface becoming daiffusion along the step edge oriy. . .
localized, characterized by a logarithmic divergence of the The equilibrium morphology of a surface is determined
step height-height correlation functiéBecause thermal ex- DY the minimization of the surface tensigwhich & 0 K is
citation at the step edges is much less costly than that fromt€ surface energy while maintaining the surface
terrace, the physica| roughening occurs |n|t|a||y at the Stepé,)rieﬂta’[iorlz.4 The variation of the reduced surface tension
while the terraces remain ordered until much higher temperat(6,T) with step density, taiis given by
tures. As a result, flat surfaces do not show signs of rough-
ening until close to their melting point,,. However, for B(T)
vicinal surfaces, with periodic arrangements of steps, rough- f(0,T)=vo(T)+ e [tand| + g(T)|tang|?,
ening can occur at temperatures well below the onset of sur-
face melting, the two effects being distinct forms of thermal
disorder. where y,(T) is the surface tension of the terraces between
Surface roughening on metal surfaces was first postulatetthe stepsB(T) is the free energy cost per unit length of step
from helium diffraction intensities for C@13), (115), and  heighth, andg(T)|tand® is the free energy cost per unit area
(117).37° Direct evidence for such a transition then followed due to step-step interactions. To stabilize a stepped surface
from helium atom scatterifig*? and surface x-ray**stud-  the reduced surface tension must decay with increasing step
ies for the(11{2m+1}) surfaces of both Ni and Cu. These separation in such a way that, e.g., {145 surface has a
surfaces showed changes in the diffraction line shapes cofewer free energy than the corresponding linear combination
sistent with a logarithmic divergence in the step height-of, e.g.,(113 and(117) surfaces.
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The interactions between the steps come from thregvhere the sum is over all atoms in the system. The first term,
sources. The first is stress mediated interactions caused IB¢(n ;), is the cohesive energy, the energy of the atom em-
relaxations about the steps. The closer the steps are togethbedded in a homogeneous electron gas of densjtydefined
the fewer atoms there are between them to accommodate ths the average over a neutral sphere around atofthe
relaxations, giving rise to long-range repulsive interactionselectron densities from all the other atoms in the system. The
between the step§:?” Second, dipolar interactions, due to final two terms are corrections for differences between the
electrostatic dipoles induced along the step edf@hese atom in the metal and in the reference system. The atomic-
interactions have recently been calculated, using densitgphere correction energEs(i), describes the difference
functional theory, for steps ofiL11l) surfaces of aluminum, in the electrostatic interaction of the atom in the metal and in
and were found to be weakly repulsi¥eFinally, at high a close-packed fcc arrangeménthere the electrostatic in-
temperatures, there is an entropic contribuffarising from  teractions are already included in tBg(n ;) function]. The
the fact that meandering steps cannot cross one anothdmal term, the one-electron correction energy¥ o, is the
since to do so would create an overhang that is energeticallgifference between the covalent bond energy in the metal and
unfavorable. Bringing steps nearer to one another decreasesthe reference system, and describes the discrete nature of
the amount of wandering, and thus the configurational enthe one-electron spectrum. In many cases, the first two terms
tropy, leading to an entropic repulsion between steps. alone are sufficient to provide a good description of the bulk

The equilibrium properties of a stepped surface, such aand surface properties of simple metals, such as aluminum,
the terrace width and kink concentration, are then determinefbr which the final term is generally assumed negligible.
by a balance between the entropy gained by step meandering In a previous paper on the self-diffusion of adatoms on
and the true energetic repulsion between the steps. Note thtite low-index surfaces of aluminufiwe showed the impor-
at any finite temperature a small concentration of kinks, andance of covalent bonding during exchange mechanisms. The
other defects, will always be thermodynamically stable beimain finding was that covalent bonding was only important
cause of the increased configurational entropy associatddr systems with very low coordination, and was negligible
with their formation. in all other cases. For stepped surfaces, with narrow terraces,

Many theoretical studies of stepped metal surfaces havike those studied here, the repulsion between the steps pre-
concentrated on the energetics of step, kink, and defeatents the diffusion of atoms away from the step edges into
formation®31~3%Such calculations of surface energies are ahe low coordination sites on the terraces. Thus the situation
necessary starting point for understanding the structure aiddressed in the previous paper should never arise on the
stepped surfaces. However, because entropy is such an irstepped surfaces studied here, and we may therefore assume
portant factor in determining the thermodynamic propertiessovalent bonding, i.eAE; ¢, to be negligible. Further veri-
of surfaces, energy calculations that correspond to zero tenfication of this point will be given when we discuss the ob-
perature structures do not necessarily give a true understanserved diffusion mechanisms on the stepped surfaces.
ing of the behavior of real surfaces. This issue is now being The effective medium theory has previously been used,
addressed directly by molecular dynam{®4D) simulations  with a great deal of success, to study the disordering and
with realistic many-body potentiaf$:*” In this spirit we have melting of the low-index surface of aluminutfi;*?and other
performed MD simulations of th€l113), (115, and (117 metals*® and we will briefly review the results: The observed
vicinal surfaces of aluminum with atomic interactions de-surface stability follows the order in the packing density. The
scribed by the effective medium theorfEMT).>®8 The (110 surface disorders first via anharmonic effetip to
(142m+1}) vicinal surfaces, of whichm=1,2,3 have the 750 K), then by adatom-vacancy formation, and finally by
highest step densities, consist(6D1) terraces, separated by melting of the surface. The€l00) surface also shows anhar-
(112) steps. On each terrace+1 atomic rows are exposed. monic effects, but no melting of the surface layers below the
The simulations were performed at temperatures ranginfulk melting point. Finally, thg111) surface is very stable
from 0 K, to study the energetics, up to 1000 K, to investi-up to the bulk melting point and even shows weak superheat-
gate the dynamics of the roughening and melting transitiondng effects. The bulk melting point of aluminum in these

This paper is organized as follows. In Sec. Il we briefly simulations,T,,~1050+£50 K, is higher than the experimen-
review the effective medium theory and outline the details oftal melting point(933 K). This is because the effective me-
the simulations. The 0-K results for the surface energies, andium potential is optimized to the perfect fcc structure, and
relaxations, are presented in Sec. lll. The general thermodyas a result, its description of the liquid is not as accurate as
namic properties of the stepped surfaces are then discussis description of the solid.
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 B. Simulations

summarize the main findings of our study. The computational cells employed in our MD simulations

are of a slab geometry, with periodic boundary conditions in
Il. MODEL AND METHOD thex-y plane, and the surface normal parallel to thdirec-
tion. All simulations begin with the atoms in their perfect
) ) ) o lattice positions, with the appropriate lattice consta(t)
The effective medium expression for the binding energytaken from previous constant press(ie=0) simulations of

A. The effective medium theory

of a metaf® is the bulk. The dimensions of the computational cells are de-
fined by N, XN, xXN,, Table I, whereN, is the number of
Eg= 2| [Ec(n)+AEag(i)]+AE; o, (1)  StepsNy is the number of atoms along the step direction, and

N, is the number of dynamic “full layers;” on &11{2m-+1})
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TABLE I. Dimensions of the(11{2m+1}) surfaces and of the
computational cells used in the simulations. Bhdirection andy
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The simulations were performed using molecular dynam-
ics, the classical equations of motion for the atoms integrated

direction are taken as perpendicular and parallel to the step edgegsing the velocity-Verlet algorithﬁ‘f‘, with a time step of

The z direction is normal to the surface plangjs then the angle
between the surface normal and t0€1) terrace normal. The com-
putational cell for thg11{2m+1}) surface consists dfl, stepsN,

atoms long, andN,(m+ 1) crystal layers.

1.0x10 ** s to ensure numerical stability.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

Surface 0° XA 2z (A) NxNyN; (i.e., force is negative, corresponding to the atom moving
(113 25.239 4.712 1.212 813X10 out of a local minimum. This procedure quickly removes all
(115 15.793 7.382 0.773 %13x10 excess energy from the system as the atoms relax to the
(117 11.422 10.145 0.563 413X 10 minimum energy configuration. The minimization is consid-
(100 1.421 13¢13%10 ered complete when a system can run for several hundred

time steps without further removal of energy, and the tem-
perature is less than A0 ° K. The surface relaxations
surface each full layer consists ofi+1 “partial layers” and energies are calculated for defect-free systems, with per-
(atomic rows. The layers are numbered from the topmostfectly ordered steps. Defects of opposite “sigrforward

free surface; layer 1 is the first partial layer of atoms formingand backward movement of the step edgeasn be intro-

the step edges on an ordered surface. duced into the system by moving atoms from one surface of

The 0-K simulations were performed on a slab having twothe slab to the other, keeping the total number of atoms con-
free surfaces. For the finite temperature simulatibhg;.  Stant. As there are no direct interactions between the two free
full layers on the bottom surface of the slab are kept at theisurfaces it follows that there are also no interactions between
perfect lattice positions to prevent spontaneous rotation othe defects. By comparing the energy of the relaxed defect
the system to expose a more stable surface. The static sugystem with that of the relaxed defect-free system, the defect
strate acts as a perfect thermal insulator, and its thickness @&nergy can be found exactly.
greater than the range of the atomic interactions. The thick- For the finite temperature studies, the systems were
ness of the dynamic slal,, was adjusted to minimize in- equilibrated to the simulation temperatufg by stochastic
teractions between either the two free surfaces or the surfadgbermalizatiorf* Equilibration takes several thousand time
and the static substrate, and it is assumed that bulk behavisteps, with massive stochastic collisions being applied at
is obtained away from the free surf4¢se However, the static regular intervals. This is the most efficient way of equilibrat-
substrate has an artificially high order that will affect theing a system of atoms, and reduces the risk of any collective
adjacent dynamic layers, especially at very high temperamotion of the atoms parallel to the surface. Following equili-
tures, close to the melting point, when the number of disorbration, the system is allowed to evolve microcanonically for
dered layers becomes comparable to the number of dynami further several thousand time steps, with configurations
layers. saved every 10 time steps for subsequent analysis.

Since the overall size of the simulatiof@000-4000 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 1h€ percentage interlayer relaxations, defined as
layers and the static substrate layers. In most cases it was
found that surfaces with areas of approximately<40 A2 (Zi—7i11)—2
[equivalent to 8, 6, and 4 steps on 1143, (115), and(117) dij1=100——12 0 2
surfaces, respectively, with 13 atoms along the step direc- 2o
tion] were large enough to give a clear picture of the impor-
tant physical processes. However, as with all molecular dywherez, is the unrelaxed bulk interlayer spacing, are pre-
namics simulations, there are inherent limitations that shouldented in Table Il. That the magnitude of the relaxations
be highlighted. Firstly, the use of periodic boundary condi-appears to increase with terrace width is an artifact of the
tions places severe constraints on the extent of step meandeiefinition of d; ;, ;, due to the decrease in bulk interlayer
ing. Secondly, the step meandering process is slow relative tgpacingz, with increasing terrace width, Table 1. The mag-
the time scale associated with molecular dynamics. Bothitudes of the physical displacements actually decrease with
these points will be discussed at the appropriate juncture. increasing terrace width.

lll. ZERO TEMPERATURE CALCULATIONS

A. Surface relaxations

TABLE Il. Calculated percentage interlayer relaxation® &« for the first 3m+1) crystal layers on thé11{2m+1}) surface.

Surface dio dy3 dsas dss dse ds 7 dzs dgo dg 10 di0,11 di1,12 di213
(113 -68 440 -29 421 -11 409

(115 —-8.0 —-5.2 +8.4 -3.2 -3.2 +4.5 -14 -1.3 +2.0

(117 —-8.3 —-4.9 -5.9 +13.1 —-3.6 -3.1 -3.3 +7.1 -1.2 -1.9 -1.2 +3.6
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FIG. 2. The excess energy per atom as a function of position for
the (100 (solid line), (113 (dotted ling, (115 (short-dashed ling

FIG. 1. Views of the(11{2m+1}), m=1,2,3, surfaces projected and the(117) (long-dashed Iip)esurface;. The surfaces are perfectly
onto thex-z plane, showing the nature of the interlayer relaxations.2"dered at 0 K. Tq_e rehspectlve energies of th; shtep ekc)igefafs)ns (
Notice that the interlayer spacing decreases with increasing terra Qe tt_arrace atomsTy), the corner atomsQ), and the subsurface or
width. The step edge atomsy, the terrace atomsT(, the comer ulklike atoms B) are comparable on all three stepped surfaces.
atoms C), and the subsurfac,e or bulklike atorTB)(’ as labeled Also the energy of the terrace atoms is consistent with that of an
refer to the ordered phase. atom in the(100 surface.

whereE is the total energy of the system BF atoms ob-
tained from the energy minimizatioms, is the energy of a
_ bulk atom, and_,L is the area of the surface. The factor of
The surface layers show a repeated pattern of inward angl accounts for the two free surfaces of the slab used in the
outward relaxations, with a periodicity equal to the numbercalculation.
of atomic rows per terrace, and an exponential damping in The calculated surface energies are summarized in Table
magnitude away from the surface. For a surface with terraceg|. At low temperatures the surface energy arises from the
m+1 atomic rows wide, the topn layers of atoms show reduced coordination, and thus bonding, of the atoms at the
inwards relaxations, the effect being greatest for the firsturface relative to those in the bulk. As such, it is a measure
layer; the atoms that constitute the step edges, being particef the stability of the surface; the higher the surface energy,
larly exposed, are strongly attracted to their neighbors; whilghe less stable the surface. Thus th&3 surface, having the
the finalm+1 layer of atoms, the corner atoms, being par-highest density of sevenfold coordinated step edge atoms per
tially covered by the step edge atoms of the next terraceynit area, is the least stable. As the terrace width increases,
have large outward relaxations. Thus the layers of atoms one surfaces become more stable, and in the limit of infinitely
stepped surface attempt to flatten out, as illustrated by th@ide terraces, the surface energy will approach that of the
arrows in Fig. 1. Similar relaxations have been found bothfiat (100) surface.

experimentally and theoretically for stepped surfaces of other we can also calculate the excess energy per atom as a
31,33,36,45,46

metals® function of position, i.e., layer, on the stepped surfaces:
B. Surface energies N= &1 Ep, @
The surface energys, defined as the excess energy perwhereg, is the energy of an atom in layér andey, is again

atom per unit surface area, is given by the energy of a bulk atom. The results are shown in Fig. 2.

Again the step edge atoms have the highest excess energies,
E_N 0.55 eV, due to their low coordination, seven nearest neigh-
¥ _E" % (3) bors(7 NN). A terrace atom with 8 NN has an energy of 0.42
S 2L,y eV, and a corner atom with 10 NN an energy of 0.23 eV. The

TABLE Ill. Calculated surface energys, step-step repulsiom,,, kink formation energyW,, and
adatom-vacancy pair formation enerByer at 0 K for the(11{2m+1}), m=1,2,3, surfaces.

Ys Egefect
Surface Am? w, (K) w, (K) w; (K) W (K) (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
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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.

600 K

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>3%4’ were 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 affgand 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 stepy,,, wherem+1 is the number of
atomic rows originally separating the two steps.
The step-step interaction energy, can be calculated di-
rectly in our simulations by moving one complete atomic c.
row of step-edge atom@.e., N, atomg 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
w,,. Similarly, the kink formation energyV, can be calcu-
lated by systematically moving step-edge atoms from the
upper surface of the slab to the lower surfacen latoms
(n=1,...N,/2) are moved from one surface to the other,
creating two pairs of kinkgone positive and one negatjve
both of lengthn, then the energy difference is equal to  FIG. 3. Snapshots of the atomic configurations generated by the
4Wy+2nw,. molecular dynamics simulations for tfig15) surfaces. The darkest
The calculatedv,, and W, are summarized in Table Ill. shading corresponds to adatoms, the lightest to subsurface atoms.
The step-step interactiong,, are all positive, i.e., repulsive, Three different phases exist on the stepped surfaces: the ordered
decreasing with increasing terrace width. Thus the three suphase, below 600 K; the rough phase, around 800 K; the molten
faces are stable. The kink formation energitf for the  Phase, around 1000 K.
three surfaces are all of the same order of magnitude, 'ndeeire well ordered with straight steps; this is the ordered phase.

pendent of terrace width and kink length, and are consider; . ; )
ably larger than the respective, . Note thatW, andw, are As the temperature increases kinks start to appear in the step

) ._edges, 800 K. The first signs of disordering are clearly re-
calculated at 0 K, and the effect of thermal motion and d's.' tricted to the step edges, the terraces remaining well ordered

order on the two parameters is unknown. Experimentally, i ntil much higher temperatures. As the temperature contin-

is very hard t tain consistent val for the twi ram- - .
s very hard to obta consiste alues for the two paral ues to increase the surfaces become more and more disor-
eters due to the continuous nature of the roughenin

58-10,12,13,48.49 Yered as the extent of the step meandering increases. This is

transition
; . . . the rough phase. At 1000 K the surfaces appear completel
Finally, the formation energies of a single step Edgedisorde?edpas the result of surface melting.pp pletely

adatom-vacancy pair for the three surfaces are also given in
Table 1ll, and can be seen to decrease with increasing terrace
width due to decreasing step-step repulsion as discussed
above. To investigate the variation of the properties of the
As we have already mentioned, the long-range repulsiostepped surfaces with temperature we show first in Fig. 4 the
between steps is necessary to ensure the stability of the sigverage atomic densities projected ontozfeis, normal to
faces at low temperatures. The ability of the EMT to givethe surface, at various temperatures. The most striking fea-
what appear to be, in the absence of any experimental dattire of these results is the pronounced grouping of the first
reasonable values for the step-step interactions, and othgi+1 partial layers forming th€l1{2m+1}) surface, and of
physical properties, is a good indication of its suitability for subsequent layers. This is due to the relaxation effects al-

800 K

A. Layer structure

such studies. ready discussed. Above 600 K there is a gradual change in
the density profiles near the surface, which now start to
IV. EINITE TEMPERATURE SIMULATIONS slowly spead into the vacuum at the interface. This is due to

the presence of atoms in positions above the surface, associ-
Before starting the analysis of the dynamics of theated with the formation of additional surface layers that are
stepped surface we can first visualize the results of our simuabsent at lower temperatures. In simulations of low-index
lations by means of snapshots of the atomic positions fronsurfaces, atoms in layers above the surface are generally re-
the MD trajectories. Figure 3 shows some snapshots for thierred to asadatomswith associatedacanciesn the surface
(115 surface at various temperatures. At 600 K the surfacefayers. In our discussion of the properties of the stepped
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FIG. 4. Average atomic densities projected ontozleis normal to the surface for thie) (113), (b) (115, and(c) (117) surfaces. Notice
the grouping of them+1 layers on thg11{2m+1}) surface. At 700 K, and above, the density profile of the surfaces changes with the
presence of atoms in positions above the surface, locateg@tA 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.

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 b.
with the creation of step-edge adatoms, and equivalently, a13) a3
motion of step-edge atoms one, or more, atomic rows back 08 -2,

with the creation of step-edge vacancies. The adlayers are g4 a0l \
therefore the result of surface roughening and are not directly

attributable to the melting of the surface, as on low-index — ** 401

/

surfaceg? At very high temperatures, close to the bulk melt- 02 -80¢

ing point, there is a disintegration of all layer structure near A00E 1. 11
the surface. This loss of structure is attributed to the forma- o

tion of a liquidlike interface on the surface, the thickness of Tl

which increases with temperature, and is associated with sur- 08

face melting®®~*3%951A cautionary word; although there is 06

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- 02
tudes of the surface atoms compared to the interlayer spac-

04

A A

; 0.0
ings. o
At elevated temperatures, the surfaces are highly mobile, _ "} an
and at the end of a trajectory an atom may be found at a %0-8
considerable distance, and in a different layer, from its origi- g,
nal lattice position. As an error in the assignment of layer ‘é
number for an atom can cause a substantial error in the cal- 5 **
culated properties of a layer, it is necessary to reassign layer Bo2
numbers for all atoms in order to correctly analyze the MD . . e
trajectories. Further, the assignment of lattice positions al- 200 400 600 800 1000 T2 14 o6 182
lows the time dependence of fluctuations in step-edge posi- Temperature (K) /KT (V'

tion to be determined, enabling us to study the dynamics of

step meandering. Since, as we shall see, the system alwaysFIG. 5. (&) The average Iayer. occupations as a function of tem-
retains some degree of crystalline order, even at the higheBgrature for the adlayers aljd first few crystal layers on the three
temperatures, it is possible to assign layer numbers and lagirfaces. The symbols, which for the crystal layers refer to the
tice positions by mapping the positions of all the atoms ontdPosition of the layer in the ordered phase, are open circles for ad-

a perfect lattice, i.e., assigning layer and position accordindfYers: squares for the step edges., the first crystal layey dia-
to the nearest lattice site. onds 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 télat. The natural loga-

The average layer occupations as a function of temperaithm of the adatom-vacancy concentratidw, for the adlayers-
ture, (N))t, are shown in Fig. ). As the temperature in- crystal layers, as a function ofKIT. The adatom-vacancy formation
creases above 600 K there is a gradual increase in the occenrergies are estimated to be 0.44, 0.39, and 0.36 eV, failt&,
pation of successive adlayers, and an associated decreasg(if5), and(117) surfaces, respectively.

B. Defects in layers
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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-fre¢ surface. Note that such a surface would be
highly distorted.
Above 700 K, the forward and backward motion of the
L , , ) . , . | ; step edge increases the coordination of some atoms in the
200 300 400 500 6400 700 800 900 1000 first few layers while reducing that of other atoms in deeper
Temperature (K) layers. Under such conditions the nature of the interlayer
spacings changes due to the large variety of different con-
FIG. 6. Percentage interlayer relaxations as a function of temfigurations experienced by the atoms in the topmost surface
perature for the surface layers on 145 surface. The symbols are layers. The adlayer relaxations, not shown, are all negative,
defined in Fig. 5. The relaxations of adlayers, not shown, are negancreasing in magnitude with temperature, consistent with
tive, increasing in magnitude with increasing temperature. For althe idea of the surface trying to flatten out. The interlayer
three surfaces, the general trend is for an outward expansion of thelaxations of the partial layers forming the second, and
surface layers, corresponding to an increased thermal expansiqfeeper, full layers are much simpler, showing enhanced ther-
coefficient of the surface. mal expansion with increasing temperature.
The vibrational amplitudes of the atoms can be calculated

the occupation of the surface layers, due to the formation Ofjirectly from the distribution of the positions of the atoms in
kinks and step meandering. The adatom-vacancy concentrg-|ayer:

tions for each layer have been plotted in the Arrhenius form,

Fig. 5b). At low concentrations the data can be fitted to N

straight lines, consistent with a thermally activated process. , |1 ' —

The energy to create an adatom in the first adldged as- Tl = N, 241 [Rai=Rail® /. ®)

sociated vacangyis equivalent to the energy to create a va-

cancy in the first surface layéand associated adatopnThe . . .

divergence at high concentrations results from the correlate\ﬁfhe.reﬂavi _(a=x,y,z.). |s.the position of the atom at lattice

nature of step fluctuations. The adrows and vacancy defec tel, Ravi is the equilibrium position of.the lattice siteN,

are no longer individual adatoms or vacancies but trains o the Instantaneous nqmber of qtoms in ldyeand average

such defects which have a lower energy per step edg ) is over the MD trajectory. Figure 7 ShO\.NS the mean-
uare displacementsSD) in the x, y, andz directions as

adatom-vacancy pair than was calculated for single pairs, s .
y P gle p unctions of temperature, for the three surfaces. Note that the

Table Ill. The formation energies for an adatgemd asso- L . )
ciated vacancyin the first adlzgyer are estimated to be 0.44,% andz directions are defined by the unit cell of the stepped

0.39, and 0.36 eV for thé113), (115, and (117 surfaces, surface, and not by that of the flat terraces.

respectively, which are in surprisingly good agreement with . The vibrations are clearly anharmonic, SC"""UQ nqnlinearly
the values éalculated at 0 K. Table il with temperature. The degree of anharmonicity increases

In conclusion, there is a gradual increase in the occupz\fé:[h temperature being largest for the first+1 layers, Le.,

o
[N}

o

=y
"

Percentage interlayer relaxations
&

&

tion of adlayers, and a decrease in the occupation of surfa e exposed surface, and decreases rapidly for deeper layers.

layers, due to the formation of kinks and defects, at tempera- ere are no difscontinuities in th? calculateq ampIitudgs as-
i ' ociated with either the roughening or melting transitions,

tures above 600 K on all three surfaces. Since the adatont.

vacancy pair formation energies decrease with increasing teg_lthougk]lc :Eere artla_tsgght_lngref[ﬁsiis In dth((aj_ten}[peraturgz depen-
race width, it follows that the surface roughening ence ot the amplitudes in bo @ncy directions, above

temperature also decreases with increasing terrace Widtlf?lcl)otr?nd 900fK, and 'R.tw“ d|rect|can aLsto da|1bov<|a ?Og f ?hn
Unfortunately we cannot be more specific on this point du ree surfaces, which areé undoubtedly refated 1o these

S . henomena.
to the finite siz f th tems studied. P . . L .
o the e sizes of the systems studied The amplitudes in the andy directions, perpendicular

and parallel to the step edges in the plane of the surface, are
comparable, being a few percent larger in xhdirection, for

The calculated percentage interlayer relaxations as a fun@ll layers on all surfaces. This is surprising, considering that
tion of temperature are shown in Fig. 6 for t{el5) surface. the first partial layer of atoms, those which on the ordered
Similar behavior is observed on the other two surfacessurface constitute the step edge, are unbounded on the lower
where it is also found that relaxations are strongly temperaterrace side in th& direction. There are two probable factors
ture dependent. This directly reflects the anharmonicity ofcontributing to this observation: firstly, relaxation effects, the
the surface layers. If the thermal expansion coefficient of the@datoms being strongly attracted to their neighbors acts to
surface region was the same as that of the bulk, the relaxconfine them, and secondly step-edge repulsion limits the
ation curves would all be horizontal lines. This is clearly notmotion of the step-edge atoms perpendicular to the steps

C. Relaxations and vibrational amplitudes
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FIG. 7. The mean-square vibrational displacements ixthe
andz directions for the first @n+1) crystal layers on théa) (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 ix the
andy directions are comparable on all three surfaces, whereas the
magnitude of the vibrations in the 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 quanjifyin they
direction there is grouping of the+1 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 thxedirection 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 tHd15 and(117) surfaces, the first
partial layer, the step-edge atoms, shows reduced amplitudes
in they direction compared to the terrace atoms, below 700
K. This is also attributed to the relaxation effects and the /L
energetic step-step repulsion, which are then gradually 200 300 400 500 600 700 800 900 1000
swamped by the thermal energy of the surface atoms above
700 K.

The displacements in thtedirection, perpendicular to the
surface, are considerably smaller than the in-plane displace- FIG. 8. Surface energy as a function of temperature fo(148)
ments, with this effect becoming more pronounced with in-(solid line), (115 (dot-dashed ling and (117 (dashed ling sur-
creasing terrace width. On th@17) surface the in-plane fac_e;. At low temperatures the surface energy is nearly constant
mean-square displacements are a factor of 2 greater than tffising from the loss of neighbors for the surface atnrbst then
out-of-plane amplitudes of the highest temperatures. Theg\}creases rapidly apove 600 K with the formation of surface defects
also show the same+ 1 grouping of partial layers, going ith Step meandering.
many layers deep into the surface. Thus as the terrace width
increases, the atoms become more tightly bound with atomi@ce vibrations, and then from the presence of surface de-
in the same layer than with those in the adjacent layersfects. Under these conditions several layers may contribute
Indeed, the vibrational amplitudes for the atoms ila7)  to the surface energy.
surface are comparable with those ii180) surface*? The surface energy is the sum over the excess energy per

There are two problems inherent in MD simulations of atom per layer, i.e{e )t —(&p)1, these are shown explicitly
this kind, which must taken into account when interpretingfor the (115 surface in Fig. 9, for the adlayers and first six
MSD results. Firstly, the finite size of the computational cellspartial layers. Up to 600 K, the excess energies of all layers
and the periodic boundary conditions may generate collecar® approximately constant. Above 600 K, we see the appear-
tive motion of the atoms in the close-packed directions, e.g.ance of adatoms with large excess free energies. However,
along the atomic rows, which leads to an overestimate of th€elow ~700 K, the concentration of such atoms is low, Fig.
MSD in that direction. However, this effect is expected to be>, and their contribution to the surface energy is expected to
small for the large systems used in this work, and thede small. The initial increase in surface energy is then due to
chances of generating collective vibrational modes ardhe increasing excess energies of surface and subsurface lay-
greatly reduced by the use of stochastic thermalization. Se@'s due to increasing anharmonicity. At very high tempera-
ondly, since we have not extrapolated our results to the theittires, close to the bulk melting point, the excess energies of
modynamical limit? i.e., the infinite system, we have sys- the adlayers and surface layers decrease. This is caused by
tematically underestimated. the increased coordination of these atoms with the formation

Surface energy (meV)

Temperature (K)

D. Surface energy

The surface energy, as previously defined, is now given %\ I (115)
by E 1.0l A
N 2 08 D\'«\
1 3 o s
- _ = H_D_D_D_D_D_H—D-—H\D
Y(T) A(T) IZ]. <N|>T(<8|>T <8b>T)1 (6) @ 0.6 T
2 04
where(e,|)t is the average interaction energy of an atom in 3 A—S—A——A-—A——-A—A——ﬁ—HMH
layerl, (ep)7 is the average interaction energy of an atom in g
0
>
LLt

02
. ; B
the bulk,(N,); is the average number of atoms in layer O.OWZQEZQZH:FM.

and the summation is over all layersl, for which 200 300 400 500 600 700 800 900 1000
(e 1#(ep)1. A(T) is the surface area of the computational Temperature (K)
cell at temperaturd.
The calculated surface energies, Fig. 8, are roughly con- £ 9. The average excess energy per atom as a function of

stant, at low temperatures, before increasing rapidly abovgyer for the(115) surface. We now see the increased surface energy
600 K. At low temperatures the surface energy is caused bypove 600 K is due to the presence of an increasing number of

the loss of neighbors for the surface atoms, with a contribuadatoms &), see Fig. 5, with high excess energies. The decrease in

tion from surface relaxations. At higher temperatures therghe excess energies of the adatoms with temperature is due to the
are additional contributions coming first from the increasedenhanced coordination arising from with the increased occupation

anharmonicity(plus the harmonic enhancemgof the sur-  of adlayers.
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of a liquidlike layer. The large number of such adatomsvibrations, and the generation of defects and disorder. For
though now make the dominant contribution to the surfacehe surface layers, the behavior of the order parameter cannot
energy. Notice also that the excess energy of the subsurfate fitted by the above mentioned expression f@fSjk)[%)

layers continues to increase. because of the onset of defects and disorder.
Parallel to the step edges there is a clear grouping of the
E. Structure factors partial layers, and below the transition temperatures there is

again evidence of pinning of the first and last partial layers

In order to study the translational order of the surfaceforming the terraces on thd 15 and (117) surfaces, which
during the disordering processes, we have_ calculated the 'Qﬁsappears once the surface layers start to completely disor-
plane layer-dependent structure factor, defined as

der.
N, The exact nature of the disordering on these surfaces can-
S(k)=— 2 exdik-ri], 7) not be determined from the calculated order parameter; how-
Ny =1 ever, since there is already a considerable number of adatoms

e Presenton 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 alin+1 surface layers on @1{2m+1}) sur-

face are seen to disorder at the same temperature. From the
gerder parameter we estimate the surface disorder-melting

wherek is a reciprocal lattice vector parallel to the surfac
and the sum runs over all atoms, with position vectgri
layerl. Using S (k), we can obtain an order parameter for the
surface layers||S;(k)|?), where the averaging is over the MD
trajectory.(|S,(k)|?) probes the local thermal disorder within
a layer, being equal to one for an ordered layer &0, 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 directl
affect the order parameter, since it is normalized at each tim .
step using the instantaneous layer occupalpnVacancies 75+25, 90025, "?“.]d 92525 K, respectlve_ly.

do have an indirect effect by inducing distortions in the sur- Above the transition temperatures there is a gradual layer-

. . e : y-layer disordering and/or melting of all the surfaces. This
ga:ggr[j%grmn and by allowing the remaining atoms in a layer tc}gan be seen more clearly in Fig. 11, whé|$(k)|2> is plot-

In Fig. 10, the calculated order parameters intrendy ted as a function of layer for thel17) surface. As the tem-

directions, perpendicular and parallel to the step edges, aRfrature is increased, first the topt1 partial layers start to
presented as functions of temperature for the three stepp elt, then thg nexin+1 partial Ia}yers melt, and so on Into
surfaces. For each surface the order parameters of the fir € bulk. At high temperatures, Just _below the bulk melting
3(m+1) partial layer are shown. In the direction, parallel point, we are left with a completely disorderédolten sur-

to the step edges, the reciprocal lattice vector is the same f pce sep_arated from a still reasonably well ordereq substrate
all three surfaces. In th& direction, perpendicular to the y a partially melted full layer. The enhanced ordering of the

steps, the reciprocal lattice vector decreases in magnituo%eepeSt layers is due to the presence of the static substrate.

with increasing terrace width. Decreasing the size of the re- To see the actual roughening transition it is necessary to

ciprocal lattice vector increases the length scale over whiclﬁedef'ne slightly the above expression k), such thatk

the order parameter is measured. As a result, the calculatdy @ "€ciprocal lattice vector perpendicular to the step edge

structure factor in thex direction for the(113 decreases and, ?\y ggsi?n, of equz?l Length ondall three surfa_m?sisf
more rapidly with temperature than for t@15 surface, now the displacement of the step-edge at@mespective o

which in turn appears more disordered than th&7) sur- layen) at pqsitionj along the step, from the position of the
face. Similarly, all three surfaces look more ordered inxhe sE[_ep edgde '_T) tht? orderzdtr?ha(serr_ected for”thfrmalfrela_x-
direction, compared to the direction, because of the shorter ation and vibrations and the sum is over all atoms forming

reciprocal lattice vectors. This makes tkerder parameter ;[he st(?p eddges. 'tl'rr:ese r;ew results are shom;nl n F'gt' 12. The
relatively insensitive to disorder. oss of order on the surfaces is now seen at lower tempera-

The behavior of the order parameter, in both xhendy tursgé;irzsél)&on ITEHR’ tg_en the(lll5), ?n: Iastl%/ thdll?’)’h
directions, exhibits two distinct regimes. At low tempera- at » and is the direct result of the surface roughen-

tures, (|S,(k)|?) shows a slow monotonic decrease with in-'"9 transition.
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®

In{|S,(k)|? is proportional toT. Deviations from the linear

dependence on temperature can be explained in terms of an- The histograms shown in Fig. 13 show the displacement
harmonic vibrational effects, which introduce terms propor-of the step-edge atoms in terms of the number of atomic
tional to T2 and T® into the expression for {{5(k)|%. At rows forwards and backwards from their positions in the or-
higher temperatures, thdS(k)|?) decrease more rapidly, dered phase. As the temperature increases above 600 K, so
both for the bulk due to enhanced vibrational amplitudes andloes the number of kinks and the degree of step meandering
in particular for the surface layers due to further enhancedhat is reflected in the broadening of the distributions. At all

mperatures for thél13), (115, and (117) surfaces to be

V. STEP DYNAMICS

A. Step-edge position
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temperatures there is a symmetrical distribution of the stepthen the maximum forward displacement of the step edge at
edge position about the equilibrium terrace width, a displacehigh temperatures is equal o atomic rows, while the maxi-
ment of zero, showing there to be no collapse of the stepnum backward displacement is roughty+1 atomic rows.
structure consistent with a repulsive interaction betweermhese values should only be taken as an indication of the
steps. At high temperatures this repulsion is principally enrespective step-edge displacements. Even though the average
tropic in origin. terrace width of the surfaces, and therefore the maximum

As the width of the terraces increases then so does thgossible step-edge displacements, is structure dependent, the
possibility of greater displacements of the step edge; thifinite size of the computational cells and the periodic bound-
effect can also be seen in the calculated layer occupationary conditions impose serious limitations on the extent of the
Fig. 5. In general, if the terraces aret1 atomic rows wide, step meandering in simulations of such systems.

0.2

0.0k . . . . . . . . 0.6k . . . . \ . . ‘
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FIG. 10. Calculated order parameters pardledlirection) and perpendiculaix direction to the steps, for the first(f+1) crystal layers
on the(a) (113, (b) (115, and(c) (117 surfaces. The recipical lattice vectors in thendx directions are 2/a and 2r/b, respectively,
wherea is the interatomic spacing atom the step dnthe step separation. That the surfaces appear more orderedrditection with
increasing terrace width is due to the decreasing magnitude of the reciprocal lattice vector. The simultaneous disordering+df) the
crystal layers on th¢l1{2m+1}) 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 th€l13), (115, and(117) surfaces are estimated to be 872, 900+25, and 92525 K, respectively.
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of the step-edge positions. Giessen-Seileeral?° recently

showed the equivalence of the two step correlation functions
600 K [F(y) calculated from conventional images aRdt) from
700 K time image$ for step fluctuations on Qi 1 19 surfaces at
800K T>Tg. Thus the fluctuations in the step positions in conven-
900K tional tunneling images are entirely due to the time depen-
050 K dence.

For a surface with isolated or widely spaced stepisich
would have a very low roughening temperajute(y) is a
linear function ofy, and describes the random walk of free
(unhindered steps. If, howeverF(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 mechanism@ifferent rate limiting processghave
been modeled using Langevin dynamié$® 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 functiof (t) is proportional tot'/“. If,

FIG. 11. Order parameter parallgi direction to the steps as a however, the steps dlfmse by exchange with a reservoir qf
function of layer for the(117) surface at several temperatur@s atoms on the n_elghbonng terraces, then the correlatlons_m
steps of 50 K. The surface is seen to disorder and/or melt in ath€ Step fluctuations are expected to be weak and the motion
layer-by-layer fashion, where a layer refersne-1 crystal layers, ©Of the steps will be correspondingly faster. In this case the

<15k 1%>

1000 K

0.0

1234567 8910111213
Layer number

starting from the surface. correlation functiorF(t) is proportional tot'/2,
The calculated step correlation functiBiiy) for the three
B. Step correlation functions surfaces at several temperatifeis shown in Fig. 14. The

step meandering process is inhibited to a large degree by the

The s_p_atlal and time dep_endence of quc_:tuatlons in th eriodic boundary conditions, and the maximynvalue is
step positions can be determined by calculating the step cof-

relation functiond=(y) andF(t), which are a measure of the
average width of the stes:*® For spatial fluctuations the
step correlation functiofir (y) is defined by 0.8—8,

F(y)={[RdY+Yo) —Ru(Y0)1?), ) A

whereR,(yy) is the displacement of the step edge atom at W
some coordinatey,, and R,(y+Y,) is the displacement of 0 W
the step-edge atom a distangealong the same step. The W
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 functioR(t) is defined by

F(t)=([Re(Yo,t+to) = Ry(Yo.t0) 1), 9

whereR,(yy,tp) is the displacement of the step edge at po- ’ AR
sition y, at timety, andR,(yq,t+tg) is the displacement of 0.2t \ 0\"\
the step edge at a later tinhe-t,. The average is now over b\
all positionsy, and timest,. AN
Both correlation functions can be measured using an N
STM.*"21 The conventional method of imaging the surface I T,
is to scan the tip across a region of the surface. Since the "550 400 650 700 750 800 850
STM does not provide an instantaneous image of the surface, Temperature (K)

consecutive scan lines under such conditions represent spa-

tial fluctuations of the steps as well as movement in time. £ 15 calculated order parameter for the step edge atoms on
Because the step motion is fast relative to the scan speed, the (113 (dotted ling, (115 (short-dashed line and (117) (long-

tip finds the step edge in a different position in each scarjashed ling surfaces as a function of temperature. From the con-

line, giving rise to a “frizzy” appearance of the steP/s:>*°  gyryction of the structure factor, as described in the text, the ob-

An alternative method of imaging the surface, which sepaserved disordering is now the result of the roughening transition.

rates the influence of the spatial fluctuations from the fluc-The roughening temperature is seen to decrease with increasing
tuations in time, is to repeatedly scan the tip over the samesrrace width, and is of the order of 7285 K for the three sur-

line perpendicular to the step edges, giving a time sequendeces.

0.4 Ly
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fixed equal to half the size of the computational box in theing leading to an increase in the characteristic time scale for
direction parallel to the steps. In principle, the step roughenstep fluctuations, reducing. At any finite temperature, the

ing temperaturé z can be determined from the logarithmic larger the interactions, i.e., the closer the steps, the larger the
divergence of~(y) for largey. At the roughening tempera- effect. As the temperature is increased, the energetic step-

ture the step correlation function has the fdrm step interactions will be gradually overwhelmed by the ther-
mal energy of the atoms, causing the time dependence of the
F(y)=A(T)In(y)+B, (100 fluctuations to increase ultimately to—3.

However, at higher temperatures above 750 K for the
where A(Tg)=2/7 is a universal constarfif T>Tg then (113 surface and 800 K for theL15) and(117) surfaces, the
A(T)>2/772R], andB is a nonuniversal constant. From fitting calculated values of again decrease. This effect is due to
the data to the above relationship we estimate the roughenirgntropic repulsior{the topological constraint that the mean-
temperature to be between 900 and 950 K for(t&3) sur-  dering steps cannot crossthe t¥2 law is therefore only
face, 850 and 900 K for thel15) surface, and 800 and 850 strictly valid whenF(t) is small compared to the square of
K for the (117) surface. These values are considerably highethe mean terrace widtliThe extent of step meandering with
than other estimates based on the concentrations of adatoniiscreasing temperature can be seen in Figs. 5, 13, and 14.
and the structure factors for the step edges. ExperimentallJhus as the temperature increases beyond the roughening
the logarithmic divergence df(y) is measured over macro- transition the extent of the step meandering increases result-
scopic distancefof the order of hundreds of angstrpmnd  ing in a gradual disordering of the terraces as a prelude to
the small surface area of the systems studied thus precludearface melting. As one would expect, the temperature order-
an accurate determination of this behavior, and hence of thimg for this effect, first thg113), then(115), and finally the
roughening temperature. As a consequence, these resultsl?7) surface, then reflects that of the surface melting tran-
(and all MD simulations of finite systemsan only provide sition.

a qualitative guidgan upper limij to the roughening tem-
perature although we believe the trends from surface to sur- C. Diffusion
face to be real. ) )

The calculated step correlation functions for fluctuations 10 compare the dynamical properties of the three surfaces
in time for the three surfac&all show a time dependence during the roughening and melting transitions we have stud-
proportional tot", Fig. 15. However, we find that the power |§d the layer diffusion coeff|C|ent_s in the directions perpen-
n is dependent on the both the surface and the temperatur@',cm_ar and paral.lel to the steps in the plane of the surface,
Table IV. Sincen is greater than 0.25 for the three surfaces@Nd in the direction normal to the surface plane. The layer
at all temperatures, we conclude that surface diffusion is indiffusion coefficient is defined by the long-time behavior of
trinsically two dimensional, and that step fluctuations occutN® mean-square displacement of the atoms calculated from
by exchange with a reservoir of atoms, in this case providede atomic trajectories:
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.

ThetY2 power law for step fluctuations is derived assum-
ing widely spaced, noninteracting, stépsThe inclusion of whered=1 is the dimensionalitye=x (i.e., L), y (i.e., ll),
step-step interactions will limit the amount of step meanderandz, andRiJ(t) is the MSD of an atom in layelr.

R%,(D)

Da1|= lim W’

t—o

(11
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FIG. 15. Mean-square displacement of step posifgt) 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)=t", wheren=0.49+0.03, see Table IV. Notice th&(t)
starts linearly and crosses overtf&.
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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 ed¢msd the
terracey also show increased mobility, and for these layers
D,~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 (exchangg of atoms between the stefasnd terraces

As the temperature increases then so does the extent of
y (a.u) 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-

function of positiony along the step for thé113), (115), and(117) quent occupation of the next adlayer, starts to limit t_he dif-
surfaces. The maximury value is equal to half the size of the fuUSion of atoms in that layer resulting in a decrease in layer
computational box in the direction parallgi direction to the steps.  diffusion coefficient parallel to the steps as that of the next
The true logarithmic divergence (y) for largey, which is ob-  adlayer increases. These higher adlayers also show increased
served only above 900, 850, and 800 K, for 143, (115, and  Mobility perpendicular to the steps, and in thelirection.
(117) surfaces, respectively, is then constrained by the finite size of These results are consistent with the two-dimensional dif-
the computational cells. fusion of the atoms during the step meandering, as discussed
previously. Although different diffusion mechanisms must
1 prevail in the two directions, parallel and perpendicular to
sz)(t)=<n—, [Ri(t+ T)—Ri(T)]2>- (12)  the steps, these mechanisms must be similar on all three
iel surfaces since there is no great difference between the re-
The sum includes all atoms in layérat time 7, and the  spective results.
average is over time origins At temperatures above 950 K,,~D, ~2D, for all ex-

The layer diffusion coefficients are plotted in Fig. 16 for posed surface layers; that is atoms can now move as freely
the adlayers and topdm-+1) partial layers of each surface. perpendicular to the steps as parallel to them, and there is
Several features are apparent between 600 and 1000 K on allso a large degree of intermixing between the surface layers.
three surfaces. With the onset of step meandering, we see tAdis enhancement of the diffusion coefficients of the top-
formation of a mobile adlayer. The large layer diffusion co- most surface layers relative to the deeper bulk layers at tem-
efficients in the direction parallel to the steps, reflects the peratures slightly below the bulk melting temperature is con-
adatoms moving relatively quickly along the step edgessistent with the idea of surface melting, and the growth of a
(atomic hopping This increased mobility is, however, not highly mobile liquidlike film on the surface. This is more
restricted to the direction parallel to the steps; also rises  apparent in Fig. 17, where the diffusion coefficients are plot-
as atoms move backwards and forwards due to the step med as a function of depth at 1000 K. The equivalence of the
andering.(There is also a marked increaseDr}, but this  diffusion coefficients in thex andy directions at this tem-
effect is much smaller than for eith@, or D, .) This in-  perature implies a complete disintegration of step structure at
creased mobility between 600 and 800 K is largest on th¢he surface. Diffusion perpendicular to the surface is still,
(117 surface(not shown, which is generally the first to however, smaller than the in-plane diffusion, since the lig-

Ky) (arb. units)

FIG. 14. Mean-square displacements of step posHfy) as a
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TABLE IV. The calculated exponents for the time dependenaé of the step fluctuations. Values have
an associated error af0.03.

Exponent in the time correlation function

Surface 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
(119 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

uidlike layer is only a few atomic layers thick, approximately the (115 and (117 surfaces, and involved an atom moving

2 and 3 full layers, i.e.>~5 A, on all three surfaces. forward one atomic row out of the step edge creating a va-
cancy. These step edge vacancies then diffuse by a neighbor-
D. Diffusion mechanisms ing atom hopping into the site. Again vacancies were never

Firstly, parallel to the step edges, the adatoms move bobservgd 0 diffuse away from th? step edges. However, any
A ’ acancies in the terraces are quickly absorbed into the step
atomic hopping. No adatoms were obs.erved to hop aW.anges. A few exchange events parallel to the steps were also
from the step _edggs on to th? terraces; to do so WO[.JIQ.'nc')bserved in which the adatom on the step edge displaces a
volve a reduction in coordination, and hence a large initial . . 10 from the underlying terrace. Unlike for self-
activation energy barrigr, which would be further increase iffusion on the(100) surface of aluminurﬁ? the coordina-
by the step-step rgpulsmn. The only atomic hoppmg BVeNtZ,h of the exchanging atoms on the vicinal surfaces remains
observed perpendicular to the steps were predominantly Otrfigh 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

0.3F
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- 0.8
2 02 i (113)
~
= L
0.4
0.2
0.0t
~~ 08'
a 15
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i g
[a) ~
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~ 0.8F
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FIG. 16. Calculated layer diffusion coefficients, as a function of z(A)
temperature, in thg (i.e.,l), x (i.e., L), andz directions for the th
adlayers and @n+1) crystal layers on thé113) surface. The sym- FIG. 17. Layer diffusion coefficient), (solid line), D, (long-
bols are defined in Fig. 5. The adlayers are highly mobile paralleldashed ling andD, (short-dashed lineas a function of positioz
and also perpendicular, to the step edges. For(tine¢ 1) surface  at 1000 K for the(113), (115, and(117) surfaces. The large diffu-
layers at all temperatures, and the adlayers close to the surfacion coefficients of the adlayers and surface layers reflect the for-
melting temperatureD,~D, ~2D,. Thus diffusion during step mation of a highly mobile liquidlike layer at the surface. The thick-
meandering is generally two dimensional. ness of this layer~5 A, is the same on all three surfaces.



53 ROUGHENING AND MELTING OF STEPPED ALUMINUM SURFACES 11143

900 K 900K

d‘o@fgﬁg?gﬁgag'
5 %6 %%6%:a%a®c %o

FIG. 18. Contour plots of the average atomic density projected onte-thplane for the@) (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 structu
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 th@ 13 surface at 950 K due to the corrugation of the underlying periodic potential.

mechanisms, involving chains of several atoth®y this  new kinks in the step edges: A chain of atoms on a terrace
method atoms are able to move “up” and “down” the steps, would either move backwards one atomic row, leaving a
frequently over more than one step at a time, especially omacancy in the step edge, while the first atom in the chain
the (113 surface, which has the narrowest terraces. Chailbecomes an adatom on the higher terrace, or forwards one
slippages were also found to be a common way of creatingtomic row forming a new adatom at the step edge; the re-
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sulting vacancy left by the end of the chain is quickly filled difficult because the small sample sizes and simulation times
by a step-edge atom on the higher terrace falling down @reclude the accurate determination of the logarithmic be-
level. The first of these two mechanisms was found to be th&avior of the step correlation function. Based upon the cal-
most frequent method of defect creation on the3) surface.  culated structure factors for the step edges, the roughening
temperatures for thél13), (115, and(117) surfaces of alu-
E. Solid-liquid interface minum are estimated to be in the range 25 K, with the
The presence of a liquidlike layer on the surfaces, at temordering as above. These are lower than .the \{alues suggested
peratures approaching the bulk melting point, can be seehY the spatial dependence of the fluctuations in the step-edge
more clearly in the contour plots of the atomic density pro-Position, which should only be taken as upper limits on the
jected onto the-z plane, perpendicular to the steps, Fig. 18.true values.
As the temperature approaches the bulk melting point, the The time dependences of the step fluctuations show a
steps disappedbut do not collapsewith the formation of a  Power-law behaviort", where 0.25:n<0.5, and diffusion
broad diffuse layer at the surface. As we have already see@n all three surfaces is essentially two dimensional. The
from the calculated structure factors and diffusion coeffi-atomic trajectories indeed show atoms moving parallel to the
cients for the layers, the surface melting occurs in a layersteps by atomic hopping and exchange, and perpendicular to
by-layer fashion. The order for the surface melting followsthe steps by the concerted motion of chains of atoms that can
that of the terrace width; the step structure disappears first ogxtend over more than one terrace. However, at temperatures
the (113 surface, then on thél15 surface, and finally on close toTg the energetic repulsion between the steps reduces
the (117 surface at temperatures between 900 and 1000 Khe time dependence of the step fluctuations, reflecting a de-
For all surfaces, at 1000 K, the liquidlike layer is broad butcrease in the amount of step meandering compared to that of
not uniform, suggesting weak faceting. Notice that even af System of noninteracting steps.
1000 K the atoms moving in the liquid layer close to the From studies of the low-index surfaces of metals, it is
solid-liquid interface exhibit some residual crystal order duegenerally believed that anharmonic effects control the dy-
to the underlying periodic potential. The corrugation of thenamics of the surface roughening and melting transitions:
potential decreases with step density, but this does not ag-he large vibrational amplitudes of the surface atoms result
pear to affect the thickness of the liquidlike layer at 1000 Kin the initial disordering of a surface with the creation of
on the three surfaces, although it is visible on th&3) sur- adatoms and vacancies; these vacancies then allow the re-
face at 950 K, and may be responsible for the observed oghaining surface atoms to disorder, leading eventually to sur-

cillations in the thickness of the liquid layer. face melting. Note, however, that the anharmonicity alone
does not make the surfaces vibrationally unstable. The vibra-
V1. DISCUSSION tions of the surface atoms must also be coupled to an “es-

cape route” from the ordered surface structure. Such a path

The dynamics of th€113), (115, and(117) stepped sur- exists on the open(110 surface, which shows signs of
faces of aluminum have been studied using the MD methodoughening, but not on the closely packélD0 surface,
with a realistic many-body potential that@K gives reason- which does not, although both show comparable surface
able predictions for the stability of the surfaces and the inanharmonicity*?> On stepped surfaces, the appearance of ad-
teractions between the steps. The principal result of thistoms and vacancies is again correlated with the increasing
work is that these surfaces show two distinct forms of thervibrational amplitudes of the surface atoms, most impor-
mal disordering. Firstly, around 700 K the surfaces undergdantly in the direction perpendicular to the step edges, con-
a roughening transition, characterized by a disordering of thsistent with the above picture.
step-edge structure; the roughening temperature for the sur- The first signs of surface roughening are restricted to the
faces decreases with decreasing step dengigcreasing step edges, the terraces remaining well ordered. As the tem-
step-step repulsioni.e., TE¥)>TE9)>TA) gecondly, perature increases and the thermal energy of the atoms over-
around 900 K the surfaces undergo a melting transitioncomes the repulsion between steps then the extent of the step
characterized by a complete disordering of the surface; theneandering increases, leading to a broader distribution of the
melting temperature for the surfaces increases with decreastep-edge position and the disordering of more and more of
ing step densityfollowing the order of the surface stabiljty the atomic rows forming the terraces. The dynamics of the
e, THI<T <1 )(<T00D), step motion is now governed by the entropic repulsion be-

The stepped surfaces exhibit strongly anharmonic behawween steps, and the topological constraint that the meander-
ior. The anharmonicity manifests itself as an enhanced theling steps cannot cross. When the width of the step-edge dis-
mal expansion coefficient of the surface, and an anomalousibution becomes greater than that of the terraces, then all
increase in the vibrational amplitudes of the surface atomghe atoms in the surface are effectively disordered. Further
Above 600 K we also observe the formation of adatoms andhcreases in the temperature result in the disordering of more
vacancies associated with motion of the steps, and the onsahd more layers, i.e., layer-by-layer melting, and the forma-
of surface roughening. As the temperature is increased fution of a broad diffuse interface at the surface. The estimated
ther, the amount of step meandering increases with the apnelting temperatures fdi113), (115, and(117) surfaces of
pearance of atoms in higher adlayers, and vacancies ialuminum are 9025, 925-25, and 956:25 K, respec-
deeper surface layers. There is then also a rapid increase tively. These are slightly larger than the values quoted earlier
the surface energy above 600 K due to both the step meafrom the structure factors, which we interpret as the initial
dering and the increased surface anharmonicity. structural disordering of the topmost surface layers, preempt-

Identification of the rough phase in MD simulations is ing the surface melting.
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