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Ab initio study of step formation and self-diffusion on Ag100)
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Using the plane-wave pseudopotential method, we performed density-functional theory calculations on the
stability of steps and self-diffusion processes or{34§). Our calculated step formation energies show that the
{111}-faceted step is more stable than {h&0-faceted step. In accordance with experimental observations we
find that the equilibrium island shape should be octagonal very close to a square with predonjiridely
faceted steps. For tH&00) surface of fcc metals atomic migration proceeds by hopping or exchange processes.
For Ag(100), we find that adatoms diffuse across flat surfaces preferentially by hopping. Adatoms approaching
the close-packedl11}-faceted step edges descend from the upper terrace to the lower level by an atomic
exchange with an energy barrier almost identical to the diffusion barrier on flat surface regions. Thus, within
our numerical accuracy=f*0.05 e\), there is no additional step-edge barrier to descent. This provides a
natural explanation for the experimental observations of the smooth two-dimensional growth in homoepitaxy
of Ag(100). Inspection of experimental results of other fcc crystal surfaces indicates that our result holds quite
generally.[S0163-182607)07319-0

I. INTRODUCTION barrier at the flat surface, the growth mode is rough, and
when the step-edge barrier is equal or smaller, the growth
The study of the morphology of surfaces is one of themode is flat. The proper treatment which gives quantitatively
oldest areas of crystal growth, and has attracted particulaand qualitatively more accurate results, and takes the
attention in recent years due to advances in epitaxy and thguantum-mechanical properties and the chemistry of inter-
possibility of controlled growth of materials and bulk quality atomic interactions properly into account is density-
surfaces. The structure of an epitaxial film is often thought tdfunctional theory(DFT).
be determined by thermodynamic principles, in which the In this paper we report DFT total-energy calculations of
film is assumed to adopt the energetically stable thermalstep formation and diffusion of Ag adatoms on t{00
equilibrium structuré. However, there are many examples surface of fcc silver, which extends work presented eatlier.
which demonstrate that, under typical growth conditionsHomoepitaxy of silver exhibits a different behavior in the
growth is often governed by kinetics rather than thermody-growth mode, depending on substrate orientations: The
namics. A lot of experimental works show that the growthgrowing surface of AGLOO) is smooth and flat, whereas that
mode (the evolution of film structure with coveragean be of Ag(11)) is typically rather rough. For AG00 surfaces
altered by varying growth conditions such as the substrateeflection high-energy electron-diffractiofRHEED) inten-
temperature and deposition rate, or by introducing defects ity oscillations have been obserfemh the temperature
surfactant$.A notable example is the study of homoepitaxial range from 200 to 480 K, which indicates that the growth
growth of Ag111): Under clean surface conditions the proceeds by a smooth two-dimension@D) mode. The
growing surfaces are very rough with mountains as high asame overall behavior was also obtained using helium
30-40 atomic layergmultilayer growth.>* These studies scattering. In contrast, for Agl11) surfaces RHEED inten-
revealed that the film structure is governed by the kinetics osity oscillations are absent at all temperatures, suggesting
surface diffusion. Hence, a knowledge of the kinetics such athat there is no 2D growth, but that the surface becomes very
mass transport across terraces and steps and the diffusioough upon growth. This finding for A@11) was confirmed
parallel to steps is essential to reach an understanding of th® x-ray reflection experimerft&ind scanning tunneling mi-
morphology and quality of growth. croscopy(STM) measurements? The former study shows
To date, most calculations of atomic diffusion on surfaceghat the growth mode changes from multilayer to step-flow
employ computationally fast semiempirical methods. Theygrowth over the temperature range from 175 to 575 K. The
have been widely used because of their methodological simatter studies show a STM topography of “mountain and
plicity, and under the assumption that the results, althougleanyon’-like structures with heights of 30—40 atomic layers.
quantitatively not very accurate, may still explain general From their analysis of STM images for Al1), Vrijmo-
trends. The main approximation of these methods concerreth et al? concluded that the multilayer growth is attributed
the kinetic-energy operator of the electron and the neglect db an additional step-edge barrier. This is the barrier for a
a self-consistent adjustment of the electron density. Thus thdiffusing adatom descending steps minus the surface diffu-
essence of the mechanisms governing the breaking and masgion barrier. The authors obtained that the additional energy
ing of chemical bonds is missing. Obviously, quite often, asbarrier is 0.15 eV. Bromanet al* developed a method to
e.g., in the example discussed in this papgmrntitativere-  determine with high accuracy attempt frequencies and acti-
sults determine thgualitative features. For example, when vation energies for terrace diffusion as well as for the step-
the energy barrier at the step edge is larger than the diffusiodown process. This analysis was done by measuring the

0163-1829/97/580)/139169)/$10.00 55 13916 © 1997 The American Physical Society



55 Ab initio STUDY OF STEP FORMATION AND SELF- ... 13917

[001] surfaces, and discuss their implication on epitaxial growth.
<1105/{111} step Finally the paper is concluded in Sec. V.
<110> [010]

g Il. METHOD OF CALCULATION
The total energies and forces on atoms are calculated by
DFT. We use a horm-conserving pseudopotential method to-
gether with an iterative minimization of the Kohn-Sham total
energy'! The electronic wave functions are expanded in a
plane-wave basis set. Most calculations have been carried
out using the local-density approximatighDA) for the
exchange-correlation functionHl.At important geometries
we repeated the calculations using the generalized gradient
approximation(GGA) of Perdewet al®
We use a repeating slab geometry to simulate the actual
surface. A X3 periodicity is employed in the lateral direc-
tions, which when tested shows that artificial adatom-adatom
interaction is sufficiently weak and in fact negligible for the
questions of concern. An artificial periodicity is imposed
along the perpendicular direction to the surface to construct a
three-dimensional unit cell. We take a slab of three atomic
<100> layers and of a 10.35-A vacuum region. This rather thin slab
<100>/{110} step is acceptable, as we adsorb the adatom on only one'%ide.
We relax the adatom and the top-layer atoms according to a
FIG. 1. Top view of monolayer-high terrace on a f¢t00) damped Newton dynamics, while the other atoms in the two
surface: a{111}-microfaceted step running along ti&10) direc-  bottom layers are kept at the bulk positions. The optimized
tion and a{110-microfaceted step running along th200 direc- geometries are identified by the requirement that the remain-
tion. The two step edges are labelétll0) / {111 and (100/  ing forces acting on the atoms are smaller than 0.05 eV/A.
{110, respectively. For our example &0 the nearest-neighbor The LDA (GGA) ionic pseudopotentials are created using
spacing, i.e., the surface lattice constagt is 2.92 A. the nonrelativistiosemirelativisti¢ scheme of Troullier and
Martins'® The fully separable norm-conserving pseudopo-
nucleation rate on top of islands as a function of island sizgentials of Kleinman-Bylander fortfi*8are constructed with
and temperature. For the additional energy barrier they obpe pseudopotential as the local component. The tightly

tained a value of 0.12 eV, very close to the value of 0.15 Mg nq 4i-electron states are treated as valence states. We
obtained by Vrijmoethet al. Recent STM studies by Mor- sq 5 kinetic-energy cutoff of 40 Ry to expand the wave
gensternet al.” found the additional step-edge barrier 10 befnigns in plane waves. Thk-space integration is per-
0.10 eV. This additional energy barrier, which adat_oms Mormed using nine equidistait points in the surface Bril-
counter at step edges, explains why the growth of silver PeTui :
. ouin zone(SB2) of the 3x 3 cell. To improve the-space
pendicular to the(111) surface proceeds by a very rough . . I .
multilayer mode. Interestingly, as noted above, the growth O+ntegrat|on .and stabll|;e convergence, .the. el?CterC st_ates
the (100 surface is qualitatively different. As the calcula- are occupied Maccordlng o a Ferml' distribution - with
tions in Ref. 5 showed, the additional step-edge barrier i&eTe= 0.1 €V;"and then the total energies are exirapolated
practically zero. Below, we extend our previous study and© Z€ro electronic temperature. In _order to attain t_he iterative
repeat convergence tests. Furthermore, we consider the shayfdutions of the Schidinger equation, we start with initial
of islands formed on AG.00) in thermal equilibrium. There Wwave functions obtained from the self-consistent solutions to
are two types of monolayer-high steps for fd®©0) surfaces the Kohn-Sham Hamiltonian in a mixed basis set of pseudo-
as shown in Fig. 1: One is a close-packed step running alongtomic orbitals and plane waves with a cutoff energy of 4
the (110 direction which has §111} microfacet at the edge, Ry, as developed by Klegt al® This approach gives much
and the other an open step running along(th@0) direction  faster convergence than the conventional one starting with
which has a{1103 microfacet at the edge. The ratio of for- the initial wave functions created from the diagonalization of
mation energies of these two steps determines the equilithe Hamiltonian and a small cutoff energy in the plane-wave
rium shape of islands on A§00 (as obtained by the Wulff basis set.
construction.’’ Here we apply density-functional theory to  To test the accuracy of the pseudopotentials, we calcu-
evaluate the energies of these two sorts of steps. lated the ground-state properties of bulk silver, using k12
The paper is organized as follows. In Sec. I, we describgoints in the Brillouin zone. The results derived from the
the method of calculation. In Sec. Ill, the equilibrium shapeMurnaghan equation-of-state fit to the calculated data are
of islands is discussed as it follows from our calculated steplisted in Table I. Zero-point vibrations are not considered in
formation energies. In Sec. IV we present results for diffu-these theoretical results. The calculated values are in good
sion processes of a Ag adatom on flat and stepped @@  agreement witltf —0 K experimental data.
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TABLE |. Structural properties of fcc silver obtained from the TABLE II. Calculated results for the properties of flat @§0):
plane-wave pseudopotential and all-electron linearized-augmentedurface formation energy, work function ¢, and multilayer relax-
plane-wave(LAPW) methods, for nonrelativistidNR) and semire-  ation Ad;; relative to the interlayer spacing in the bulk. It is
lativistic (SR) calculations in the LDA and GGA. Th& -0 K noted that the experimental surface energy is an estimate from lig-

experimental data are given for comparison. uid surface tension measurements.
Th|S WOI’k LAPV\P Y d) Adlzldo Ad23/do
LDA GGA LDA GGA (eViatom (eV) (%) (%)
NR SR S SR ExptP?
(NR) SR SR SR i This work (NR-LDA) 0.57 439 22 0.4
ag A) 4.14 4.18 4.00 4.17 4.07 FP-LMTO (NR—-LDA)? 0.63 443 —-1.9
B, (GPa 99 90 136 85 102 FP-LMTO (SR—LDA)b 0.62 477 —-1.9
Expt. 065 464 0+15 0+15
3Reference 20.
bThe experimental values are taken from Ref. 20. 8Reference 21.
bReference 22.
ll. STEP FORMATION ON (100 SURFACES ‘Reference 23.
YReference 24.
A. Structure and energetics of the flat surface ®Reference 25.

Before we describe the step formation on(2@0), it is
worthwhile to study the properties of the flat @90 sur-
face. The surface formation energy per surface atom is given In this subsection we consider the stability of the two
as most densely packed monolayer-high steps o180): the

close-packed 110) /{111 and open({ 100) / {110 steps
(see Fig. 1L To compute step energies we use the slab ge-
¥=(Esiab— Nagag)/ Nsurt (1)  ometry of the grooved surface sketched in Fig. 2.

The simulation cell has the periodicity af, along the

] ] step edge and df, along the perpendicular direction to the
whereES@bls the total energy of the slab df,q silver atoms step edge. We take, to be ag and \2a, for {111- and

and Ny, is the number of atoms at the surfadesy., for a (11 faceted steps, respectively, is treated as a variable,
2Xx 2 cellNg,=8). In thermal equilibrium the silver chemi- ¢4 that the ledge separatioris equal toL,/2 (see Fig. 2
cal potential is equal to the energy of a silver atom in therhe formation energy of the grooved gurfaEgurf is ex-

bulk. In order to achieve an optimum of error cancellations scted from the calculations of th-layer slab shown in
the calculation of the bulk energy,, is done with the same Fig. 2, by applying the formula

k-point sampling as in the slab calculations. The work func-

tion is given by the difference between the electrostatic en- Esur(N) =Egaf N) = Naguag - (2
ergy in the middle of the vacuum region and the Fermi en- . . .
ergy. The multilayer relaxatioAd;; is defined by the change The step formation energy per unit length is

in spacing between layersandj compared to the interlayer ANN)=[ Equif N) = Neyrry(N) /L, . 3)
spacing in the bulkd,.

We calculate the properties of flat A0, using a slab In Eg.(3), ¥(N) is the surface energy per surface atom from
of five atomic layers, a vacuum region equivalent to fivethe calculations of thé&-layer slab of the flat100 surface,
atomic layers, and 9 points in the SBZ of the X 1 cell. In  and N, is the number of surface atoms at the grooved sur-
this calculation we used the lattice constant 4.14 A from dace: Ng,= LxLy/ag. The surface energy is evaluated by
k-sampling-converged calculation which differs only by averaging the surface energies of the thin and thick region of
0.1% from the calculated lattice constant using the aldove the slab, i.e.;y, dN)=(1—a)y(N)+ay(N+1) (« is ara-
points. The results are summarized in Table Il. The results in
our previous papérwere obtained using a slab of four
atomic layers, a vacuum region equivalent to four layers, and
64k points in the SBZ of the X 1 cell. Due to these changes
the present results differ slightly from those of Ref. 5. The
calculated results are in good agreement with a previous full-
potential linear-muffin-tin-orbital (FP-LMTO) calcula-
tion?2 Qur calculations of the lattice relaxation give -
Ad,/dp=—2.2% and Ad,3/dy=0.4%. The low-energy T
electron-diffraction analysi&, in which the first @;,) and N+l
second (,5) interlayer spacings were determined, shows
small  relaxations  with Ad;,/d;=0*x15% and
Ad,3/dp=0x1.5%. This result is in good agreement with
the present DFT-LDA results within the experimental accu- FIG. 2. Schematic representation of thelayer slab of the
racy (see also the influence of surface vibrations, which isgrooved surface. Periodic boundary conditions are applied along the
neglected in this calculatiéf). x andy axes.

B. Structure and energetics of steps

«— Z —>
—
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TABLE IIl. Convergence of the formation energy of tfiel 1}-
faceted step in the relaxed geometry as a function of ledge separa-|
tion | and the number of atomic layek§ calculated by DFT-LDA.

N 3 3 3 4
I (as) 2 3 4 3

Eeus (€V) [Eq. (2)] 4951  7.258 9593  7.172 ) B o
Yave (€V/atom 0579 0579 0581  0.576 <110>/{111} step
\ (eViay) [Eq. (3)] 0160 0155 0152  0.130

tio of the number of surface atoms in the thick region and the

total number of surface atomsThe averaging improves the

accuracy of the calculated step energies. e o
Several calculations were done to test the dependence of ; ‘

the calculated step energies on the ledge separatiod the <100>/{110} Step

number of atomic layerdl. The results of thg¢111}-faceted mae

step are summarized in Table Ill. It shows that the step en-

ergy decreases with increasing ledge separdtiém particu-

lar, the step energy can be expanded with respect to the

ledge separatidh

7\:)\0+A/|2- (4) FIG. 3. Calculated shape of islands in thermal equilibrium. The
close-packed111}-faceted edges are longer than the of&hQ-

In this equation the first term is the energy of an isolatedfaceted ones. The edge length ratio [i$100/{110 ;| (110/{11%
step, and the last term gives the effective interaction betwees 3:10.
steps. This term includes possible energetic contributions
such as dipole-dipole or elastic interactions. For the threeplausible that only two steps are important. Thus we expect
layer grooved surface we obtaing=0.150 eVA; and octagonally shaped islands, as shown in Fig. 3. The calcu-
A=0.041 eVA? in the relaxed geometry by fitting the varia- lated step formation energies imply that tfe11}-faceted
tion of the step energy with the ledge separatido Eq.(4).  edges should dominate, and that the edge-length ratio should
We find that the step energy already reaches the isolated ofpe L(100/111¢ . | (110/111%—3 : 10, This theoretical finding
at | =3a, with an error of 0.005 e\d,. The step energy can be compared to experimental observations. In fact, for an
decreases by 0.024 ea4/or 20% when increasing the slab ion-bombarded AGLOO) surface the preferential formation of
thickness from three to four layers, while the ratio of the stepclose-packed111}-faceted step edges has been observed at
energies changes very slightignly 5%). Thus, we see thata room temperaturé* and for 1{100 Chen and Tsong, using
slab of four layers is sufficient to obtain reasonably con-the field ion microscope, also found that the equilibrium is-
verged result for the ratio of step energies. land shape is rectangular wifti11-faceted step®’

Using the four-layer slab of the grooved surface and a Next we consider the relaxations of the stepped surface.
ledge separation of&&, we obtain the formation energy of Figure 4 shows the geometry optimized structurg/1df1}-
0.130 eVA, (LDA) for the close-packefll1L}-faceted step. faceted steps. The relaxations of surface atoms in the upper
For the{110-faceted step we take a four-layer slab and aterrace are nearly identical to those of surface atoms of flat
ledge separation of @as_ The obtained step energy is Ag(100: surface atoms 1,1 and 1’ relax toward the bulk
0.156 eVAs (LDA). Thus the close-packefll1l}-faceted by ~ 2 % of the bulk interlayer spacind, [see Fig. 48)].
step is more stable than the opgtlQ-faceted one. This Atoms 2 and 2 at step bottom slightly relax upward and
confirms the experimental observation that {h&1}-faceted toward atoms 3 and’3 but these relaxations of lower terrace
steps are preferentially formed in thermal equilibrium. Thisatoms are nearly negligible. Figurébj displays the bond
result is not unexpected because of atomic geometries, i.dgngths of step-edge atoms with their underlying nearest
the local coordinations of the two steps differ noticeably: Aneighbors, and the numbers show that the bond lengths are
step-edge atom at thil11}-faceted step has seven nearestvery close to those between surface atoms and their nearest
neighbors, while a step-edge atom at {ié0-faceted step neighbors in the subsurface sites of flat(2@0. Similarly,
has only six neighbors. Using the AFWAdams- ata grooved surface witfl10-faceted steps, downward re-
Foiles-Wolfef®) EAM (embedded-atom methpdunctions, laxations of upper terrace atoms dominate.

Nelson, Einstein, and Kha&found\ to be 0.102 and 0.142

eV/a, for {111}- and{110-faceted steps, respectively. With IV. SELF-DIFFUSION ON FLAT AND STEPPED
the VC (Voter-Cher®) functions they obtainedl to be 0.135 (1000 SURFACES

eV/a, for {111-faceted step.

When the formation energies of all steps are known, the
equilibrium shape of an island can be obtained by finding the We now present the results of adsorption and diffusion of
island shape with minimum free energy, or by applying thea Ag adatom on the flat AG00 surface. For metals, metal
Waulff construction!® For the (100) surface it is certainly adatoms on surfaces preferentially adsorb at the highest co-

A. Adsorption and self-diffusion on flat surfaces
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[100] may visit all the fourfold hollow sites, forming aX1 square
pattern. An alternative mechanism for surface diffusion is
[011] atomic exchange where a diffusing atom moves by displac-
0.004 —,0.004 ing a neighboring surface atom. For the f&©0) surface the
0-003? ? ?0003 exchange process of an adatom with a surface atom occurs
(@ ©) @0' 4700' 4100' 47@) 005@ preferentially in thd010] and[001] directions. At the saddle
0.005 ) point of the transition the adatom and surface atom are above
o ‘ . ’ ® a vacated surface-layer siteee Fig. c)]. Subsequently the

displaced surface atom becomes an adatom in a next-nearest-
neighbor fourfold hollow site. When this diffusion mecha-
nism is active, an adatom may visit only half of the fourfold
hollow sites, forming a(2X 2) square pattern. Experimen-
tal evidences of the self-diffusion by exchange displacement
on fcc (100 were obtained by Kellogg and Feibelman on
P1(100),>® and by Chen and Tsong on100).>* The process
has been studied theoretically by Feibelman fof1a0).%°
His total-energy calculations of the self-diffusion barrier on
Al (100 show that atomic diffusion via exchange is energeti-
cally favored by a factor of 3 over hopping. It is an open
guestion if the exchange diffusion plays a role for other
FIG. 4. (a) Side and(b) top views of the stable geometry of the fcc(100) surfaces as well. The EAM calculations of Liu
grooved surface of the ledge separatiom, 3vith {11L-faceted g 5136 suggest that, besides(P80) and (100, exchange
steps. In(@) arrows and numbers in unit of A indicate directions and displacements are also favored for self-diffusion on(@9)
magnitudes of atomic displacements from the unrelaxed ideal ste rfaces of Pd and Au. For self-diffusion on (@00,
geometry. The percentage changes in distances to nearest neighbagg, i e_medium calculatio&predicted that exchange dis-
of step-edge atoms relative to the nearest-neighbor separation Hﬂacement occurs preferentially, but this result is in contrast
bulk are noted inb). to other 3sgemiempirical studi®s and to a DFT-LDA
ordination site. Indeed the equilibrium adsorption site for acalgljjl?“t%rt]él-energy calculations for the self-diffusion on
Ag adatom on AgL00) is the fourfold hollow{Fig. Xa)]. In Ag(100 clearly show that the hopping mechanism is ener-

the optimized geomeiry, the four nearest neighbors of th(:‘getically favored. The energy barriers for hopping diffusion

adatom slightly distort in the lateral directions, opening theare 0.52 eV(LDA) and 0.45 eV(GGA), which are close to

hollow site even further. The lateral displacement from the . . -
ideal clean surface site is 0.02 A. The adatom is located 1.8t e result of a FP-LMTO LDA calculatioff, which obtained

.50 eV. Using the AFW and VC EAM functions Liet al3°
A above the surface layer, and the bond length between thgbtained a sir?ﬁlar value, namely, 0.48 eV. Our results show
adatom and its neighbors is 2.78 A, i.e., 5% shorter than th& ot the use of the GGA functional for the exchange-
interatomic distance in the bulk. This follows the typical 9

trend, namely, that bond strength per bond decreases wit orrelation energy lowers the energy barrier by 183407

I ; : compared to the LDA result. Recent STM studies of
coordination and, correspondingly, bond length mcreaseﬁomoepitaxy on AgL00.® combined with Monte Carlo
with coordination. ’

In metal-on-metal surface diffusion, an adatom typicall simulations using an appropriate model for €00 ho-
! yp ymoepitaxy, determined the diffusion barrier to be 0.33 eV.
moves across a flat surface by a series of hops between ad-

) o ) : ow-ener ion-scattering measurements of Langelaar,
jacent equilibrium adsorption sites. For f(t00 an adatom Breemangz\/nd Boerrﬁ%obtgined a value of 0.40 eV Atgthis
in a fourfold site moves over the twofold bridge site into a ’ . i

; . . : point we note that the experimental analyses of the diffusion
neighboring fourfold hollow sit¢see Fig. $)]. An adatom barriers are not without problems. Thus we conclude that our
GGA result E4=0.45 eV} (Ref. 5 is in good agreement
with (subsequently obtaing¢davailable experimental infor-
mation. In the optimized geometry of the bridge site, the
saddle point for the hopping diffusion, the two nearest neigh-
bors of the adatom are pushed away and downwards by 0.05
A. The adatom is located 2.33 A above the surface layer. The
bond length between the adatom and its two neighbors is
2.69 A, i.e., 3% shorter than in the fourfold hollow. This
again follows the well-known trend: Each of the two bonds
at the bridge site is stronger than each of the four bonds at
the hollow site.

FIG. 5. Top view of an adatom &#) the fourfold hollow site, To obtain the energy barrier for the exchange diffusion,
(b) the transition state for the hopping diffusi¢the twofold bridge =~ W€ compute the total energy of the transition state shown in
site), and () the transition state for the exchange diffusion. The Fig. 5(c). We obtain energy barriers of 0.93 €V/DA) and
white and gray circles represent the adatoms and surface atorr8,73 eV (GGA) which are much higher than that for the
respectively. hopping process. Thus we conclude that Ag adatoms diffuse
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. [011]

dj=2.71 A
d;s=3.07A

[011]

(b)

FIG. 7. Top and side views of the f¢611) surface. Thg511)

(C) surface has close-packdd11}-faceted steps and the number of
atomic rows within thg100-oriented terraces is three.

bonds, which is made possibland indeed plausibleby the

sp valence of the group-Ill element Al. For silver we find

that the electron density does not reflect a pronounced cova-

lency effect as shown in Figs(l§ and &c), which explains

why the exchange displacement does not play a role at flat
FIG. 6. Valence charge density at the transition state for theng(100).

exchange diffusion. A schematic plot of the optimized atomic ge-
ometry is shown in(a). Panels(b) and (c) display the electron
density. In(b) the plot is in the plane cutting atoms 5, 1, 2, and 6.
In (c) the plot is in the plane cutting atoms 3, 1, 2, and 4. The value  This section is concerned with the diffusion of a Ag ada-
of the lowest-density contour is310™ 2 e/(bohn?, and subsequent tom at the {111}-faceted steps which are preferentially
contours differ by a factor of 2.2. Solid circles mark the second-formed on Ag100) surfaces. The calculations were done for
layer atoms. a high index(511) surface which is vicinal t§g100) (see Fig.

7). This surface consists dfl00) terraces which are three
across flat regions of X400 by hopping. It is interesting atom rows wide. The step edges are perpendicular to the
that for the exchange geometry the difference between thgl00] and [011] directions. The periodicity along the step
LDA and GGA is noticeabld0.20 eV). The GGA value is edge is taken to be three surface lattice constants. Using a
comparable to the EAM results. Using the AFW and VCvicinal surface allows us to consider a smaller number of
EAM functions, Liuet al. found energy barriers of 0.75 and atoms within the unit cell than that required for the ordered
0.60 eV for the exchange process, respectively. In the optistep arrays on flat surfacéhe grooved surfacgsUsing the
mized geometry of the transition state for the exchange difvicinal (511) surface of four atomic layers, we obtain the
fusion[see Fig. 6a)], each of the two topmost adatoms hasformation energy of 0.136 e¥/ (LDA) for the close-packed
four bonds with neighbors. The distance between the twdl11}-faceted step, which is close to the corresponding value
topmost adatoms is 2.75 A, 1% shorter than in the fourfold).130 eV4s (LDA) from the four-layer slab calculations of
hollow. These two atoms are located 1.52 A above the surgrooved surfacésee Table Il). In Fig. 8b) we display the
face layer. The four atoms neighboring these atoms aréotal energy of a Ag adatom diffusing on the stepped
pushed away by 0.06 A and downwards by 0.05 A. The bond\g(100) by the hopping process. For any position of the path
length between the top-most and underlying Ag atoms isndicated in Fig. &), the total energy is obtained by relaxing
2.71 A, 3% shorter than in the fourfold hollow. Another all coordinates of the atoms of the surface layer as well as the
bond length between the atoms 1 antBtween the atoms 2 height of the diffusing atom.
and 6 in Fig. 6(a) is 3.07 A, 10% longer than in the fourfold Figure &b) clearly shows two stable adsorption sites: The
hollow, and 5% longer than in the bulk. We note that at thehollow site (M) at the step, at which the adatom is fivefold
(100 surface of aluminum, the transition state of the ex-coordinated, and the hollow sitél] on the terrace, at which
change diffusion is supported by the formation of covalenthe adatom coordination is four. Due to the higher coordina-

B. Adsorption and self-diffusion on stepped surfaces
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FIG. 8. Total energy of a Ag adatom diffusing along the indi-  FIG. 9. Total energy of a Ag adatom diffusing across a step by
cated path by a hoppingollover) process, calculated within the an exchange process, calculated within the LDA@nadatom 1 is
LDA. A top view of the vicinal(511) surface is shown iia). The adsorbed at the fourfold hollow sité. The total energy as a func-
{111}-faceted edges are aligned along [bé1] direction. The dis- tion of the distance of the step-edge atom 2 from the undistorted
tance is given in unit of the surface lattice constapt step edge is shown ib).

tion it is indeed plausible that the DFT results give that theEach of the two bonds at sit8, is weaker than that at the
adsorption siteM is more stable than sitel. The energy bridge site on the flat region. At the bridge site on the flat
differences between thiel andH sites are 0.43 eYLDA) terraces the adatom has four next-nearest neighbors, while at
and 0.32 eV(GGA). In the optimized geometry of the site S, the adatom has two next-nearest neighbors. Thus we un-
M the distance between the step-edge atom and adatom derstand the additional energy barrier in terms of weaker
2.89 A, 1% shorter than in the bulk. The bond length be-bonds between the adatom and underlying surface atoms,
tween the two step-bottom atoms and adatom is 2.78 A, andnd decrease of the number of the next-nearest neighbors
that between the two lower-terrace atoms and adatom is 2.82bmpared to the flat surfaces.
A. It is also interesting to note that desorption of an adatom The other possibility to step down from the upper terrace
at the step edge to the flat region requires to overcome a veig via an exchange, where atom 2 moves toward\hsite
high-energy barrief(LDA: 0.96 eV; GGA: 0.76 eV. and atom 1 follows in close contaftee Fig. @a)]. Figure
When the adatom rolls over the ledge fromtdrsite on  9(b) displays the results of the step-down diffusion by the
the upper terrace to av site on the lower terrace, we obtain exchange process. Within our numerical accuracy for energy
energy barriers of 0.70 ef.DA) and 0.55 eMGGA). Thus, differences &=0.05 e\ the calculated energy barriers of
we find the “additional step-edge barriers” to be 0.18 eV 0.52 eV (LDA) and 0.45 eV\(GGA) are almost identical to
(LDA) and 0.10 eMGGA), which step down from the upper that of the hopping diffusion at the flat region. The transition
terrace by the hoppingollover) process. These values are state for the exchange process is identified to be near the
higher by about 309%420%) in the LDA (GGA) than the bridge site formed by two step-bottom atoms 3 and 4 on the
diffusion barrier at the flat region. At the transition state forlower terrace[S,, in Fig. Aa@]. The geometry of the opti-
the rollover process the adatom is located near the bridge siteized structure of the transition state is given in Fig. 10. The
at the ledgd S, in Fig. 8@)]. In the optimized geometry the topmost adatontNo. 1) is located 1.26 A above the upper-
two nearest neighbors of the adatom are slightly pusheterrace atoms. The height is much lower than the value of
away, and the adatom is located 2.27 A above the uppet.52 A at the flat region. Inspection of the geometrySgt
terrace. The bond length between the step-edge atoms astows that the local coordination of atoms 1 and 2 remains
adatom is found to be 2.72 A, 1% longer than in the bridgehigh: At S,, each of the two atoms 1 and 2 has five bonds
site at the flat region and 7% shorter than that of a bulk atomwith neighbors, while at the saddle point of the exchange
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edges and no fractally shaped islands. In the optimized ge-
ometry of siteE the distance between the two step-edge

atoms and the adatom is 2.99 A, 2% longer than in the bulk.
We find the bond lengths of 2.66 A between the step-bottom

dip=274 A
di1g=269A dpa=272A

dis=276 A d23=279A atom and adatom, and of 2.84 A between the lower terrace
d17=296 A  dr=2.99 A atom and adatom, and note that the coordination varies from
di1s=340A d5=345A five to four as the adatom moves from sM€ to siteE [Fig.

8(a)], while for diffusion on flat terraces the coordination
varies from four to two. Thus the lower barrier for diffusion
parallel to steps can be understood in terms of the smaller
variation in coordination.

.

y?:
b
@

FIG. 10. Schematic view of the optimized atomic structure at
the transition stat&,, of the step-down diffusion by the exchange
process, calculated within the LDAl;g denotes the bond length In the above sections, we presented results of first-
between the adatom 1 and second-layer atom below. principles total-energy calculations for the electronic struc-

ture and energies of steps and for various microscopic self-
diffusion processes at A§00. For fcc (100 surfaces, two

diffusion on the flat region each of the two topmost atomstypes of monolayer-high steps are of particular importance:
has only four bond§Fig. 5(c)]. The origin of the lower dif- the close-packedl11- and more ope110-faceted steps.
fusion barrier of the step-down motion by the exchange disOUr total-energy calculations show that tfl1j-faceted
placement compared to the flat region is thus the additionatep has a lower formation energy than {h&G-faceted one.
bonds formed at the obtained saddle point. Our finding thaf his is understood in terms of different coordination of step-
there is no additional energy barrier to descend from theedge atoms. In accordance with experimental observations,
upper to the lower terracprovides a natural explanation for We find that in thermal equilibrium the shape of an island
the smooth 2D growth of silver at thel00) surface. By should be octagonal, but very close to a square \t}-
analyzing the STM images of A§00 during deposition, faceted edges. The edge-length ratio of the octagon is calcu-
Zhanget a|_39 gave an estimate of 0.029.005 eV for the lated as 10:3. The energy barrier for self-diffusion of a Ag
additional step-edge barrier. Within our numerical accuracypdatom along111-faceted edges is found to be significantly
(~=0.05 eV} this is in good agreement with our result that lower than the surface diffusion barrier. Thus we expect
the additional step-edge barrier is negligible. rather stralght step edges and no fractally shaped |slanQS.
Our finding that for Ag100) an adatom goes down at step At flat regions of Ad100), Ag adatoms are found to dif-
edges by an exchange process is expected to apply for oth&S€ by a hopping process. The obtained energy barrier is
noble metals and other fcc transition metals as well. In fact0-45 €V in the GGA, which is very close to the experimental
for homoepitaxia' growth of qu_oo),Al P({ZI.OO),42 and estimates, Wh|Ch. are 040 e(\Ref. 40 anq 0.33 e\/8.9 In
Ni(100),*® damped oscillations of the scattering intensity contrast to atomic motion on the flat region, the descent of
have been observed. In order to explain the intensity oscilla@datoms at steps proceeds by an exchange process. The cal-
tions associated with smooth 2D layer-by-layer growth, theculated energy barrier is almost identical to the barrier at the
step-edge barrier for the descent of adatoms was assumedt region. This indicates that there is no additional step-
be negligible. For a hoppingollover process we expect edge barrier to diffuse across step edges. This finding isin
that an adatom generally encounters an additigpasitive ~ Sharp contrast to the additional energy barriers
step-edge barridr~0.1 eV for Ag100] because of the low [AE&2Y=0.15% 0.12 and 0.107 eMRef. 9] found ex-
coordination of the transition state. Thus we expect that quiterimentally at Agl11), actuating a rough growth morphol-
generally for fco(100) metal surfaces step-down motion pro- 0gy. The calculated result implies good interlayer mass
ceeds by an exchange process, similarly t418¢). transport at AgLO0, and thus explains the smooth 2D
Finally we address the atomic motion along the close-growth experimentally observed in homoepitaxy of(2g0).
packed{111}-faceted step to obtain ideas about the possiblénspection of details of the mechanism suggests that the step-
roughness of steps and kinetic growth shapes of islands. Wé&own motion at steps by an atomic exchange process takes
find that the diffusion along the step edge proceeds by &lace quite generally for fc€100 surfaces.
hopping process. An adatom in a fivefold-coordinated ad-
sorption site moves over a bridge skeinto a neighboring
fivefold-coordinated sitésee Fig 8a)]. From Fig. §b) we
see that the barrigiLDA: 0.30 eV; GGA: 0.27 eV is sig-
nificantly lower than the surface diffusion barrigg (LDA: We thank A. Kley, S. Narashimhan, G. Boisvert, C.
0.52 eV; GGA: 0.45 eV. This lower energy barrier indicates Ratsch, and P. Ruggerone for helpful discussions. Enlighten-
that Ag islands formed on AG00 should be compact. At- ing discussions with G. Rosenfeld on various growth and
oms which reach the step edges will certainly be able teelf-diffusion experiments are gratefully acknowledged.
diffuse parallel to the steps, and thus local thermal equilibB.D.Y. gratefully acknowledges the financial support from
rium is attained. We therefore expect rather straight stephe Alexander von Humboldt Foundation.
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