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Ab initio calculations of energies and self-diffusion on flat and stepped surfaces
of Al and their implications on crystal growth
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Using density-functional theory we investigate properties ¢LAl), Al(100), Al(110), and stepped AlL11)
surfaces, including formation energies of surfaces, steps, adatoms, and vacancies. For adsorption and diffusion
of Al on flat regions of A(111) surfaces the hcp site is energetically slightly preferred over the fcc site. The
energy barrier for self-diffusion on &L11) is very low (0.04 e\j. Close to either of the two sorts of close
packed, monoatomic steps on(&L1), Al adatoms experience an indirect attraction=o0.1 eV with the edge
of the step, which has a range of several atomic spacings and is of electronic origin. At the lower step edge, an
adatom attaches with no barrier at a low-energy fivefold coordinated site. Coming from the upper terrace, it
incorporates into the step by an atomic exchange process, which has a barrier below 0.1 eV for both sorts of
close-packed steps. The barrier for diffusion along the lower edge is 0.32 eV{aDtdaceted step and 0.39
eV at the{111}-faceted step. Unexpectedly, the latter diffusion process proceeds by an exchange mechanism.
Diffusion by an exchange mechanism is also found for the “easy” direction on t{ll 8l surface, i.e., along
the channels. We show that(AlLO) is a model system for diffusion at th&11}-faceted step on AL11) because
of its similar local geometry. We estimate temperature ranges for different modes of homoepitaxial growth on
Al(111). Of particular importance are the rather low barriers for diffusion across the descending steps and the
rather high barriers for diffusion along the steps. We discuss island shapegldd)Aluring growth and in
thermodynamic equilibrium. Depending on the temperature the growth shapes can be fractal, triangular, or
hexagonal and mainly determined by kinetics; in equilibrium the island shape is hexagonal and determined by
the different step formation energies. Many of these phenomena have been seen experimentally for other
metals.

I. INTRODUCTION fusion at steps in our study of Al11). The role of steps in
determining the growth morphology is well know?° We
The morphology of a growing surface is governed by thestudy Al because it is a prototype of a simge metal,
microscopic adatom-surface interaction, especially at bindhoping that the interpretation of any observation would be
ing sites and at transition states of surface diffusidif.the  particularly clear and provide insights that are transferable to
rates for all relevant diffusion processes are known, the evgother systems.
lution of the surface during growth can be calculatetiBe- Besides the flat111), (100, and (110 surfaces, we also
cause of the computational effort required for a quantum&onsider the two different close-packed steps oflZd.
mechanical description of the microscopic interaction, |N€Se steps are calléd10/{10Q and(110/{111} accord-

several quasiclassical methods have been used in 80 {0 the step orientation, which is t4&10 direction, and
past’ ' However, the reliability of these calculations is

the steepest microfacet at the edgsse Figs. 1 and 2 and
guestionable, particularly because neither the influence of thgefs' 18,21,2p The mfIyepce of steps is of paramg’;‘ft Im-
o . ortance for the description of growth proces$&&>*24|n
kinetic energy operator for the electrons nor self-consistenf

) . rticular we wish to understand the experimentally estab-
rearrangements of the electron density are taken into accouﬁfhed differences between these two sorts of stepélbh
properly. The kinetic energy of the electrons largely deter-

. : s surfaces of fcc metals. Their different geometries lead to dif-
mines the nature of the chemical bond by splitting the electgrant formation energid? to different diffusion mecha-
tronic energies into bonding and antibonding levels, or bynisms and energy barrie?®:2” and they also have different
influencing the charge distribution at metal surfaces, includginole moment£®
ing the spill out of density into the vacuum and the reduction  ysjng the calculated diffusion barriers and estimated dif-
of the charge-density corrugation (Smoluchowski  fysjon prefactors we estimate the temperature ranges for dif-
smoothindg™*9. All quantum-mechanical effects that are rel- ferent growth modes on Al11). Our results on surface dif-
evant for chemisorption are taken into account in densityfusion can be regarded as input for a théofghat solves for
functional theory(DFT), to a high level of accuracy, when it the rate equations that determine the evolving surface mor-
is used together with the local-density approximatibPA)  phology during growth as a function of temperature.
of the exchange-correlation functiortal. The ultimate goal of this study is to better understand

In this paper we report a rather extensive set of DFT-LDAsome of the observations made by scanning tunneling mi-
calculations of adsorption and diffusion of Al adatoms oncroscopy (STM) recently like the reentrant layer-by-layer
different surfaces of fcc aluminum, which extends work pre-growth at low temperaturéSor the temperature variation of
sented earliet’*®We even include comprehensively the dif- the growth form of island$ at higher temperatures. This
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arrive at estimates of diffusion prefactors for self-diffusion
on Al, and in Appendix B we present results for self-
diffusion on Al100.

Il. TOTAL-ENERGY CALCULATIONS

The computer code,FHI93CR, used in this study, is de-
scribed in Appendix A and in Ref. 33. Here, we only sum-
marize the essentials of the method, give an estimate of the
numerical accuracy of our calclulations, and describe the
atomic geometries we use to describe stepped surfaces.

A. Essentials

We use density-functional thedfy and treat the
exchange-correlation functional in the local-density
approximatior?> The Kohn-Sham equatiotfsare solved by
a Car-Parrinello-like iterative schem®using the steepest-

, i o descent approachfor wave-function updates. We use a fully
understanding might help to better control epitaxial grOWthseparabIeab initio pseudopotentidf for Al where thed po-

and thus to get well ordered high films at lower temperaturesentig| is treated as local asdandp potentials are described

o ; -32
which is generally desirabfe: by projection operators. The electronic wave functions are

The paper is organized as follows. First we give a shorgypanded in a plane-wave basis set with a kinetic energy
description of oumb initio method and describe the technical ¢off of g Ry.

aspects that make it particularly efficient for the calculation  The Brillouin zone is sampled at speclalpoints® For
of large metallic systems. Section Ill describes differences ifne sjap calculations we typically use okepoinf® in the

the formation energy of the two sorts of close-packed stepgreducible quarter of the rectangular surface Brillouin zone.

on Al(111). In Sec. IV we discuss the adatom- and step-gecause of the large size of our supercells—they comprise,
induced dipole moments on @I11) and, connected to them, gepending on the problem, 140—-560 atomic volumes—this is

the work function differences between(al1), AI(100, and  gfficient to give energy differences that are within 0.03 eV
Al(110. In Sec. V the surface self-diffusion is investigated, of those obtained by using two or four times the numbek of
first on the flat A{111) surface, then approaching a step, andpgints, according to tests we performed. For smaller super-

finally at the step. Vacancy diffusion on the flaf&L1) sur-  g|is up to 200k points are used, depending on the size.
face is also considered. We compare self-diffusion on

Al(110 with that on stepped AL11); we also compare dif-
fusion at the two different steps on(AlL1). Using the calcu- B. Estimated numerical error

lated diffusion barriers and estimated prefactors, we summa- _ . .
fize in Sec. VI our understanding of the temperature Our calculations result in a lattice constant of 3.98 A for

dependence of atomic transport processes and of homoe[gfc-C A'l&l,his is 01'7% sma]ler than the prerimental value. of
taxial growth on A(111). Appendix A contains some details 402 A ;1'(10'4/0 expansion of the Iattlc%gue to zero-point
of the computational method, in Appendix C we consider the/iPrations”™ and 0.5% thermal expansionis substracted

regularities of surface self-diffusion on fcc metals, and sofom the experimental lattice constant, then the_calculated
value only 0.8% too small. The cohesive energy is 4.15 eV,

which is 0.75 eV higher than the experimental one of
3.40 eV*2 These errors in bulk results are within the expec-
tations for a well-converged DFT-LDA calculation. The 8-Ry
plane-wave cutoff was tested to be sufficient to converge
adsorption energylifferencesto better thant0.02 eV (see
also Ref. 41

We also tested the dependence of our results on system
size. Here the slab thickness as well as the adsorbate-
adsorbate and the step-step interactions are relevant. System
size andk-space-sampling effects are difficult to separate,
because often a change of the size of the system implies
differentk sampling. Furthermore, the two effects are about
equal in magnitude. We therefore cannot quantify the error
introduced by system size effects separately. In order to re-
duce errors from these two sources we always quote the

FIG. 2. Top and side view of the fo@33 surface. The433 mean value of calculations at differekipoint sampling and
surface hag{100,-faceted steps and the number of atomic rowssystem size. This improves the accuracy because the varia-
within the (111)-oriented terraces is seven. tions with system size anklspace sampling are often oscil-

FIG. 1. Top and side view of the fq832) surface. Thg332)
surface hag111}-faceted steps and the number of atomic rows
within the (111)-oriented terraces is six.
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latory. We obtain an overall numerical accuracy of the energyemaining, grooved, surface has two steps, one bfihd}
differences given 0f0.06 eV, unless a different error mar- and the othef100} faceted(see Figs. 1 and 2 and Ref.)18
gin is stated explicitly. We choose different sizes of the rectangular surface supercell
to study the influence of finite-size effects. The width of the
cell in the[110] direction is varied from three to four atoms
and the width of the terrace [r112] direction is three to four

In order to describe an adatom on a crystal surface we usa&tomic rows. All these systems give results that differ only
a slab in a supercell. The repeating slabs are isolated byy <0.05 eV. One reason for this is the rapid screening of
=8 A of vacuum spacing. To study “isolated” adsorbates, Al. The other reason is that guantum size effects are often
the distance between adatoms in neighboring cells is at leaghimportant for total-energy differences on stepped
three nearest-neighbor spacings. This results in an adatona (111).43**
adatom interaction energy below 0.03 eV. o

In order to have more bulklike layers and to avoid artifi- 2. Vicinal surface
cial adsorbate-adsorbate interaction through the slab, we ad- The vicinal surfaces are realized as slabs of
sorb Al on only one side. This reduces the slab thicknesgm m,m—2) and of @m+2m,m) orientation. The
necessary for the desired degree of accutdadyue to the  (m,m,m—2) surface consist of terraces @fL1) orientation
unsymmetrical situation an artificial electric field perpen-inat arem atomic rows wide and separated {Wlﬂ faceted
dicular to the slab might arise. This field is compensated inteps. The fi+2,m,m) surface has(11l) terracesm+1
our calculations as described in Ref. 41, by introducing &tomic  rows wide, which are separated biL00-
dipole layer in the vacuum region. For an Al adsorbate on aRgceted step& The relationship between the Miller in-
Al surface this field is always very small so that even in thegjces of the vicinal surfaces and the constituent low-index
uncompensated case the energy differences between differggtets pecomes clear by doing the vector decom-
sites are practically unaffected. positions  fn,m,m—2)=(m—1)x (111)+1x (111 and

For the calculation_ of ad_sorption on@Ly we use five- m+2,m,m)=mX (111)+1X(200). Note that convention-
layer slabs. Calculations with slabs of four, six, and seve lly common factors are removed from Miller indices

Iayers. show that even with a fqur-layer. slab adsorption ®N5o that instead 0f200 [which is the shortest reciprocal
ergy differencesare accurately given, which means that theyIattice vector in thg(100) direction] the more familia100)

change by less than 0.03 eV when thicker slabs are used. i ;
. , s used and for evem the common factor 2 is removed.
For Al(100 we find that the desired accuracy of 0.03 eV Thus the Miller indices are n/2,m/2,m/2—1) and

requires a slab thickness of at least six layers. The quantit

most sensitive to the slab thickness is the energy barrier fo m/2:+1,m/2,m/2).
exchange diffusion; for a five-layer slab this is lower by 0.25
eV or 66% than that of the six- and seven-layer-thick slab
(see Appendix B We use a 4X 4 surface cell for the calcu-
lations of self-diffusion on AI100). For the A(110) surface
we used eight layers and axX34 surface cell. Relaxation of
these slabs results in a 1% expansion fddAl) and A(100)
and a 6% contraction for AL10. The second layer relax-
ations are 0%, 0.5%, and 4%, respectively.

C. Slab geometry

We use only orientations with even because they can be
accommodated in a monoclinic supercell, whereas forradd
3 triclinic supercell is required. The first surfage., m=2)

of the (m,m,m—2) family is the (220=(110) surface, for
which the(111) terraces are so narrow that no surface atom
has a(111)-like coordination. After some test calculations
with the (221) surface (h=4), we concentrated on th832
surface (n=6) for studying the properties of nearly isolated
{111-faceted steps. Th@32) surface hagl1l) terraces that
are six atomic rows widdsee Fig. L We used a X 4

D. Stepped surfaces surface unit cell, which means that64 atoms are exposed

In this paper we treat the two densely packed steps oftt the surface. This layer is repeated six times to build a slab

. taining 144 atoms per cell.
Al(111). One is called111} faceted, the othefl0Q faceted con ) . .
(see Figs. 1 and 2 and Ref. )16 he {111} and{103 micro- For studying the properties of nearly isolat¢tiOG-
facets are the steepest ones and therefore give an unambig{ﬁgitgd step;s \_/lve u;eg th(aétlf)’_3) surface tOUt_ of the f
ous way of naming the step5We shall see, however, that ;nll m.m) ?‘m'yw.Wh Ic 1;02 amsf Seven a on|1||c rows o
the {111}-faceted steps are more closely related to (tHkD) (7 4) orientation. ('jt a h surface ur::lt cetl, Awe_get
surface. This similarity was already discovered by Nelson x4 atoms exposed on each sur daee Fig. 2 \gain,
and Feibelmafi® who show that the atomic relaxation at the SIX 1ayers were taken, which gives a slab containing 168
Al(110 surface and at thé110)/{111 step is very similar. atoms per cell.

We elaborate on this similarity by showing that self-diffusion The adsorption calculations_ at the steps of @&l),
on the A(110 surface and at thél11}-faceted step have (332, and(433 surfaces gssentlally reprodL_qu the resul_ts of
identical mechanisms and very similar diffusion barriers. the grooved surfaces, which reflects the efficient screening at

We use three different models of steppedAl) sur- Al surfaces and is a good test for the numerical accuracy of

faces, the half-layer model, the vicinal surface model, and®Y' calculgﬂons. . .
the triangular island model. The main advantage of using the vicinal surface systems

is that they allow the investigation of long-range adsorbate-
step interactions, which were found, for example, by Wang
and Ehrlich in experimerft for a given adsorbate-step dis-
The half-layer model is constructed by removing half oftance the number of atoms in the cell is only slightly more
the atoms of one surface layer of Hl1) oriented slab. The than half of that required for the grooved slab geometry.

1. Half layer
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TABLE I. Surface, step, adatom, and vacancy formation energies for aluminum. The Al chemical potential
is taken as the cohesive energy, i.e., 4.15¥f. 42. Thus, the adatom is considered to be taken from a bulk
or kink site, and to calculate the vacancy formation energies the removed atom is assumed to gain the
cohesive energy.

Adatom Vacancy
Surface and step formation formation formation

System (eV/atom (eVIA?) (eV) eV)

Al(117) 0.48 0.070 1.05 0.67

Al(100 0.56 0.071 0.38 0.65

Al(110 0.89 0.080 0.26 0.12

(110/{11% step 0.232 0.082 0.28 0.21

(110/{100 step 0.248 0.088 0.25 0.24

3. Triangular islands Comparing islands with 6, 10, 15, and 21 atoms we can

To calculate the small energy difference in step formatioreXtrapolate to the limit where the influence of the corner
of the {111 and the{100-faceted step we use triangular atoms is negligible. Table !I lists the resultg for Fhe toFaI-
adatom islands of different orientatiéfIn one orientation ~€nergy differences of two triangles whose orientations differ
these islands are bounded f11-faceted steps, if rotated PY 60°, and hence have different step types. The data show
by 60° the steps havfl10 microfacets. One problem for the rapid convergence of this energy difference with island

determining the step formation energy difference from theSize: We separate these energy differences into an island-
energies of differently oriented islands is that edge cor- size-independent contribution from the three corner atoms

ners of the triangles contribute to their energy difference@nd @ contribution proportional to the number of true edge

The two contributions can be disentangled by using islang@toms by fitting to the results in Table II. Triangular islands

of different size. The largest triangular islands we study conWith 1111-faceted steps are more favorable by 0.025 eV per

sist of 21 atoms in a 87 Al(111) surface cell. At a slab corner and by 0.017 eV per true step atom than islands

thickness of four layers this gives 245 atoms per supercell.Pounded by{100-faceted steps. The energy differences are
almost the same, whether the island atoms are relaxed or not.

This small effect of relaxation shows that the step formation
Ill. DIFFERENCES OF IDEAL {113}- energy difference is an electronic effect and is not deter-
AND {10Q-FACETED STEPS mined by a different step-induced atomic relaxation. It is

The average step formation energy we calculate by cominteresting that our results cannot be estimated from simple
paring the total energy of slabs with terrace strifesd of empedded-ato7m or effective-medium thetiyor a bond-
slabs with flat surfaces. We get a value of 0.24 eV per stefUttiNg modef’” The reason is that the two different triangu-
atom for the average formation energy of close-packed steder islands have exactly the same number of bonds.
on Al(111). Table | shows that this is about half of the energy _ The step formation energy determines the equilibrium
required to create the A11) surface per surface atom, and Shape of large islandsVulff construction.™ On Al(111) we
that the step formation energy compares to the difference d#XPect in equilibrium hexagonally shaped islands, where the
the surface energies between(21) and the roughef100) edges alternate between those witfil@d} and those with a
or (110 surfaces per atom. {111} microfacet. The{111}-faceted edges should be longer

The energy difference of the two step types can be obWith @ edge length ratin*19/110%: (11011113 of 4.5, Effects
tained by investigating triangular islands adsorbed orPf the vibrational or configurational entropy on this ratio,

Al(111), as these contain only one type of stépse Fig. 3 which might be important at higher temperatures, are not
considered however.

TABLE II. Total-energy differenceAE per edge atom of two
triangular islands on a four-layer-thick @1 slab in eV. One is-

(100) . . Q( Pa¥, <) (111) land has only{111}- and the other one has onj§00-faceted steps.
facet P . .d@ﬁ‘ < .43*?5 facet Four different island sizes are considered. Using a five-layer sub-
L hd b NS "°® strate changes the results ky10 %. The data in the rightmost
: ®@a'..ﬂ®@®¢®@ column were obtained with the atoms of the islands relaxed. Relax-
®®§...‘{®Q@@®$ ing more atoms does not change the energy differences signifi-
d Nt Mo ¢ <) cantly.
080.030/00020.
€ e % @ - @ No. of atoms No. of edge atoms Surf. cellEUmelaxed A prelaxed
<@ «@0:0 0. @ - - - - oo
hexagon (100):(111) = 2:3 X5 025 :
10 9 6X5 0.019 0.021
FIG. 3. View at islands on a fc€111) surface. The two differ- 15 12 6X 6 0.017 0.018
ently oriented triangular islands have only one kind of step; the 21 15 8x7 0.017 0.018

hexagonal island has both kinds of steps.
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TABLE lll. Induced dipole momenj of Al adsorbates on fcc charge redistribution at rough metal surfaces and around pro-
and hcp sites of AIL11) at 1/16 ML coverage and of a step atom in trusions on metal surfaces such as steps or adaptfEhis
{113}- and{100-faceted steps on Al11) in debye(Ref. 5. Posi-  model is based on Smoluchowski smoothing. Smoluchowski
tive u means that the negative end of the dipole points into thesmoothing is caused by the kinetic energy of the electrons,
vacuum. Results are given for the unrelaxed and relaxed substragghich is lower for a less corrugated charge density. The
atoms. The numerical accuracy of the given values @01 D. The ~ smoothing of the charge density lowers the work function for
values are averages for slabs of five to seven layers thickness. rougher surfaces. Surface protrusions should induce dipole
moments with the positive end pointing towards the vacuum.

System pmenes 2 The smoothing effect is often discussed in a nearly free elec-
fcc-site adatom 0.13 0.30 tron picture. An example is the calculation by Ishida and
hcp-site adatom 0.06 0.24 Liebsch? of the induced dipole moment of steps on jellium.
{111}-faceted step ~0.01 _0.01 Indeed .they fir_1d that steps reduce the work function. Ex-
{100-faceted step 0.045 0.045 trapolating their results for a step on(All) one gets an

induced dipole moment of about 0.07 D per step atom
equivalent.

It is interesting to note that such hexagonal islands have Why does the smoothing model fail for our more realistic
been observed experimentally by Bott, Michely, andcalculation of A(111) and in experiment? We only sketch an
Coms3®Z in their STM studies of growth and sputter re- explanation here that will be published elsewrErdhe
moval of Pf111). These experiments show that thEll}  smoothing effect seems to hWever) compensated by the
microfacet is favored, which is what we predict for(&L1). attraction of electrons towards the less well screened poten-
There is a quantitative difference, since fof1Rfl) the mea- tial around surface atoms on (ALL0), step-edge atoms on
sured edge-length ratio is 0.66, i.e., 2:3. The similarity to ourAl(111), or adatoms on AlL11). These atoms are only sev-
results is more than what one would have expected, as, ianfold or threefold coordinated as compared to the ninefold-

general, Al and Pt behave quite differently. coordinated surface atoms and therefore they are less well
screened. This effects a net transfer of electrons towards

IV. WORK-FUNCTION DIFFERENCES AND INDUCED those undercoordinated atoms.
SURFACE DIPOLE MOMENTS Having a possible explanation why the standard model

fails in the case of the simple metal Al the remaining puzzle
Our calculations of induced surface dipole moments angs why it seems to work for the transition met&fsTo give
work-function differences at Al surfaces give results thatan example, steps on All1) and P¢111) show dipole mo-
cannot be explained by Smoluchowski smoothing alone, afents between-0.25 D (Au) and —0.6 D (Pt per step
was assumed befofé’® atom?® A comparison with the jellium calculations in Ref. 52
The first interesting observation is that thé 1) surface  shows that for those steps the induced dipole moment is
and the A(110 surface have about the same work functionjarger in magnitude than would be expected from the
®. We calculate® y111y=Pay110=4.25 eVi° the experi-  smoothing effect of thes-p-like electrons only. The addi-
ment finds®l;1,y=4.24 eV and®f,=4.28 eV On tional negative dipole moment is likely caused by a polariza-
Al(100 the work function is the highest, 4.50 eV calculatedtion of thed electrons of the step atoms. This would also
and 4.40 eV in experiment. explain why Au shows a smaller effect than Pt. Au has a
In line with this we find that steps on @l11) do affect the filled d shell, in Pt the Fermi level cuts theé band and
work function only little. Table Il lists the induced dipole therefore it is easier to polarize tliestates.
moment . per step atom. Th¢lll-faceted step induces We conclude that for the simple as well as for the transi-
practically no dipole ft=—0.01 D/step atom the {100;-  tion metals significant modifications of the smoothing based
faceted step has a small dipole moment with the negative enhodel of induced surface dipole moments and work-function
pointing into the vacuum &=0.045 D/step atom which differences are necessary.
means that they increase the work function. Induced dipole
moments translate into work-function change® according V. Al ADATOMS ON FLAT AND STEPPED Al (111)

to the Helmholtz equation This section describes the total-energy surface for an Al

adsorbate atom on the flat(Afll) surface and at th€l00}-
Aq>:37_8/i, (1) and {111}-faceted steps. This discussion is directly relevant
A for surface diffusion and crystal growth on(ALl1). We will
with z in D, A® in eV, and the area per dipole in 2. To  study how an Al adatom moves across thelAl) surface,
give an example: if every third surface atom of a steppedvhat happens when the adatom comes close to a step, how it
Al(111) surface would belong to &100-faceted step, the attaches to the step coming from the lower side, and how it
work function would increase by 0.05 eV. incorporates into the step by an atomic replacement process
More noticeable dipole moments are found for threefold-coming from the upper side.
coordinated Al adatom&ee Table 1ll. An Al adatom on the o
hcp site has a dipole moment of 0.24 D. If there was an A. Diffusion on flat Al (111)
adlayer of those Al adatoms on AlL]) of, say, 1/10 mono- The diffusion energy barrigi0.04 e\) for diffusion of an
layer coverage, the work function would increase by 0.13 eVisolated Al adatom on the flat A111) surface is very small
The reported results on induced dipole moments andsee Table IV, Ref. 18, and Fig. 4; compare Table Yhe
work-function differences contradict the traditional model of hcp site is the stable binding site and the energies of bridge
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TABLE IV. Total energies for an isolated Al adatom on(AL1) at

fcc, bridge, hep, and top sites and on the fcc or hep site directly at 2.9
the upper side of th¢l11}- and the{100-faceted step. The energy
zero is the energy of a free aluminum atdiRef. 42. For the E 3.1
adsorption on the flat A111) surface also the adsorbate height is 3
given with respect to the center of the top substrate layer. § 33
()
Site Coordination E (eV) h (A) g a5 upper terrace lower terrace
fcc 3 —3.06 2.11 S
Bridge 2 —-3.06 2.09 ® 37
hcp 3 -3.10 2.08
top 1 —257 212 8o -
fec on(110)/{111} step 3 ~3.18 %105 0 510
hcp on(110/{100 step 3 —-3.18

and fcc sites are almost degenerdt@he diffusion path be-
tween the hcp sites is the direct connection between adjacent
hcp, bridge, and fcc sites.

1. Comparison of hcp and fcc site

The fact that the hcp site is the lowest energy binding site
for low coverage is surprising. Compared to the fcc site, the
hcp site is lower in energy by 0.04 eV, which is in good
agreement with Feibelman’s result of 0.03 ¥\Half of the
energy difference exists already before th¢lAl) substrate
is relaxed, which shows that the fcc-hcp site energy differ- 25
ence is determined by the electronic structure.

The hcp and fcc sites both provide threefold coordination,
but only the fcc site continues theB C AB Cstacking of the
fcc crystal, whereas the hcp site belongs to ABCAC
stacking. Does our result mean that Al prefers the hcp struc-
ture? Fortunately not. We find that the fcc-hcp-site energy
difference is coverage dependent. Above 1/4 ML coverage
the fcc site is more stable. To create a full monolayer of Al at
the hcp position costs 0.05 eV per surface atom as compared-
to the fcc stacking. This energy is equal to the average for- 0
mation energy of the three bulk stacking faults in tid1)

coordinate of atom 2 (bohr)

direction as calculated by Hammet al®® y-coordinate of atom 2 (bohr)
The reason for the different adsorption enefgynd the
different induced dipole momerisee Table Il]] at the hcp FIG. 4. Upper panel: total energy along the diffusion path on an
and the fcc site at low coverage is unknown. Al (433 surface for the generalized coordin&e= X, + X, belong-
ing to the two atoms labeled 1 and 2, which are involved in the
2. Comparison of bridge and threefold sites exchange process for the across step diffusion. Middle panel: Top

The diffusion barrier of Al on Al111) is so small because view of the AI adatom situated on top_of tl{]ﬂzoo}-fac_eted step. The
the threefold and the twofold coordinated sites have nearl)r/eCt?”g'? %',Ves t:e Ir ange gty coordinates a} Whl':C,h atoan 2 was
the same binding energy. The fcc site and bridge site argSt fOr finding the lowest-energy patsee also Fig. 2 Lower
even indistinguishable. This contradicts any Simplepanel. Contour plot of the total energy of the system withxhe

coordination-number mod&. One might guess that the coordinate of atom No. 2 fixed at positions in a regular44 mesh

. LS in th tangle in th di bnt ing 0.04 eVAlIl
rather favorable energy of the bridge site is a result of the o rectand’e In th mediim parfebntour spacing 9

b | ) Indeed h laxed sub other coordinates of the adsorbates and the two top layers were
substrate relaxation. Indeed, on the unrelaxed substrate t[;'aned. The dashed line connects equivalent points in the two fig-

bridge site is ene.rgetically less favoratglwit only by 0.07 ures, the dashed quarter circles indicate the in-step and the at-step
eV) than the fcc site. If not only the substrate atoms but alscbosition of atom No. 2.
the adsorbates are held at bulk nearest-neighbor spacings, the

fcc site is favored by 0.13 eV over the bridge site. Still, thisfysjon barriers for small aggregates of adatoms like dimers,
is mUCh less than what a coordination number model WOUlqt‘imerS, etc. We calculate the energy of two Al adatoms sit-
predict. ting at neighboring hcp sites. The energy gain with respect to
isolated adatoms is 0.58 eV. Thus the Al ad-dimer should be
quite stable. If its diffusivity would be lower than that of the

For a complete understanding of diffusion and growth it isisolated Al adatom, the dimer could nucleate island forma-
essential to know about the binding energies of and the diftion.

3. Al dimer on Al(111)
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TABLE V. Comparison of calculated energy barri¢s eV) for surface self-diffusion on Al with those by
embedded-atom calculations of Let al. (Ref. 57 for Al (two potentials were used there; both results
deviate considerably from oyrand with experimentally determined barriers on other metal surfaces. The
experimental results were determined using field ion microscopy. Values in brackets are believed to be less
accurate, as they were obtained with an assumed value for the diffusion prddactdihe symbold| and
1 indicate a diffusion direction parallel or perpendicular to the channels ofith@® surface or to the step
edge respectively.

Surface Al(this worK) Al? Ni2?  RK® pde I

(111 0.04 0.054 0.074 0.16 (0.12 0.27
Vacancy at A(111) 0.56
(100 0.35 0.69 0.25 0.63 0.47 0.84
(110 0.33 0.26 (0.45 0.60 0.84 0.80
(110L 0.62 0.30 0.15 (0.45 0.78 0.71
(110)/{111)-stegy or (332 0.42 0.27 024 (045 0.64 084 (1.09
(110)/{100-steg| or (644)| 0.32 0.20 024 (037 054 069 (0.99
Cohesive enerdy 3.39 444 575 584 6.94
aReference 8. Reference 62.
bReference 58. 9Reference 63.
‘Reference 59. hReference 64.
dReference 60. iReference 26.
®*Reference 61. IReference 65.

B. Approaching the step while the adatom is put at different sites relative to the step.

Table IV, Fig. 2 in Ref. 18, and Fig. 4 show that the Al Only the adatom's height is optimized. This way no

adatom is attracted by the step on the lower as well as on tHisorbate-induced relaxation field is present and no interac-
upper terrace. The attraction is similar for both sorts of stepd!on With the step-induced relaxation field is possible. Our
This attraction leads to an energy gain, compared to the fl alculations show that within thg accuracy of the calculat|ons_
Al(111) surface, of about 0.1 eV at the threefold sites directlyt e long-range adsorbate step interaction does not change in

at the upper step edge. The long-range adatom-step attractigpf restricted calculation. Thus elastic effects are not the ori-
is weaker on the lower terrace. Just in front of the Stepgin of the attractive adatom-step interaction. The fact that the

however, the attraction gets very strong, so that any Al adaddatom-step attrac_ti_o_n is Iong range and not of elas_tic origin
tom will be funneled towards the step. Due to the adatom&Xcludes the possibility that it can be reproduced with more
step attraction the last two threefold sites before the step ariMPle bonding models like coordination number motlels
no local minima any more. or effective meFilu_m and gmbedded atohf’

The funneling of adatoms to the lower step edge has been (€) “Eléctronic”interaction. As a consequence there re-
discovered for Ir on I111) (Ref. 45 and for Pt on Ra1)  Mains only the possibility that the attractive interaction is

(Ref. 23 experimentally. Thus the adatom-step attraction is £aused by an interaction of adatom-induced and step-induced
common phenomenon whose origin we would like to undersurface states or screening charge densities. Our conclusion

stand. The long-range nature of the attraction, i.e., the fad®tS Some support by the beautiful STM measurements of
that the interaction distance is much larger than the bongdsorbate- and step-induced surface states ddlQuand

68,69
length leaves three possible mechanisms: dipole-dipole intefU(11D.
action, elastic interaction, and interaction of adatom- and . ¢ self-diffusi
step-induced surface states. Al 1100- Cdomtptinscirlo fse ;d:j u;slon 111

(a) Dipole-dipole interaction. The interaction of the ad- ) on Al(110 an fa e {113 afce ed step Oh ALLY )
atom and the step dipole is very weak compared to the Figure S shows five geometries that are important for dif-
adatom-step interaction energies. For the largest dipole m(gysmn on the A|110) surface and at thi11}-faceted step on
ments (those for adatoms at the fcc site and for {160} he Al(111) surface. We will compare adsorption and diffu-

step, see Table llithe adatom-step dipole-dipole interaction
energy is below 1 meV for distances larger than one nearest
neighbor spacing. Furthermore, the interaction wouldese
pulsivein that case.

(b) Elastic interaction. We calculate the magnitude of o3
the elastic interaction of the adsorbate-induced and the step-€
induced relaxation field by comparing the results of the full
Calculations, that contain the elastic interaction with con- FIG. 5. |mportant adatom geometries on (h_&o) Surface(top)
straint calculations that do not. To switch off the elastic in-and at the{111}-faceted step on a f¢t11) surface(bottorm). The
teraction, the positions of the substrate atoms are frozen ianergies of these geometries are given in Table VI.

a
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TABLE VI. Total energieskE for Al adatoms with respect to that of a free Al atom and energy barriers
AE (both in eV} for sites with similar local geometry on the AlLO), the Al (331 surface, and at steps on
Al(111) (compare Fig. b (Ref. 42. The results for th€331) surface may be compared to those for the
(110 /{111 step. For the adsorption on AL0O we give also the height (in A) above the relaxed, flat
surface. As explained in the text, the exact barriers for exchange diffusion parallel to the step edge might be
0.04 eV higher than given in the table.

Al(110 Al (331 @ (110/{111} step (110/{100 step

E h E E E
(a) Fivefold site -3.89 1.33 —3.68 —3.87 -3.90
Diffusion AE AE AE AE
(b) Long bridge -0.60 1.58 -0.57 -0.48 -0.32
(c) Short bridge -1.06 2.16 -1.21 -1.03 -1.15
(d) Exchange] -0.33 1.27 -0.39 -0.44
(e) Exchangel -0.62 0.80 -0.76-0.06 ° —-0.80

&Calculations by Feibelma(Ref. 44; for technical differences from our calculations see text and Ref. 44.
®n parentheses we give the barrier for the descending diffusion.

sion for the two systems. This comparison will show that thenamely the(331) surface, shows a very similar behavidr.
nearest-neighbor environment of the adatom is the most imFor this system Feibelman obtained energy differences be-
portant determinant for the energetics. Thus adsorption enetween the Al adsorption at twofold and fivefold sites that are
gies and diffusion barriers are similar on tfELO) surface very close to ourgsee Table V). We expect that the agree-

and at the{111}-faceted stegsee Table V). ment with our results would be within 0.05 eV if Feibelman
would have included the adsorbate-induced relaxation of the
1. Fivefold sites substrate. The agreement of both studies is a most demand-

ing test for the numerical accuracy of both calculations, since
geibelman used a rather different technique in his DFT-LDA
alculations.

At the two fivefold sited Fig. 5(a)] the adsorption ener-
gies are practically identical at step and surface. The bindin
at the fivefold sites is rather strong. Our calculated adsorp-
tion energy of Al at threefold sites on flat @lL1) is 20% or

0.78 eV smalle(Table 1V) and the calculated Al bulk cohe- 4. Exchange mechanisms for surface diffusion
sive energy is only 7% or 0.27 eV larger. The bridge sites we discussed before are not the lowest-
energy transition states of surface self-diffusion o1AD
2. Bridge sites and at the{111}-faceted steps on Al1l) (see Table V). In

The twofold coordinated bridge sites, the shorteaCh case exchange mechanisms of lower barriers exist. For

[Figs. §b)] and the long bridgdFigs. 5c)], are possible diffusion perpendmulgr to the rows or steps, the barrier is
saddle points for surface self-diffusion. The energies at Comr_educed most dramatically, from 1.06 to 0.62_eV OXIAD),
parable bridge sites on 110 and at the{111}-faceted step and from 1.03 io 076 ev acr 0ss the ascending0 /{111

are again similar, which is a consequence of the same Ioc:%lsep' Bu_t al_so in the gasy direction along the rows or steps
geometry(see Table V). Short and long bridge sites, how- the barrier is reduced; from 0.60 to 0.33 eV or(Ml0 and
ever, have different energies that result in barriers that argom 0.48 t0 0.39 ?V at the step.

about twice as high for the jump over the short bridge than (@) Exchange diffusion along rows on A_I(llq) and paral-
over the long bridge. One reason for the difference in energif! 0 (110/{111} steps on Al(111).We will first discuss the

at sites with the same coordination is the height of the adagXchange in the “easy” direction. Figured sketches the
tom above the surfadd.For example, at the long bridge on Symmetric configurations of the exchange paths for diffusion
the (110 surface the Al adatom has a height of 1.58 A ,along the channels. In both cases, th€lAD) surface and the
whereas at the short bridge the height equals 2.16 A . Thutl1l-faceted step, two fivefold-coordinated Al adatoms form
lower height means lower energy. a bridge over a surface vacanCy.

Another effect should be that Smoluchowski smoothing To get some idea under which circumstances exchange
fills the valleys with electron density taken from the upperconfigurations like these are favorable we try to estimate the
part of the rows or the step edge. For the short-bridge posbarrier energy by assuming that the exchange geometry is
tion, this would reduce the charge density around the adsotonstructed from its constituents, a surface vacancy and two
bate, while it would increase the embedding charge densitfivefold-coordinated Al adatoms. We then compare this to the

for the long bridge position. formation energy of one adatom on(AL0) or at the step.
. . On the Al110) surface the vacancy formation energy
3. Comparison with Al (331) E{3o is 0.12 eV and the adatom formation enefgf), is

Having seen the striking similarity of adsorption energies0.26 eV (see Table)l We then estimate the diffusion barrier
at the (110 surface and at th¢l1l-faceted step, it is no asEq=E 1+ ZE?flo)— E?flo)I 0.38 eV, close to the calcu-
surprise that a system that lies between the two casefted value of 0.33 eV.
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At the {l1l}-faceted step Ege;=0.21eV and able. However, our results favor vacancy formation at the
Eg;’ep= 0.28eV. The estimated energy barrier is{l1L-faceted step by 0.03 elsee Table)l
Eq=El:+ 2E21 - E3L=0.49 eV as compared to 0.48 eV

step step . .
in the full calculation. 1. Diffusion along the step

A third mechanism for diffusion along the channels was The mechanism for self-diffusion along tk®00-faceted
proposed by Litet al® They propose that the configurations step is “normal” hopping and not the exchange as on
of Fig. 5(e) are not only the lowest-energy saddle-point con-Al(110) or at the{111} step. This difference is an effect of the
figurations for the diffusion perpendicular to the channels butocal geometnjsee Figs. 4 and(b)]. An Al adatom haswo
also for the diffusion parallel. Our calculations show that thisneighbors at the long-bridge site on(&10 and at the{111}
is not the case for Alsee Table V). However, the proposed step but it hagour neighbors at the transition state of diffu-
process could be the explanation for the near identity of théion along theg100} step. The higher coordination lowers the
barrier for step parallel and perpendicular diffusion on Ni, Ir,barrier for hopping diffusion by about 0.2 eV. The calculated

and Pt surfaceésee Table V. barrier height for exchange diffusion along tf#90 step is
(b) Exchange diffusion perpendicular to the channels or@Pout the same as in the two other systems. _
Al(110) and to(110//{111} steps on Al(111). The energies In summary, diffusion along th€l0Q step has a barrier

sabout 0.1 eV lower than along tH&11} step and it is hop-
ping diffusion. The different diffusion mechanisms should
lead to different diffusion prefactof®,. Barrier height and
prefactor both affect the temperature dependence of crystal
growth which we discuss in Sec. VI.

of the saddle-point configurations for the perpendicular di
fusion on A(110 and at the step are again quite similar.
They differ by 0.14 eV or about 20% of the barrier height
(see Table V.

We estimate on AlL10) the energy of the exchange con-
figuration as before. During the exchange there are two
neighboring fourfold-coordinated adatoms bridging a surface
vacancy. The formation energy of the fourfold-coordinated ~For diffusion across thid11} and the{100 step we obtain
adatoms we approximate by the formation energy of an ad£xchange diffusion mechanisms with very similar energy

tom on A(100), E?foo)=0-38 eV(see Table)l This gives an barriers(see Fig.. 2 in Ref. 18 apd Fi_g).4Fpr the diffusion .
vac ad ad across the step in the descending direction the energy barri-

estimated energy barrier  of E(yj5+2E 100~ E(110) .
=0.62 eV, which equals exactly the energy barrier found inc'> are very small0.06 and_0.0S e) in fact they are only
. marginally larger than for diffusion on flat Al11).
the full calculation. ; .
Th f the simol ht ble th The exchange path at tR@00-faceted step is geometri-
€ success ot the simple approach 1o assemble the eR,, o jite different from that at thél11-faceted step? as

ergy for the exchange configurations from the energies of it?here is no mirror symmetry perpendicular to the step. We

constituents exemplifies the importance of the local e”V'm”'mapped out a two-dimensional total-energy surface, varying

.men.t for binding on Al _surfaqes. It also shows that. the bondype andy coordinates of the involved step atdatom 2 in
ing in exchange configurations can be energetically Ventig 4) on a 4x 4 grid while relaxing all the other coordinates
similar to the bonding in equilibrium configurations, contrary of the adsorbates and the two upper substrate layers. In ad-
to what was discussed befde™* dition we calculated the energy for four points along the
apparent diffusion path. We then checked if all the atomic
D. Comparison of adsorption and diffusion at the(110)/{111} configurations were smoothly connected along the diffusion
and the (110)/{100} steps on A(111) path or if some atomic coordinates change drastically be-

tween adjacent points. The results show that all coordinates

The interaction of an Al adatom and close-packed stepgyy smoothly, which confirms that the described path is
on Al(111) at larger distances is very similar for the two sorts physically relevant.

of steps. Directly at the step, however, we identify some
important differences in adsorption energies and diffusion
barriers and mechanisms. VI. ATOMIC PROCESSES AND GROWTH OF Al (111

The results given in Table VI show that the adsorption AT DIFFERENT TEMPERATURES

energies at the fivefold coordinated at-step sites is nearly the \ye will now use our results on surface diffusion and de-
same, but that there is a small preferef@®3 eV) for the et formation on stepped Ml11) surfaces to examine epi-
(110/{100; step. This energy difference is very small; how- taxial growth of A{111). The mode of growth is controlled
ever, it might obey a general rule. According to Nelsen  py the interplay of the rate of depositon and the
al.,” it is a consequence of the different step formation enyemperature-dependent rates of surface diffusion and defect
ergies(see Table)l Adsorbing, e.g., an Al atom at tH200-  creation. Without solving a system of rate equations we will
faceted step creates twfill-faceted “microsteps’(the  egtimate here the most important features of epitaxial growth
situation is reversed at t@11} step. The creation of11L 5, Al(111). An extended study using our results and employ-

microsteps should be favorable, beca{stlj-faceted steps jng e.g., a Monte Carlo technigt®to solve the rate equa-
are favorable. Accordingly, the adsorption energies shoulgions would be superior, however.

differ by 2x0.017 eV, which is practically the value of
0.03 eV we find.

Unfortunately the same kind of reasoning does not work
for {100-faceted steps. To form a vacancy at t{i90- To discuss the temperature dependence of growth mor-
faceted step creatdd11l} microsteps and should be favor- phology, we define an activation temperaturg for each

2. Diffusion across the step

A. Activation temperature
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TABLE VII. Diffusion prefactorsD, (in cm?/s) from theory for Al (mean of the two values given in Ref.
8) and from experiment for Rh, Pt, and Ir surfaces. Values in brackets are considered to be less reliable. The
(331 surface haq111}-faceted steps and th@11) surface hag10Q-faceted steps. The column “mecha-
nism” contains our assumptions about the mechanism of diffusion for every row, and the right column gives
the diffusion prefactors that will be used in the temperature dependence of growttilaiAl

Surface  Mechanism Al RHP ped [re-n Our choice
(111 Hopping 9x10°4 16x10% 2x10% (3x107% 9x10°° 2x10°*
(100 Exchange 1072 (1x107%) 1.3x10°%® 6x102 8x10°°
(110 Exchange Xx10? 8x10°%  6x10°? 1x10°2
(110L Exchange  &10°2 2.4x10 2 1x10°%  4x10°8 2x10°°
(331) Exchange K102 4x10°* 1x10°2
(31| Hopping 2x10°%  6.7x10°°  2x10% (1x10°%) 5x1074

8Reference 8. ®Reference 62.
bReference 59. 'Reference 63.
‘Reference 60. 9Reference 64.
dReference 61. "Reference 26.

considered atomic process above which the process takdsble VIII). Thus adatoms captured at a step edge will stay
place frequently enough to have an impact on growthis  and the island will grow. The kinetics of growth at tempera-
dependent on the diffusion constdd{T) and on the depo- tures below 320 K is therefore determined by the barriers for

sition rate. capture of Al adatoms at steps and their diffusion along
D(T) is given by steps.
(ii) Our calculations show that an Al dimer on(AL)) is
D(T)=Dyexp —Eq/kgT), 2) bound by 0.58 eV and is therefore stable at temperatures

] ) below =250 K. If the mobility of the dimer is smaller than
whereEy is the energy barriefsee Tables IV and Vland  that of the single adatom it will serve as a nucleus for the
D, the diffusion prefactorD, can be recast as a product of
the adatom attempt frequency,, the distance between  TABLE VIIl. Energy barriers E4 (in eV) for different self-
neighboring adsorption sités and a dimensionality factor ~ diffusion and vacancy-formation processes on Al surfaces. From
(n=2,4): these barriers and from estimates of the pre-exponeBtjah Eq.

(2) (see Table VIl we calculate the temperatur@g at which these
Do=v4l %In. (©)) processes happen at a rate of fiér atom[see Eq(4)]. Exchange
processes are indicated. Note that the thermodynamical vacancy
formation energies as given in Table | are lower than the vacancy
formation barriers.

Transforming Eqgs(2) and (3) yields the temperatur@, at
which a diffusing adatom jumps to a neighboring site on
averagev; times per second,

Adatom diffusion Eq (eV) T4 (K)
Td:E / Do 4 FlatAl(11y 0.04 17+10
ks vil? Flat Al(100 (exch) 035  135+23
We assume a growth rate of 1/100 ML/s and estimate tha'%‘l(llo) | to rows (exch) 0.33 13023
at this growth rate an adatom jump rate igf=1/s is large (110 L to rows(exch) 0.62 245+34
enough in order for a deposited Al adatom to diffuse to a{110/(111 step| (exch) 0.42 155£25
more stable site before other adatoms meet the first one add10/(100 step| 0.32 13523
form an island nucleus. The prefactddg we use to calcu- (110/(111) stepL descendingexch) 0.06 25+12
late the activation temperatures is listed in Table VII. They(110/(100 step. descendindexch) 0.08 33*+13
are based on calculations for Al surface diffusion and ongher processes on @)
expenmen_tal results for d|ff_u5|c_)n on Rh, Pt, and Ir sfurfacesv‘,jlc‘,jmcy diffusion on AlL11) 0.56 240+ 35
Our estimates of the activation temperatufgsare listed Adatom desorption from step ~0.8 ~320
in Table VIII. They should be accurate enough for the fol- o a '
lowing qualitative discussion, evenlif, andv; are not very ~ acancy formation ir{110)/{100} Stepa =08 =320
accurateD, and »; only enter logarithmically in Eq(4). Vacancy formation ir(110/{11% step =0.95 =380
Vacancy formation on flat surfae 1.2-1.8 490-730

dstimated energy barriers, assuming that the transition state is
similar to that for bridge diffusion along the stégee Table V).

We estimate the following temperature ranges for growthPThe assumed transition state for the higher of the two values is that
modes of Al on A{111): for bridge diffusion across the stégee Table V). The lower value

(i) For temperatures below 320 K the desorption of ada-corresponds to vacancy formation in the presence of another Al
toms from steps is practically irrelevatgee, e.g., Fig. 4 and  adsorbate.

B. Temperature dependence of growth
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growth of the next layer. In that case three-dimensional VIl. CONCLUSION
growth would occur whenever adatoms meet on growing is-

Ianql__s at a substantial rate. . tronic structure and total-energy calculations that reveal sev-
(iii) At temperatures below 25 K adatoms will not be able g, o hhenomena directly relevant to the description of self-
fco Cross cIo;e—packeq steps in the descendmg. direction ""_'bqlffusion at Al surfaces and to crystal growth.
incorporate into growing islands at a substantial rate. This  Thg three low-index surfaces of Al are quite different with
would induce three-dimensional growtsee Table VIIl. At regard to surface self-diffusion. The diffusion barriers for Al
such low temperatures and given the large barriers for diffuzdatoms on AlL11) (E4 = 0.04 eV} are much lower than on
sion along the steps, island edges will be frayed and fractala| (100) and A110) (Eq = 0.33 — 0.62 eV. For Al(100) and
This increases the attempt frequency of adatoms to jump|(110) atomic exchange mechanisms have lower barriers
across the descending steps and might even reduce ther surface self-diffusion than ordinary hopping. Exchange
barrier®2® This and the possible transient mobility of Al diffusion was found even in the direction parallel to the
adatoms, which gain energy while approaching the uppeatomic rows on Al110. The diffusion of surface vacancies
step edgé&° might eventually allow for layer-by-layer was studied for the AlL11) surface E4 = 0.56 eV).
growth at temperatures lower than 25 K. Our calculations predict that Al adatoms on(&l1) are
(iv) For 25<T< 155 K the energy barriers of diffusion attracted towards the edge of close-packed steps by a long-
parallel to both close-packed steps will prevent diffusion parfange force, which most likely originates from an interaction
allel to the steps. As a consequence we expect that islan@®$ adatom- and step-induced surface states. Adatoms close to
will grow in a “hit-and-stick” fashion. Thus, the edges can- the lower step edge are funneled towards the step. The dif-
not equilibrate and fractal-shaped islands and a layer-bytusion of an Al adatom from the upper to the lower terrace
layer growth mode should result. proceeds via replacement of a step atom by the on-terrace

v) For T>155 K the step edges will be straight, as dif- adatom. This is similar to that experimentally observed
V) P ed g cross step diffusion of W on on(1r11).2”** The barrier for

fusion along the step is possible, and therefore the islano%e exchange diffusion is small at both steps ofi1Ad)

will be triangular or hexagonal. According to a simple modelWhich leads to laver-bv-laver arowth down to verv low tem-
by Michely et al1?2° the different diffusion properties for peratures yer-by-layer g y

atoms at the two kinds of step edges might become importa On Al(111) the energy barrier for diffusion of an Al at-

for de_termination o_f the detailed growth form_of the island.Step adatom parallel to the step is much bigger than that
Growing islands will advance faster perpendicular to those,enendicular to the step in the descending direction. There-
steps with the lower adatom mobility. As a consequence thg, e we expect fractal growth for a large temperature range.
growth shape of the island would become more triangularyne mechanism for diffusion along the two kinds of steps is
with the faster growing edges dissapearing. FQlAl) our  gjfferent. Along the{111}-faceted steps we find an atomic
results imply that at low temperature the diffusion alongreplacement mechanism similar to that for diffusion parallel
{111 steps is slower than alond100t steps QEp  to the rows on Al110), along the{100-faceted steps the
=0.1 eV).”® This would lead to shortefl11 edges. How- hopping mechanism has the lowest-energy barrier. The dif-
ever, because the diffusion mechanism is different at the twgerences in energy barrier and diffusion prefactor for diffu-
steps, the diffusion prefactors will be different. This might sion along the two kinds of steps can lead to temperature-
reverse the growth speed anisotropy at higher temperaftiresdependent growth forms of islands. In equilibrium adatom
so that island shapes will be closer to the equilibrium shapgslands on A(111) will have longer{111}-faceted tha§100-
with shorter{100} edges(see Sec. Il faceted stepsratio 5:4 because of the difference in step

(vi) Vacancy formation is an important annealing procesSormation energy. Examples where similar growth phenom-
at higher temperatures. We consider two mechanisms for vana were observed experimentally are Pt daFl (Refs. 23
cancy formation on AflL11). and 25 and Au on R(@0001)."®

The direct creation of vacancies on flatAL1) occurs at Additionally to the energetics at Al surfaces we have dis-
a rate of one per second and surface atom at 78K Table cussed the surface dipole moments induced by adatoms and
VIII). In the presence of Al adatoms vacancies are created gteps on the All11) surface and, related to that, the work
that rate already at 490 K. Adatoms can be provided eithefunction differences of the low index surfaces of Al. Our
from deposition or by desorption from steps. The barriers otesults indicate that the commonly used model based on
adatom formation are, however, very high so that the adatorgmoluchowski smoothing aloffehas to be modified.
assisted vacancy formation will not be important before the
formation of vacancies on the flat @) starts at 730 K. APPENDIX A: DETAILS OF THE METHOD

The vacancy creation at steps has the lowest barriers. At AND THE COMPUTER CODE
{100-faceted steps vacancies will be created at rates of 1/s ) o )
and step-atom already at 320 K. A{EL1}-faceted steps this " the following we describe in more detail tiamped
temperature is 380 K. These vacancies can migrate into thyewton dynamicgrocedure to relax atoms, the Fermi sur-
terrace and become “normal” surface vacancies. The barrief@c€ smoothing technique, and some technical improve-
for vacancy migration is 0.56 eV, which gives an activationMents, which allow us to calculate large systems.
temperature of 240 Ksee Tables V and VIJI Thus the onset
temperature for vacancy generation at steps is 320 K. Va-
cancy generation preferentially at steps was also observed on In adsorption calculations we typically allow the Al ad-
P(111).%2 sorbate and the top twd11) layers or thred110) layers to

In conclusion, we have presented results of accurate elec-

1. Atomic relaxations
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relax until all force components are smaller in magnitudethe geometries and the total-energy differences are almost
than 0.04 eV/A . We checked that relaxation of an additionahot affected. This was tested for the adsorption of Al on Al
layer leaves the adsorption-energy differences practically unsurfaces by using values of 0.05 eV and 0.2 eVKkigr® and
changed. The most important effect of the adsorbate-induceain increased number &f points.
substrate relaxation is a reduction of barriers for bridge dif- A further approach to stabilize the way self-consistency is
fusion by 0.07+ 0.05 eV. achieved is to reduce electron transfer between single-
Our atomic geometry relaxation is baseddamped New- particle states in successive iterations. For this purpose ficti-
ton dynamicsin a finite-difference form, the time evolution tious eigenvalues after Pederson and Jac{sare intro-

of any atomic coordinatX is given by duced. The occupation numbers are calculated directly from
the fictitious eigenvalues according to Fermi occupation at
XTHI=XT+ o (XT= X7 1) + 6F %, (Al)  T®. These fictitious eigenvalues follow the as-calculated ei-

) ] . genvalues in a sort of damped dynamics, so that both sets of
whereX" is the coordinate at time stepandFy the force on  gjgenvalues will become identical when self-consistency is
X at time stepr. The parameters;x and &x control the  attained. This indirect approach of damping charge transfer
damping and the mass of the coordinate. The choice of thosgscillations is easier to implement than the more obvious one
parameters is guided by the goal that this classical dynamicgt damping the change in occupation numbers directly. The
combine a fast movement of the atoms toward the next localeason is that the occupation numbers are constrained to be
minimum of the Born-Oppenheimer surface and avoid oscilin the range between 0 and 2, and their sum has to give the
lations around it. We obtain fast ConVergence for Al SurfaceQOta| number Of e|ectrons_ For the eigenva'ues no SUCh con-
with 7x=~0.6 anddx~8. This choice brings the calculations straints exist.
close to the aperiodic limit of a damped oscillator in classical
mechanics. Increasing the damping coefficieptimproves
the stability of the atomic relaxation process, reducing it al-
lows for energy barriers to be overcome and so to escape The computer code used for this work is optimized for
from local minima. In its use of the knowledge of the history large atomic systems. The most important techniques are the
of displacements, the damped dynamics technique is simildpllowing.
to the conjugate-gradient techniq(fe. (i) One often encountered problem with large systems is

Obviously the atomic geometry converges faster if largethe 1G* dependence of the electrostatic potential. Heris
displacements per time step are executed. The magnitude 8freciprocal-lattice vector. This dependence leads to long-
useful displacements is restricted, however, by the efficiencavelength charge-density oscillations, known awarge
with which the electronic wave functions converge to thesloshingor 1/G* instability. See, for example, Ref. 81. We
electronic ground state of the new atomic coordinates aftefeal with this problem by starting with a rather good initial
the displacement. We find it advantageous to have abowtensity constructed by a superposition of contracted atomic
eight purely electronic iterations after any atomic displacetharge densities. The contraction was done following
ment. The time-consuming calculation of the atomic forces ig-innis;”” where the radial atomic densities are multiplied by
not done in those purely electronic iterations. For all system@ Fermi function. The contraction anticipates most of the
studied in this paper, about ten atomic relaxations are nece#tra-atomic charge transfer that occurs upon building a solid
sary to converge to the desired accuracy. from isolated atoms. The wave functions for the first step of
the self-consistent iterations are obtained by diagonalizing of
the Kohn-Sham Hamiltonian constructed from this approxi-
mate density and within a reduced plane-wave basis

To stabilize the self-consistent calculations for the elec{E®'=15-5 Ry, depending on time and memory con-
trons and to improveék-space integration, we smear out the straint3. Then, in the first7<8 electronic iterations, the

Fermi surface. For this purpose the Kohn-Sham eigenstatesharge densityi(r) is linearly mixed as in “standard” self-
of energye; are occupied according to a Fermi distribution consistent calculations:

f=f(e,T®) with kgT®=0.1eV. Thus the free energy
F=E—T®S at the electronic temperatufe® is minimized ni" ) = @t () + (1— a)n'™ 7(r). (A3)
instead of the total energy,*""®~"®whereS is the entropy
of independent electroris, The mixing coefficiente increases from 10% to 100%
within these first eight time steps. By this procedure the
charge sloshing was not initiated for the systems considered
S=—2k52 [f,Inf,+(1—f)In(1—f)]. (A2) in this paper. In calculation_s of Iar_ge_zr c_ells than_those_z re-
i ported here we found the linear mixing mspace insuffi-
cient. There charge-density sloshing could, however, be effi-
This approach may cause some inaccuracies, since we realijently suppressed by a mixing I8 space with a mixing
want results belonging t@=0. For the free energy at a coefficienta(G) that is smaller for smalle®.
given geometry th&®—0 limit can be easily obtained by (i) The evaluation of the nonlocal part of the
evaluation of E**"=0.5(E+F)=E—0.5T®S.*"7%7" This  pseudopotentidf dominates the computation time for large
value differs fromF (T®— 0) only by terms that are third and systems in traditional plane-wave-based electronic structure
higher order inT®. For the optimization of the geometry the programs. We reduce this computational effort by taking ad-
force 9E**"79X should be used which is, however, more vantage of the translational symmetry of atomic positions
complicated to evaluat€. For our choice okgT®=0.1eV  within the supercelf® Without introducing any approxima-

3. Optimizations

2. Fermi occupation



4970 ROLAND STUMPF AND MATTHIAS SCHEFFLER 53

TABLE IX. Adsorption energiesin eV) and heightgin bohr) for
Al adsorbed on Al100 at 1/16 ML coverage. The energy zero is
the energy of an isolated, free Al atom. The considered configura-
tions are pictured in Fig. 6. Results for slabs of different thickness
are compared with those obtained by Feibelr(Ref. 84 who used
a five-layer slab. He used the experimental lattice constant of
7.66 bohr and allowed only the adsorbate and its substrate neigh-
Pors to relax(see also Ref. 44 On the other hand, we use the
theoretical lattice constant of 7.56 bohr, one spekiaboint in the
surface Brillouin zone, and we allow the adsorbate and the upper
two layers to relax. For the results labeled as “average” additional

calculations with 4k points and with an additional layer relaxed

tion, this optimization typically reduces the number of opera-yere considered as well. Energies are in eV, the adsorbate hhights
tions to calculate the nonlocal pseudopotential part for thosgye in A relative to the relaxed clean surface.

atoms sitting on ideal lattice coordinates by a factor of ten. _ : —
(i) For large systems the required computer memory Configuration  E  AE h

4-fold bridge exchange

FIG. 6. View at the three adsorption geometries considered fo
the Al self-diffusion on A{100).

rises as the square of the number of atoms, and is largely.
determined byqthe number of wave-function coefficients. \?Velé{lve layer(Ref. 84 F°‘?rf°'d —2.93 1.72
optimize memory usage in several ways. A simple steepest- Bridge —228 065 220
descent update procedure for the wave functions is #sed, Exchange  —2.73 0.20 0.90
thus only the wave-function coefficients of one iteration needrive layer Fourfold —3.68 1.58
to be stored. The wave-function coefficients and most of the Bridge —305 0.63 1.91
other large arrays are stored in single precision; however, Exchange  —3.55 013 074
double precision is used for all floating point operations and_
for storing intermediate results. Six layer Fourfold  —3.75 1.70
(iv) Our computer code optimizes the data access in com- Bridge —-312 063 211
puters that use memory of different speed. The idea is that Exchange  —3.37 0.38 0.91
once data are transferred from slow memory to fast memoryseven layer Eourfold ~3.75 1.73
e.g., from the dIS.k to main memory, this data should .be usgd Bridge 307 0.69 212
as often as possible before it is moved back to the disk. This Exchange  —3.35 040  0.98
is accomplished by reordering loops or by blocking 9 ' ' '
techniques® The most important case where blocking is Average’ Fourfold —3.77 1.69
used is the orthogonalization of the wave functions. Instead Bridge —-312 068 209
of orthogonalizing just one wave function to those with Exchange  —3.42 0.35 0.90

lower index(the standard Gram-Schmidt procedunse or-
thogonalize a block of, say, 30 wave functions to those with
lower index and then orthogonalize the wave functionssults confirm that the exchange diffusion mechanism has a
within the block. In the case where only part of the wavelower barrier than the bridge diffusion mechanism. The
functions at oné-point fit into main memory this procedure agreement in adsorption energy differences of our results
reduces the disk to memory data transfer by a factor up to 3Qvith those of Feibelman is again as excellent as in the other
An example of the efficiency of the code is the calculationexamples in this paper. However, this agreement with Feibel-
of an Al slab with 350 atoms per unit cell in a supercell asman'’s results is obtained only if we use the same slab thick-
large as 560 atomic volumes, and sampling the Brillouinness as he did, i.e., five laygisee Table IX. The agreement
zone at one specidél point. This leads to 28 000 plane waves would be even better, if we had not relaxed all atoms but
and 560 electronic states, with an overall memory requireenly those that Feibelman had relaxed. However, while the
ment of 200 MB. The calculation takes about 25h on amumerical accuracy of both calculations agrees, it is most
IBM/6000 370 RISC workstation with 64 MB main memory, interesting to note that our calculations with six- and seven-
if all atoms are at ideal lattice positions. If no atoms are aflayer slabs show a significant change of the energy of the
ideal sites, the time increases by a factor of 3. The time spergxchange configuration. This change increases the barrier for
waiting for disk access during the calculation is below 30%diffusion by nearly a factor of 3see Table IX A similar
and could be reduced further with the faster hard disks availsensitivity of calculated energies with slab thickness was not
able today. found for any other system and we do not have an explana-
tion for it. The energy of the exchange configuration also
proved to be especially sensitive to changes in the value of
the lattice constant and thepoint sampling.

We add here our results for the adsorption and diffusion of

Al on Al(100. Our study repeats that of Feibelman on the APPENDIX C: UNIFORMITY IN SURFACE SELF-

same systerfit The main result of Feibelman’s paper, which DIEEUSION ON METALS: ENERGY BARRIERS AND
is the favorable energy barrier for an exchange diffusion DIEEUSION MECHANISMS

mechanism, has been questioned recérfiywe calculated
the adsorption energies at the three sites that are important We identify some common trends for self-diffusion on
for the discussion of surface diffusidsee Fig. 6 Our re- these different surfaces. The rule of thumb that diffusion bar-

APPENDIX B: Al ON Al (100
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riers scale with the cohesive energy is valid. The energyaceted step and hoping for the diffusion along {A€0-

barriers for surface self-diffusion are lowest for tfiEL])

faceted step for all metals considered.

surface, i.e., the close-packed surface. All other surfaces Information about the diffusion mechanism is also con-
have diffusion barriers about 5 times higher. The diffusiontained in the diffusion prefacto®,. Using semiempirical
barriers on these rougher surfaces vary by less than a factoalculations, D, was evaluated for a series of metal

of 3, even comparing different metals.

In both our calculations for Al and in most of the experi-

ments, the barriers for diffusion in the channels of ¢th&0)

surface$ In all cases the prefactor of an exchange process
was larger than that of the normal hopping diffusi@ee
Table VII for Al). Also the experimentally determindaly’s

surface and along thid11-faceted steps are nearly the sameare larger in those cases where we expect exchange diffusion

for the same metdalTable V). It is also found in theory and

(see Table VI).

experiment that the energy barriers for diffusion along the Thus we conclude that surface self-diffusion on Rh, Pt,

{100 step are smaller than along thiEL1} step. Because of

and Ir is hopping diffusion on thel11) surface and along the

this similarity we speculate that the diffusion mechanism is{100-faceted step, and it is exchange diffusion in all other

the exchanggsee Fig. &d)] for the diffusion along th¢111}-

cases considered.

*Present address: Sandia National Laboratories, Division 1114, AE°T. Michely, M. Hohage, M. Bott, and G. Comsa, Phys. Rev. Lett.

buquerque, NM 87 185-1413.

1G. Vineyard, J. Phys. Chem. Soli@s121(195%.

2R. Gomer, Rep. Prog. Phys3, 917(1990.

3J. A. Venables, G.D.T. Spiller, and M. Haftken, Rep. Prog.
Phys.47, 815(1984.

4J. Villain, J. Phys(Francg | 1, 19 (1991); Z.-W. Lai and S. Das
Sarma, Phys. Rev. Let66, 2348 (1991); Hong Yan, ibid. 68,
3048(1992.

5S. Kenny, M.R. Wilby, A.K. Myers-Beaghton, and D.D.
Vyedensky, Phys. Rev. B6, 10 345(1992.

6p. Snilauer, M. R. Wilby, and D. D. Vvedensky, Phys. Rev4R
4119(1993.

K. D. Hammonds and R. M. Lynden-Bell, Surf. S&@78 437
(1992.

8C. L. Liu, J. M. Cohen, J. B. Adams, and A. F. \Voter, Surf. Sci.
253 334(1991).

9C.-L. Liu and J. B. Adams, Surf. S265 262 (1992.

10R. C. Nelson, T. L. Einstein, S. V. Khare, and P. J. Rous, Surf. Sci.

295 462 (1993.

70, 3943(1993.

263, C. Wang and G. Ehrlich, Surf. S&39 301 (1990.

2lg, C. Wang and G. Ehrlich, Phys. Rev. L&¥, 2509(1991).

28K, Besocke, B. Krahl-Urban, and H. Wagner, Surf. S8, 39
(1979.

29R. Kunkel, B. Poelsema, L. K. Verheij, and G. Comsa, Phys. Rev.
Lett. 65, 733(1990.

30w, F. Egelhoff, Jr. and I. Jacob, Phys. Rev. Lé®, 921 (1989.

31B. J. Hinch, R. B. Doak, and L. H. Dubois, Surf. Sei86 261
(1993.

325, Oppo, V. Fiorentini, and M. Scheffler, Phys. Rev. L&,
2437(1993.

33R. Stumpf and M. Scheffler, Comput. Phys. Commi8, 447
(1994.

34W. Kohn and L. J. Sham, Phys. Red40, A1133(19695.

35D. M. Ceperley and B. J. Alder, Phys. Rev. Let, 566(1980 as

parametrized by J. P. Perdew and A. Zunger, Phys. Re23 B

5048(1981).

36R. Car and M. Parrinello, Phys. Rev. Le56, 2471(1985.

11| B. Hansen, P. Stoltze, K. W. Jacobsen, and J. K. Narskov®’A. Williams and J. Soler, Bull. Am. Phys. So82, 562 (1987.

Phys. Rev. B44, 6523(1991); Surf. Sci.289, 68 (1993.

125, Liu, Z. Zhang, J. K. Ngrskov, and H. Metiu, Phys. Rev. Lett.
71, 2967 (1993.

3M. Villarba and H. Jonsson, Phys. Rev.4B, 2208(1994; Surf.
Sci. 317, 15(1994.

R. Smoluchowski, Phys. Re\60, 661 (1941).

5. Zangwill, Physics at Surface@Cambridge University Press,
Cambridge, 1988

18w, E. Pickett, Comput. Phys. Ref, 117 (1989.

1"M. Scheffler, J. Neugebauer, and R. Stumpf, J. Phys. Condens.

Matter 5, A91 (1993; R. Stumpf and M. Scheffler, Surf. Sci.
307-309 501 (19949.

8R. Stumpf and M. Scheffler, Phys. Rev. Le®t2, 254 (1994.

9M. Klaua and H. Bethge, Ultramicroscopdyr, 73 (1995.

204, Bethge, inKinetics of Ordering and Growth at Surfageslited
by M. Lagally (Plenum, New York, 1990 p. 125.

2B, Lang, R. W. Joyner, and G. A. Somorijai, Surf. SBQ, 440
(1972; M. A. van Hove and G. A. Somorjaiibid. 92, 489
(1980; D. R. Eisner and T. L. Einsteinbid. 286, L559 (1993.

22T, Michely and G. Comsa, Surf. S@56, 217(1992); T. Michely,
T. Land, U. Littmark, and G. Comsihid. 272 204 (1992.

23M. Bott, T. Michely, and G. Comsa, Surf. S@72, 161 (1992.

24C.-L. Chen and T. T. Tsong, Phys. Rev4B, 15 852(1993.

38R. Stumpf, X. Gonze, and M. Schefflampublishedt X. Gonze,
R. Stumpf, and M. Scheffler, Phys. Rev.48, 8503(1991).
3%H. J. Monkhorst and J. D. Pack, Phys. Revl® 5188(1976.
40A1P Handbook3rd ed., edited by D. E. GragcGraw-Hill, New
York, 1987.
413, Neugebauer and M. Scheffler, Phys. Revi@316 067(1992.
42Cohesive and adsorption energies are given with respect to the
energy of an isolated Al atom calculated in a large cell with the
same 8-Ry cutoff. Adding the spin-polarization energy of
0.15 eV to the so calculated free atom energy and comparing to
the bulk energy per Al atom gives a cohesive energy of 4.15 eV.
This is 0.75 eV higher than the experimental vallref. 65.
This overbinding is a problem common to converged DFT-LDA
calculations. Our cohesive energy result is within 0.01 eV of
other recent DFT-LDA calculations using the Ceperley-Alder
form for exchange and correlatigiRef. 41; Y.-M. Juan and E.
Kaxiras, Phys. Rev. B8, 14 944(1993]. It is widely accepted
that adsorption energdifferencesfor different sites are only
weakly affected by this problem.
433J.S. Nelson and P.J. Feibelman, Phys.Rev.L 68, 2188
(1992.
4p_J. Feibelman, Phys. Rev. L8, 1568(1992. The adsorption
energies given in this paper are not directly comparable to ours



4972

ROLAND STUMPF AND MATTHIAS SCHEFFLER

(see Ref. 4P because of the reference energy of the isolated?®G. L. Kellogg, Surf. Sci246 31 (1991).
atom. Apparently there is an inconsistency of this reference enf'D. W. Basset and P. R. Webber, Surf. St, 520 (1978.
ergy caused by Feibelman’s Green's-function technique; energ§?S. C. Wang and G. Ehrlich, Phys. Rev. L&®, 2297(1989.

differences are comparable, however, and for these the (iain

83T, T. Tsong and C.-L. Chen, Phys. Rev48, 2007 (1991).

smal) differences to our results arise because Feibelman did ndt*T. T. Tsong,Atom-Probe Field lon Microscop§Cambridge Uni-

include the adsorbate-induced relaxation of the(381) sub-
strate.
453.C. Wang and G. Ehrlich, Phys. Rev. L&t@, 41 (1993.

versity Press, Cambridge, 1990

85C. Kittel, Introduction to Solid State Physidgth ed.(Wiley, New

York, 1986.

46The number of atoms and thespace integration is the same for ®®B. Hammer, K. W. Jacobsen, V. Miiman, and M. C. Payne, J.

both island orientations, which is essential for a high degree of

Phys. Condens. Mattet, 10 453(1992.

error cancelation when comparing the energy of two orienta®’K. W. Jacobsen, J. K. Ngrskov, and M. J. Puska, Phys. R&&, B

tions. This is not the case if differently oriented vicinal surfaces
are used for the determination of step energy differences.

47«simple bond-cutting” models assume that the energy per atom

7423(1987).

%M. F. Crommie, C. P. Lutz, and D. Eigler, Natu@63 524

(1993.

varies linearly with the atom’s coordination number. An im- 69y, Hasegawa and P. Avouris, Phys. Rev. L&t, 1071(1993.
proved version that takes the bond saturation into account make®9The height is mostly determined by the local geometry and the

this approach very similar to the effective-medium and
embedded-atom methofisee, for example, I. J Robertsenal,
Europhys. Lett.15 301 (1991); Phys. Rev. Lett.70, 1944
(1993; M. Methfesselet al., Appl. Phys. A55, 442(1992].

483, Hdzl and F. K. Schulte, inSolid Surface PhysigsSpringer
Tracts in Modern Physics Vol. 86pringer, Berlin, 1979 pp.
1-100.

“3The values for the work functions were determined by averaging
values for slabs of thickness five to seven layers fqlAl) and
eight and nine layers for £110).

50J. K. Grepstad, P. O. Gartland, and B. J. Slasvold, Surf.5i.
348 (1976.

51A dipole moment 61 D equals 0.208 A, wheree is the elemen-
tary charge.

52H. Ishida and A. Liebsch, Phys. Rev.45, 7153(1992.

53A. P. Seitsonen and M. Schefflasnpublishedl

>4The energy difference between hcp, bridge, and fcc sites is very
small. It is therefore important to check if the calculations are
sufficiently accurate. We therefore performed several test calcu-
lations, varying carefully all parameters that affect the accuracy.
We used coverages from 1/12 to 1/56 ML, increased the nhumber
of k points from 1 to 4 and to 9, we used from 4 to 7(11)

layers, and we increased the plane-wave cutoff. The energy dif74We can estimate the temperatuF&ss

ferences of different sites were very stable and the order of fcc

and hcp sites never reversed at low coverage. We expect the

difference between hcp and fcc sites to be accurate to within
0.02 eV. The relative accuracy for the bridge site is slighty
worse.

55The only marked maximum of the total-energy surface is at the
atop site. The top site is 0.53 eV higher in energy than the hcp
site. Interestingly, the height of the adatom at the atop site is
only slightly larger than at the threefold sitésee Table IV.

length of atomic bonds. Bond lengths vary only slightly, with
low coordinated atoms having shorter bonds.

"It the (110 surface the two adatoms nearly sit on ideal fcc lattice

positions, displaced by 0.08 A towards the vacancy and 0.05 A
closer to the surface than for the “normal” fivefold site. At the
step the corresponding displacements are similar.

?There could be a nonsymmetric exchange path at{fdd}-

faceted step also. We did not calculate that path as the symmetric
one has already such a low barrier that is at the limit of the
accuracy of our calculations. Our conclusions therefore would
not be affected by an additional diffusion process. No energeti-
cally favorable symmetrical exchange path exists for{th@0}-
faceted step, as there the involved step atom would have to go
over a top site.

"3The effective barrier for diffusion around the corner of an island

is higher for adatoms coming frofd00 steps than coming from
{111} steps, which would favor growth perpendicular{tC
steps. The difference in barrier height is 0.03 eV, which is the
difference in adsorption energy at the two types of stegee
Table ). Because of the larger barrier height difference of 0.1 eV
for diffusion along the steps the effect of the corner diffusion
anisotropy can be neglected.

at which diffusion along
the two kinds of steps will proceed at the same rate. Transform-
ing Eq.(2) into

gi118l _ g{119]
Teross= i d d
InDI% — |InD{L1%
and taking the values fob, and Eq4 for the (110//{111} and

(110/{1000 step from TablesVIl and VIIl, we get
T¢9%%=400 K. We expect that this value is rather inaccurate,

This is a consequence of the fact that bond length gets smaller however.

when the coordination is lows(for the atop site we obtain a '°R. Q. Hwanget al, Phys. Rev. Lett67, 3279(1991).

bond length of 2.51 A , which is 6% smaller than for the three- "®M. J. Gillan, J. Phys. Condens. Mattkr 689 (1989.

fold siteg. Furthermore, we find that the adatom at the atop site’’A. de Vita and M. J. Gillan, J. Phys. 8 6225(1991).

introduces a strong substrate relaxation: the substrate atom béG. Kresse and J. Haffner, Phys. Rev4B 13 115(1993.

low the adsorbate is lowered by 0.4 A . A similar substrate re-"°There exists a more elegant way to smear the occupation numbers

laxation was found in calculations for alkali-metal adsorbates on
Al(111) (Refs. 41 and 56

56C. Stampfl, M. Scheffler, and H. Over, Phys. Rev. L&§, 1532
(1992.

5’M. S. Daw and M. I. Baskes, Phys. Rev.2B, 12 (1984.

R, T. Tung and W. R. Graham, Surf. S6i7, 73 (1980.

59G. Ayrault and G. Ehrlich, J. Chem. Phy&D, 281 (1974.

around the Fermi energy introduced in M. Methfessel and A. T.
Paxton, Phys. Rev. B0, 3616(1989. There the total energy is
minimized so that the energies and forces do not have to be
corrected. We do not use this method in this paper, however.

80M. R. Pederson and K. A. Jackson, Phys. Re¥.387312(1991).
81K .-M. Ho, J. Ihm, and J. D. Joannopoulos, Phys. Re2534260

(1982; and T. A. Arias, M. C. Payne, and J. D. Joannopoulos,



53 AB INITIO CALCULATIONS OF ENERGIES AND SELF- ... 4973

ibid. 45, 1538(1992. for large metallic systems, according to our experience.
82M. W. Finnis, J. Phys. Condens. Matt2r331(1990. 84p_J. Feibelman, Phys. Rev. Lef5, 729 (1990.
83The gain in speed by using more sophisticated update techniquéSS. Debiaggi and A. Caro, J. Phys. Condens. Matter3905
like the conjugate gradient approadRef. 76 would be small (1992.



