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Initial growth mode of ultrathin Ag films on an Al „111… surface
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The initial growth mode of ultrathin Ag films grown on an Al~111! surface was studied using Auger electron
spectroscopy, low-energy electron diffraction~LEED! and x-ray photoelectron spectroscopy. Although Al and
Ag have the same fcc bulk structure with nearly the same lattice parameters and a similar homoepitaxial
growth mode, the initial growth mode of Ag on an Al~111! surface showed quite an unexpected behavior. As
silver was deposited on an Al~111! surface at room temperature, the intensities of LEED spots diminished
exponentially up to about 2 monolayer~ML !, and the LEED pattern completely disappeared between 2 to 4
ML coverage. After 4 ML thick deposition, (131) LEED pattern started to reappear. To explain these experi-
mental results, we propose a growth model of Ag film on the Al~111! surface that incorporates stacking faults
induced by an interface alloy formation as observed in our spectroscopic work.
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I. INTRODUCTION

In recent years, thin-film growth has become one of
main processes for information technologies such as m
netic storage media and microelectronic devices. One of
goals in thin-film growth is to find growth parameters for t
fabrication of smooth surfaces and abrupt interfaces. A
result, the initial growth mode and morphology of thin film
have drawn vast attention from researchers on both exp
mental and theoretical sides.1,2

Most of the work on the ultrathin film growth reveals th
the growth modes are very diverse depending on the phys
characteristics of the adsorbate and substrate materials
as their surface free energies, lattice parameters and cry
line structures.1,2 The strain induced by the lattice mismatc
plays a significant role in the determination of the init
growth mode for some systems.3 Aside from the above-
mentioned factors, stacking faults in the growing film4 or
surface alloying, results in complicated growth behaviors5–7

Bulk Ag and Al have fcc structures, and their lattice p
rameters are 2.889 and 2.863 Å, respectively. The lat
mismatch between Ag and Al is only;0.9%. Therefore, a
pseudomorphic Ag film on an Al~111! should be under neg
ligible stress. Ag~111! and Al~111! do not reconstruct, and
the interlayer relaxations between the top two layers
negligible.8 In those respects, the two surfaces are simi
On the other hand, Al~1.16 J/m2! has smaller surface fre
energy than Ag~1.25 J/m2!,9 and Al segregates to the surfac
in a bulk alloy of Al and Ag~>3% Ag concentration!. Since
the heat of mixing between the two materials is negat
~20.61 eV!,10 they can easily form alloys over the who
range of composition in their bulk state.11 Most of the ex-
perimental studies on the growth of thin films involving A
such as Al/Au~111!,12 Al/Pt~111!,13 Pd/Al~100!,14

Fe/Al~100!,15 Al/Ag ~110!, and Al/Ag~111! ~Ref. 16! report
the formation of surface alloys. From the above results,
0163-1829/2001/63~8!/085414~8!/$15.00 63 0854
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may also expect that Ag deposited on an Al~111! surface
would form an alloy near the interface region. In the form
studies on the Ag/Al~111! system,17–20 however, the role of
the possible surface alloying to the growth mode of a Ag fi
on an Al~111! surface was not given full consideration. In
stead, the Stransky-Krastanov growth mode17 or 3d island
growth ~Volmer-Weber mode!18 were suggested for the
growth mode of the Ag films on an Al~111! without the
consideration of the alloying.

In this paper, we report on the spectroscopic evidence
alloy formation during the initial growth of Ag films on an
Al ~111! surface at room temperature. We will demonstra
that the loss of long-range order~LRO! as suggested by th
disappearance of low-energy electron diffraction~LEED!
patterns, especially for Ag films in the range of 1–2 to 4 M
thickness is correlated with surface alloying. Finally, we p
pose a qualitative growth model of the Ag film on Al~111!.

II. EXPERIMENT

All the experiments were performed in three separate
trahigh vacuum chambers with base pressures of 427
310211 torr. The Al~111! sample was of a ‘‘top-hat’’ shape
and was cut to expose a~111! surface within 0.5°. A clean
Al ~111! surface was prepared by repeated cycles of Ar1 ion
sputtering and annealing at 750 K until no contamina
were detected by Auger electron spectroscopy~AES! with a
cylindrical mirror analyzer. The clean Al~111! surface
showed a sharp threefold LEED pattern characteristic of
fcc~111! surface.

Ag was thermally evaporated from a 99.999% Ag wi
that was wound around a tungsten filament~99.99%!. The
deposition rate was 1–1.5 ML/min. During the evaporatio
the chamber pressure was kept below 4310210 torr. The Ag
coverage was monitored with a quartz microbalance and
coverage or the microbalance was calibrated by the inten
©2001 The American Physical Society14-1
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ratio of the AES peaks with transition energies of 66 eV
Al and 357 eV for Ag. Ag was deposited on an Al~111! not
only at room temperature~RT!, but at 50 K. The low-
temperature deposition of Ag was intended to see the ef
of the alloying of Ag with Al at the interface on the LRO
Because we expected that the alloying, if any, should be
activated at such a low temperature, 50 K than at room t
perature. For that purpose, the Al~111! substrate was coole
down below 50 K by a closed-cycle He refrigerator, and
sample temperature was monitored by a chromel alu
thermocouple attached just next to the sample.

XPS experiments were carried out in a separate U
chamber equipped with LEED optics, an x-ray source, an
concentric hemisphere analyzer~VG100 AX!. The base pres
sure of this chamber was 7310211 torr and maintained be
low 2310210 torr during Ag evaporation. The Mg K-a line
was used for the x-ray source, and the overall spectrom
resolution was estimated to be around 0.9 eV. Thickn
calibration was done by a quartz microbalance and cr
checked by the intensity ratio between Al 2p and Ag 3d
core-level peaks.

Oxygen titrations were made to test the composition p
files of Ag films by dosing 6 Langmuir~L! of oxygen with
the oxygen partial pressure maintained around 131027 torr
after Ag had been deposited. During oxygen dosing,
sample was kept at room temperature.

For Ag films thicker than 4 ML, where LEED patterns a
recovered, LEEDI /V ~spot intensity versus electron energ!
analysis was made to determine the atomic structure of
films. For the analysis, beam intensities were collected w
an automated video LEED system.21 I /V curve for four in-
equivalent beams between 40 to 400 eV were fitted usin
Tensor LEED program.22 Pendry’s reliability~R! factor and
Moruzzi’s scattering phase shifts were used.23 For the ther-
mal vibration effects, Debye temperatures of 225 K for A
and 430 K for Al were chosen.

III. RESULTS

The clean Al~111! surface showed sharp threefold LEE
pattern with no other super-structures. As Ag was depos
on the Al~111! surface at room temperature, the sharp LEE
pattern of the clean Al~111! surface degraded very rapidl
~Fig. 1!. For Ag coverages between 2 and 4 ML, no LEE
pattern could be seen at all except a bright background fo
incident electron energies up to 500 eV. The LEED patt
appeared again as the Ag thickness increased~Fig. 1!. Below
2 ML of Ag coverage, beams retained threefold symme
but between 4 and 9 ML, the LEED pattern was nearly s
fold symmetric. This implies that the film was largely com
prised of hcp stacking domains and/or 180° rotated twin
domains. As coverage increased beyond 9 ML, the cont
of spots becomes more and more threefold symmetric.
other superstructure was observed on Al~111! for all Ag cov-
erages and temperatures between RT and 50 K. On the o
hand, for the~001! surface of Al at RT, a (531) superstruc-
ture was observed before the LEED pattern disappeare
the thickness of Ag film increased.24,25

Figure 2~a! quantitatively illustrates the dramatic chan
08541
r

ct

ss
-

e
el

V
a

ter
s

ss

-

e

e
h

a

d

ll
n

,
-

c
st
o

her

as

of the ~1, 0! LEED spot intensity as a function of the depo
ited Ag thickness. The intensity of the~1, 0! LEED spot
diminished exponentially up to about 1 monolayer~ML !
coverage, and then completely disappeared between 2 a
ML coverage. To examine the disorder normal to the pla
separated from the lateral disorder, we examined the~0, 0!
beam intensity near the out-of-phase condition with
sample 5° off from the normal direction. The~0, 0! beam is
sensitive to the disorder in the direction normal to the surf
because there is no lateral momentum transfer.26 In Fig. 2~b!,
we also find an initial, rapid drop of the~0, 0! beam intensity,
but not to the extinction of the LEED pattern. It suggests t
there is substantial disorder of the structural and/or com
sitional origin along the surface normal direction. The dis
dered region is, however, not thick enough to complet
dephase the scattered waves. On the other hand, the ab
of ~1, 0! spot intensity for all incidence energies up to 5
eV, which should include many in-phase conditions, in
cates that there are severe lateral disorders in addition to
out-of-plane disorder for films below 4 ML.

Above 4 ML, the intensities of both~1, 0! and~0, 0! spots
slowly recovered. As the silver coverage increased furth
the overall spot intensities become similar to those from
clean Al~111! surface. The intensities and shapes of t
LEED spots reflect the structural order of the surface. Th
the intensity versus coverage data in Fig. 2 indicates that
surface loses its LRO in less than 2 ML of Ag due to both
and out-of-plane disorder, and gradually recovers LRO a
4 ML of Ag are deposited.

LEED I /V analysis was performed for an 9 ML thick Ag
Al ~111! system to determine the quality of the film aft
recovering LRO~Fig. 3!. The best-fit model giving the low-

FIG. 1. LEED pattern for clean Al~111!, and 0.5–9 ML Ag
deposited on an Al~111! surface. Incident electron energy are 13
eV for all cases except 0.5 ML~80 eV!.
4-2
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INITIAL GROWTH MODE OF ULTRATHIN Ag FILM S . . . PHYSICAL REVIEW B 63 085414
estR factor is such that~1! the top layers within the reach o
the probing electrons, about 3–4 ML, showed an expans
of their interlayer spacings~see Table I!. Such an expansion
of the layer spacings compensates the lateral contractio
the Ag film whose lattice parameter in their bulk phase
larger by 1% than that of Al. The interlayer spacing sho

FIG. 2. LEED intensity versus Ag thickness. Averaged be
intensities are shown.~a! $0,1% beam at 130 eV~filled circle! and 80
eV ~open circle! ~b! $0,0% beam intensity at 52–54 eV.

FIG. 3. Experimental~solid line! and theoretical~dotted line!
LEED I /V curve for Ag ~9 ML!/Al ~111!.
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oscillatory behavior as usually found for bulk terminated s
faces.~2! The film is found to be composed of two, 180
rotated twin domains of fcc stacking with almost equal pop
lation in consistency with the observed, apparently sixfo
symmetric LEED pattern. The crystallinity of the Ag film
should be very good in regard to the lowR factors of 0.21.
Homoepitaxial growth of Ag on a bulk terminated Ag~111!
surface shows clustering as high as 20 ML~Ref. 27! at RT
with a similar deposition rate of Ag to that of the curre
experiment. Thus, the growth of flat, 9 ML thick Ag film o
an Al~111! surface is quite an unexpected observation.

Our observation of the initial loss of LRO and its near
perfect recovery agrees with previous results.17–19 But there
is still no comprehensive, microscopic model explaining t
abrupt disappearance and gradual recovery of LRO with
deposition on an Al~111! surface. Fricket al.17,18 suggested
that the formation of Ag islands with a substantially co
tracted lattice caused the initial loss of LRO. They ignor
the possible influence of alloy formation near the interfa
on the LRO.

In a study of Al on Ag~111! and Ag~110! surfaces,
Wytenberg Ormered, and Lambert16 could assign an AES
peak with its transition energy, 61 eV, as originating fro
the I 2,3N4,5N4,5 Auger transition of Al from Ag2Al alloy
rather than from theL2,3VV transition of Al atoms. They also
found that the AES peak~61 eV! increased in the early stag
of Al film growth and decrease with further Al deposition
The Ag/Al~111! system is made in the opposite order
Al/Ag ~111!. Figure 4~a! shows, however, a similar trend o
the intensity variation of the Auger peak. Figure 4~b! shows
the variation of each peak intensity estimated from peak
peak heights in differential spectra, as a function of Ag co
erage. The alloy peak with 61 eV transition energy sho
substantial intensity only for those Ag coverages where
LEED pattern disappears. A decreasing peak with its tra
tion energy of 66 eV is from Al atoms~L2,3VV transition!
and a growing peak with 46 eV is from pure Ag atoms. Th
indicates that some of the Ag atoms also from an Ag2Al
alloy with the Al atoms from the substrate, and the surfa
alloying appears to be correlated with the disappearanc
LRO with the deposition of Ag on the Al~111! surface.

Additional evidence for interface alloying comes fro
x-ray photoelectron spectroscopy XPS data. In Fig. 5~a!,
Ag~3d5/2) core-level XPS spectra for Ag films deposited o
Al ~111! at RT with thicknesses up to 3.8 ML are shown. A

TABLE I. Best-fit structure of Ag~9 ML!/Al ~111! from LEED
I/V analysis.di j means the difference in the relative interlayer spa
ing between thei th layer and thej th layer from the interlayer spac
ing of the bulk terminated Al~111!. The Pendry reliability factor
was employed.

di j Interlayer relaxation

d12 10.7%
d23 13.5%
d34 12.1%
d45 12.5%
R factor 0.2061
4-3
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peak positions of the Ag~3d5/2) spectra are higher in bindin
energy~BE! than the well known BE of the bulk Ag~3d5/2),
368.2 eV.28 The highest BE shift occurs at 1.2 ML of the A
film, and the BE is 368.7 eV@Fig. 5~b!#. Fuggleet al.29 re-
ported that the BE of Ag~3d5/2) from Ag2Al bulk alloy is
higher by 0.5 eV than that of the bulk Ag, and so we m
attribute the observed high BE shift of Ag~3d5/2) for the Ag
films to Ag2Al alloy formation. As the Ag film gets thicker
the center of the peak shifts back toward the lower bind
energy side, i.e., toward the bulk Ag peak, and the spe
gets broader. This is caused by the increased contribu
from the pure Ag atoms as the film gets thicker.

Another notable feature of the spectra in Fig. 5~a! is the
increase of peak width according to the increase of the th
ness of Ag film. The Lorentzian widths of Ag 3d5/2 peaks in
Fig. 5~a!, which are obtained from a fitting procedure wi
Voigt function and with a Gaussian width of 0.9 eV~instru-
mental resolution!, are plotted in Fig. 5~b!. As one can see
from the figure, the full width at half maximum~FWHM! of
Ag 3d5/2 at 3.8 ML thick Ag film is 0.53 eV, which is large
nearly by two times than the value of the pure bulk Ag 0.2

FIG. 4. AES intensity versus Ag thickness.~a! AES spectra for
clean Al~111!, Ag ~1.5 ML!/Al ~111!, and Ag ~9 ML!/Al ~111!. ~b!
AES intensity for various Ag thickness. The Auger electron tran
tion energies are 66 eV~open circle!, 61 eV ~filled circle!, and 46
eV~1!.
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eV.28 This large broadening of the Ag 3d5/2 peak implies that
there exist more than two peaks in the spectra, origina
from Ag atoms with different chemical environment:~1! Ag
alloyed with the Al substrate and~2! Ag in pure Ag clusters.
Hence, the main features observed in Ag 3d5/2 core level
XPS spectra can be explained consistently under the assu
tion of interface alloying between deposited Ag atoms a
the Al substrate.

Figure 6 shows the results of an oxygen titration expe
ment. The filled circles indicate the ratio of Auger intensiti
of oxygen~506 eV! with respect to Ag~357 eV!. The ratio
decreases rapidly as the Ag coverage increases. The rea
ity of Ag at the given titration condition is negligible. Thus
it suggests that the Al exposed to the surface diminishes w
Ag coverage, and the alloy formation of Ag and Al is r
stricted to the interface region of thickness of two to thr
ML’s as also suggested from the above spectroscopic s
ies.

From the above results of AES, XPS, and oxygen titrat
at room temperature, we expect that an Ag2Al alloy forms
near the interface and there could be some correlation
tween the alloy formation near the interface and the loss
LRO. This expectation is strengthened by the behavior of

-

FIG. 5. ~a! XPS spectra of Ag (3d5/2) as a function of Ag film
thickness.~b! The binding energy~closed circle! and FWHM~open
circle! versus Ag film thickness.
4-4



-
lo
th
p
o

o
te
s

th
r

film
R

n
io
O

ug
llo

g
l-

d
o

ll-
l

-
e of
in-
ch
ing
ic
ic

m

site
the

is
are
y

nd
r-

pi-

d

on

for
r

d

race
f-

he
m
ght

INITIAL GROWTH MODE OF ULTRATHIN Ag FILM S . . . PHYSICAL REVIEW B 63 085414
Ag film deposited on the Al~111! surface at 50 K. We exam
ined the LEED pattern and Auger spectra at the same
temperature after depositing Ag. On visual inspection,
LEED spot intensity showed the same propensity: a ra
decrease of spot intensities up to 4 ML and a gradual rec
ery with further Ag deposition, as in Fig. 1~b!. However, the
LEED patterns were never extinguished, although the sp
became very dim and broad in the large background in
sity. In Fig. 7, the AES spectra taken for the Ag films depo
ited on the Al substrate at 50 K still reveal the peak from
alloy, although reduced in intensity, as a small peak o
shoulder near 61 eV. Instead, the intensity of pure Ag~46
eV! relative to that of the Ag2Al alloy ~61 eV! is larger for
the film deposited on a substrate at 50 K than that for the
of the same thickness, but deposited on a substrate at
This should result from a kinetically limited alloy formatio
in such a low temperature due to the reduced interdiffus
of Al and Ag. In summary, we find a less severe loss of LR
with reduced interface alloying, which strengthens our s
gestion that there is a correlation between the surface a
ing and the loss of LRO.

FIG. 6. Oxygen titration results. The amount of oxygen a
sorbed on the surface is calibrated by AES intensity of O~transition
energy: 506 eV! relative to that of Ag.

FIG. 7. AES spectra for 0.8 and 1.6 ML Ag deposited
Al ~111!. Growth temperatures are room temperature~solid line! and
50 K ~dotted line!.
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In order to get a microscopic picture on the growth of A
on an Al~111!, we employed a method of semiempirical ca
culation, embedded-atom method~EAM! by Daw and
Baskes.30 By incorporating a bond bending term, a modifie
EAM ~MEAM ! ~Ref. 31! has widened applicability even t
surface problems of large systems.32 We used a MEAM code
from Baskes,31 and chose input parameters reproducing we
known diffusion barriers for the homoepitaxial growth of A
and Ag. Details of our MEAM work will be described
elsewhere.33 A reliable quantitative description of elemen
tary kinetic processes requires highly accurate knowledg
the electronic structure of the system of concern. In pr
ciple, first-principles calculation should be preferred for su
a purpose, but, in practice, are severely limited by comput
power for large systems. MEAM calculation with its intrins
limitations still proved effective to elucidate an atomist
growth process at a qualitative level.34

Current MEAM calculations show that the Ag adato
favors the site that forms the Ag2Al alloy ~alloy site! with a
difference of the adsorption energies between the alloy
and the nonalloy sites of 0.1–0.2 eV, depending on
nearest-neighbor number~see Fig. 8 and its figure caption!.
Further, the Erlich-Schwo¨bel barrier for an Ag atom on an
Ag2Al ~island!/Al ~111! downward to the alloy formation site
(Esch) is dramatically lower than those (E8sch) to the non-
alloy sites on the terrace. The respective diffusion path
shown in Fig. 8, and the respective adsorption energies
given in Fig. 9~a!. The above results support that the allo
site is energetically preferred for incoming Ag atoms a
that the formation of the alloy effectively reduces the inte
layer diffusion barrier and helps to extend Ag2Al islands.

Nevertheless, there is still a missing link that microsco

-

FIG. 8. Adsorption energy per Ag adatom was calculated
both alloy position~marked with unprimed coordination numbe!
and nonalloy position~marked with primed number! at the edge of
a Ag2Al island. Diffusion barrier for a Ag adatom was calculate
following the minimum energy path~gray line! from a certain po-
sition in the upper terrace near the step edge to the lower ter
with fully relaxed geometry by total energy minimization. Two di
ferent cases for interlayer diffusion on Ag2Al are marked asEsch

andEsch8 , where the former runs down to the alloy position and t
latter to the nonalloy position. Interlayer diffusion of a Ag adato
on an Ag island on an Ag covered surface, as is shown in ri
corner of the figure was also calculated.
4-5
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cally connects the interface alloy formation to the loss
LRO in the growing film. In the following section, we pro
pose a qualitative model to explain the microscopic origin
the loss of LRO and possibly the recovery of LRO.

IV. DISCUSSION

The lattice parameter of the Ag2Al alloy is 2.885 Å,14

which is almost the same as Ag~2.889 Å! and Al~2.863 Å!,
so that the structural disorder is not caused by lattice m
match. It is known, however, that Ag2Al forms in the hcp
structure.11 So, the stacking faulted hcp islands grow on t
fcc Al substrate. Thus, when Ag atoms are deposited
Al ~111!, some of them form hcpAg2Al islands and the others
fcc Ag islands. Then, they are separated by stacking fau
regions.~Ag atoms on Al~111! favor fcc sites with the ad-
sorption energy larger only by 0.02 eV per atom than that
hcp sites according to our MEAM calculation. Then, h
pure Ag islands would also nucleate randomly at RT. Th
are, however, expected to quickly switch to fcc stacking
they grow, as for the case of Al homoepitaxial growth on
~111! surface.34,35 Hence, we do not take their temporal e
istence into our account.!

With further deposition, Ag2Al alloy formation should be
reduced. Ag atoms are, however, known to grow on Ag2Al in
hcp stacking up to 6 ML.19 Hence, the stacking faulted is
lands would grow as separated before some critical cove
is reached where LRO starts to recover. Since the lateral
of the randomly nucleated islands is limited by the stack
faulted boundaries, they would suffer from severe lattice

FIG. 9. Adsorption energy per a Ag adatom along each diffus
path as explained in Fig. 8.~a! black ~gray! line: Starts from upper
terrace of Ag2Al island down to the alloy~nonalloy! position on
Al ~111! substrate.~b! interlayer diffusion from a position on a Ag
island down to a Ag surface on an Al substrate. Diffusion path
optimized with total energy minimization. Each vertical grid corr
sponds to the unit diffusion distance, from fcc to fcc via hcp s
and vice versa.
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laxation to compensate the reduced coordination of the
oms at the edges of the islands as found in spot profile an
sis LEED experiments.18 Those differently stacked, severe
relaxed islands and the large density of misfit bounda
between them produce lateral disorder. Further, the interm
ing of Ag and Al atoms in the alloy islands propagates t
compositional disorder into the substrate as evidenced by
severe reduction in~0,0! intensity in its out-of-phase condi
tion @Fig. 2~b!#. Recently, Wetli, Hochstrasser, an
Erbudak19 reported that Ag films on Ag2Al grew in hcp
structure up to 2–6 ML, and hcp and fcc structures coexis
in the 6–40 ML range without displaying any LEED patter
That result supports our argument that attributes the los
LRO to the coexistence of small hcp and fcc islands.

Continued Ag deposition will make the fcc Ag island
and hcp islands grow up, but for the fifth and sixth layers,
adsorption sites of Ag both on fcc islands and on hcp isla
are identical as shown in Fig. 10.~Let ABC be the stacking
sequence of substrate Al, andC be the stacking of the surfac
layer. On top of it, fcc stacking goesABCABCand hcp stack-
ing, BCBCBC. We find the fifth and sixth stacking are iden
tical, i.e.,B andC.! Hence, in the fifth and sixth layers, ther
are no stacking faulted sites and extended islands can fo
On top of those layers, fcc stacking, which is natural for bu
Ag, would be preferred. This picture is consistent with o
experimental observation, i.e., the recovery of LEED p
terns starts from the fifth layer~Fig. 1!. On the completion of
the sixth layer, however, the recovery of LRO is still n
complete, as judged by the low LEED intensity in Fig.

n

s
FIG. 10. ~a! A schematic top view of possible Ag2Al and Ag

domain arrangement on fcc~111! surface. Filled circles denote Ag
atoms and open circles are Al atoms. Ag2Al island ~right! sit on hcp
site and Ag cluster~left! sit on fcc site, and dislocation exists be
tween two types of domains.~b! Side view of two types of stacking
fcc stacking~left; A/B/C!, hcp stacking~right; B/C!.
4-6
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This means that there should still be a large density of
filled stacking faulted boundary sites and twin bounda
sites, as revealed in our LEEDI /V analysis. The correction
of such misfit sites takes place through many layers on to
the fifth layer due to some kinetic or energetic limitations

For 9 ML thick film, our LEED I /V analysis, as men
tioned in the former section, was successfully made b
model with a flat fcc Ag surface. This implies that larg
terraces of fcc stacking form with sizes comparable to
coherence length of the incident electrons. This s
correcting growth behavior of Ag from the fifth layer is i
sharp contrast to the homoepitaxial growth of Ag film on
Ag~111! substrate that produces high rising clusters~up to 20
ML ! at room temperature.27 The observation of wide terrace
of the Ag film ~. 5 ML! on Al~111! implies that the inter-
layer diffusion barrier, the Erlich-Schwo¨bel barrier, for
Ag/Ag ~.5 ML!/Al ~111! should be much smaller than th
for Ag/Ag~111!, 0.12 eV. Our MEAM calculation on the
interlayer diffusion barrier, however, does not satisfy t
condition. For a Ag atom on an Ag island/Ag(1M )/Al ~111!,
the Erlich-Schwoebel barrier is still high, 0.12 eV.@Fig.
9~b!#, which is virtually identical to the barrier felt by a Ag
atom on Ag~111!. Thus, the observed layer-by-layer grow
comes from other causes.

A possible clue is that the templates for the homoepita
growth of Ag from the fifth layer on, are not as perfect as t
clean Ag~111! substrate. Rather, they should still contain
large density of voids and kinks originating from the boun
aries of stacking faulted islands. Even for the 9 ML thi
film, there should be a large density of kink sites associa
with boundaries of twin domains, as revealed by our LEE
I /V analysis. For the homoepitaxial growth of Pt on~111!
surface, the reentrant, layer-by-layer growth was repo
and attributed to the large densities of kink sites formed
the earlier cluster growth.36 Those kinks offered kinetic path
to promote interlayer diffusion. We expect that the large d
sity of kink sites in the Ag templates would play the sam
role offering efficient channels for the interlayer diffusio
and result in a layer-by-layer growth as for the case of re
trant Pt homoepitaxy on~111! surface. To clarify this de-
scriptive model, studies employing local probes such
scanning tunneling microscope are highly required.
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V. SUMMARY AND CONCLUSION

The initial growth mode of ultrathin Ag films on an
Al ~111! surface was studied. As silver is deposited on
Al ~111! at room temperature, intensities of LEED spots
minished exponentially up to about 2 ML, and the LEE
pattern completely disappeared from 2 to 4 ML covera
With further deposition of Ag, (131) LEED spots start to
reappear. AES, XPS, and oxygen titration experim
showed that a substantial amount of alloying happens n
the interface, though the influence of the interface alloy
on the growth mode of Ag films has not been taken seriou
before.

From our experimental observation, a growth model
Ag on an Al~111! surface is proposed; in the interface, a
loying results in Ag2Al domains of hcp stacking in parts o
the surface and on the remaining surface Ag islands of
stacking form. On top of those islands, Ag grows followin
the same stacking of the island where Ag landed. Th
stacking faulted random islands with large lateral contract
result in the loss of long-range order. For the fifth and six
layers, however, hcp and fcc stacking find the same ads
tion sites, resulting in more natural fcc stacking of Ag fro
the fifth layer on. Ag films~.5 ML! display large terraces a
evidenced by sharp LEED spots, which is at variance w
the growth mode of Ag on a clean Ag~111! surface. A large
density of kink sites originating from the stacking faulte
domain boundaries are expected to offer efficient interla
diffusion channels. This kind of growth mode is similar
the reentrant growth of Pt on~111! surface.
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