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Dielectric response of covered metal surfaces: Oxidation of Al„111…
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We have studied the response of an Al~111! surface at different stages of the oxidation process using a
simple model for the dielectric response of the covered metal surface. Our model includes the metal response
and the polarizability of the adsorbed oxygen atoms or oxide molecules depending on coverage. The experi-
mentally measured surface plasmon energy shift to lower energies as the coverage increases is reproduced by
our model and is consistent with STM observations that interpret the Al oxidation in two steps: first O atoms
are adsorbed~up to coverages of the order of 0.5 monolayers! and then oxidation starts to take place.
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I. INTRODUCTION

Since the first studies developed by Cabrera and Mott1 in
1948, the oxidation of aluminum surfaces has been ex
sively studied in the last decades due to its scientific
technological interest.2,3 However, there is still a certain con
troversy between the different theories and experimental
reported in the literature, which clearly indicates that t
oxidation of metal surfaces on an atomic scale is still
fully understood.

The complexity of the problem, particularly at the ear
stages of the oxidation process, includes several steps
have been widely investigated by a variety of experimen
techniques and theoretical models: adsorption of oxy
molecules and dissociation,4–8 island formation,4,9,10 difus-
sion of the oxygen into the metal,11–13 and last, nucleation
and growth of the oxide compound.1,14–16There has been a
special controversy regarding the existence or not of sub
face O absorption previous the oxide formation in the l
coverage regime. Contrary to the early experiments wh
supported the existence of absorbed oxygen,13 the more re-
cent experiments4,17 show no evidence for subsurface O a
sorption.

In an attempt to gain more insight we have studied, fr
a theoretical and experimental point of view, the first sta
of the oxidation process by electron energy loss spect
copy. Already in the early 1960’s Powell and Swan18 showed
that EELS can be used to monitor the state of oxidation o
and Mg foils from the shift of the low lying energy loss pea
~associated with the surface plasmon excitation! and, there-
fore, confirmed the theoretical predictions of Stern a
Ferrell.19 These authors predicted a shift from the Ritchi
value vs5vp /A2 for the clean metal surface20 to vs

5vp /A11e, wheree is the dielectric constant of the thic
oxide layer. Our EELS data also show a clear shift of
surface plasmon loss peak to lower energies as oxygen
erage increases from clean Al surface up to a monolayer.
0163-1829/2001/64~12!/125410~6!/$20.00 64 1254
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spectra measured at different coverages show a peculia
havior: for coverages below 0.5 monolayers, the surf
plasmon peak is slightly shifted to lower energies~about 0.5
eV!, but at higher coverages the displacement rate incre
sixfold ~see Fig. 2!. In order to explain this behavior we hav
modeled the surface response of an Al surface at diffe
stages of the oxidation process using a dielec
formulation.21 The dielectric function of the adlayer is con
structed with the prescription of Bagchiet al.22 based on the
atomic polarizability of the adsorbed particles and their i
age dipoles on top of a simple metal surface. Our respo
function of the total system~metal1 adlayer! shows that the
observed change in the displacement rate of the surface
mon peak can be ascribed to the beginning of the oxida
process. This result is in agreement with the pioneering
terpretation of XPS data given by Bradshawet al.23 and,
more recently, with the STM measurement reported
Bruneet al.4

The outline of the paper is as follows. In Sec. II the e
perimental setup is described. The theoretical model is
plained in Sec. III. Comparison and interpretation of our e
perimental and theoretical results are discussed in Sec
Finally, a summary and conclusions of the present work
done in Sec. V.

II. EXPERIMENT

Measurements of plasmon energy change during ox
tion of Al~111! were carried out in a conventional molecul
beam scattering apparatus. An Al~111! crystal was mounted
in the main scattering chamber~base pressure 1.10210 Torr).
Surface cleanliness was achieved by repeated cycles of s
tering and annealing until no oxygen or other impurities we
observed in AES. Once a clean surface was established,
gen was dosed to the surface via a conventional molec
beam line. A gold flag, positioned in front of the Al~111!
crystal, enabled us to perform the sticking coefficient m
©2001 The American Physical Society10-1



ou
ex
bs
g

c
e
u
s

d
re

y-
nd
nd
o

om
ge
t
A

wi
w
tr

er
a
fa
o

st,

ts
ria-

n-
ant
face

rface
s of
ent.
er-
t in
nt

le.

a
sys-
r of
red
f a
e

ance

re
v-

-
yg
n

n
wa

the
-
ctra
eo-

-
t of
an

M. ALDUCIN, S. PETER APELL, I. ZORIC, AND A. ARNAU PHYSICAL REVIEW B64 125410
surements using a method of King and Wells.24 Initially a
complete King and Wells adsorption run was carried
yielding sticking coefficient and oxygen coverage versus
posure time. The absolute beam intensity, needed for a
lute coverage determination, was obtained by shootin
beam directly into a stagnation detector.25 The latter consists
in a small stainless steel cell with a well-defined entran
aperture ~known conductance! and a sensitive pressur
gauge. The absolute beam intensity is related to the meas
steady state pressure rise in the stagnation detector. In a
sequent series of runs, after the sample was cleaned an
nealed, the adsorption process was divided into a disc
number of intervals, i.e., we carried out a series ofinter-
ruptedKing and Wells runs. After each interruption the ox
gen coverage was determined from the ratio of areas u
the O2 partial pressure vs time curve for interrupted a
complete King and Wells run. In this way a sequence
well-known oxygen coverages on the surface, varying fr
zero up to about one ML was established. Once the oxy
coverage was known, the sample was positioned in fron
the Auger spectrometer, equipped with a single pass CM
used for measurements of plasmon energy variations
oxygen coverage. The primary electron beam energy
500 eV. In Fig. 1 we show the electron energy loss spec
for inelastically scattered electrons from an Al~111! surface,
for a series of different oxygen coverages, ranging from z
@clean Al~111! surface# to about one ML. The loss spectr
reveal a series of bulk plasmon losses and several sur
plasmon losses. We notice that the oxidation process d

FIG. 1. Electron energy loss spectra, for inelastically scatte
electrons from Al~111! surface, for a series of different oxygen co
erages ranging from zero@clean Al~111! surface# to 1.06 ML
(1 ML;1 oxygen atom/Al atom!. The primary electron beam en
ergy was 500 eV. The sample was at room temperature. The ox
was dosed on the surface via a molecular beam at normal incide
The inset in Fig. 1 shows the sticking versus coverage variatio
obtained in a complete King and Wells run. The beam energy
426 meV and the initial sticking coefficient was 0.8.
12541
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not influence the bulk plasmon peak positions. In contra
the surface plasmon energy is strongly influenced~shifted
towards lower values! by the oxidation process. The resul
of our measurements for the surface plasmon energy va
tion vs oxygen coverage during the initial stage of Al~111!
oxidation process are shown in Fig. 2~black circles!. In ad-
dition to the lowering of surface plasmon energy with i
creasing oxygen coverage we also observe a signific
broadening of the electron loss peaks associated with sur
plasmon creation events~see Fig. 1!. This is consistent with
appearance of a rather heterogeneous situation on the su
where, for a given total oxygen coverage, one has patche
clean surface, oxygen islands and 2D surface oxide pres
All experiments are done at room temperature. A typical
ror in plasmon energy measurements is 0.1 eV. In the inse
Fig. 1 we also show the variation of the sticking coefficie
versus O2 coverage. In this case O2 molecular beam (Ek
5426 meV) impinged at normal incidence on the samp
The high initial sticking coefficient~0.8! makesinterrupted
King and Wells type measurements easy to realize.

III. THEORY

The purpose of our theoretical model is to calculate
surface response function which characterizes the total
tem consisting of a metal substrate and a varying numbe
adsorbed particles on top of it. Let us consider an orde
two-dimensional array of adsorbed particles on top o
metal surface. Takingz as the coordinate perpendicular to th
metal surface~defined as the image plane!, the vacuum fills
the half-spacez.0 and the metal the half-spacez,0. The
adsorbed particles are located outside the metal at a dist
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FIG. 2. Change in surface plasmon energy as a function of
oxygen coverage on the Al~111! surface. The black circles repre
sents the experimental values obtained from the EELS spe
shown in Fig. 1. The asymptotic behaviour predicted by our th
retical model@see Eq.~8!# is shown for different values of the
parallel momentum transferq and the coupling constantk (a/a3),
wherea is the polarizability anda is the adsorbate radius. Com
parison with the experimental data shows that the displacemen
\vs to lower energies cannot be accounted for only in terms of
increasing coverage keepingq andk fixed.
0-2
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z0.0 from the image plane and ordered parallel to the s
face on a square array with unit lengthal . The dielectric
response function to a longitudinal electric field, as is
case for EELS experiments, is the quasistatic limit (c→`)
of the reflection coefficient for incoming electromagne
waves onto a metal surface.26 Based on this equivalence, w
use the theoretical reflection coefficient obtained in Ref.
for a system consisting of a film of thicknessd and a semi-
infinite substrate with dielectric functioneb(v). The film
may have two different dielectric functions depending on
direction of the applied electric field:e i(v) for a field par-
allel to the metal surface ande'(v) for a perpendicular field.
In the quasistatic limit and assumingqd!1, the reflection
coefficient of Ref. 21 for an incomingp-polarized EM wave
reduces to

g~q,v!5
eb~v!211qd@e i~v!2eb~v!/e'~v!#

eb~v!111qd@e i~v!1eb~v!/e'~v!#
, ~1!

where q is the momentum transfer parallel to the surfa
Notice that in the limitd→0, Eq.~1! reproduces the classica
response function of a semi-infinite medium bound
vacuum.

In order to calculate the dielectric response function o
monolayer consisting of adsorbed particles, we describe e
particle as an electric dipole with dipole momentpi . The
effect of an external electric field on an adsorbed overla
has been calculated using various formulations.22,27,28We use
the one developed by Bagchiet al.22 that obtains the dielec
tric response function of a dipolar monolayer by calculat
the total electric field each particle feels. This field is the s
of two contributions: first, the field created by the rest of t
dipoles forming the layer and second, the field due to
image dipoles induced at the metal surface. Since the im
dipole is opposite to the direct one when parallel and eq
when the dipole is perpendicular to the surface, the dielec
response function of the overlayer is different for para
and perpendicular electric fields. The expressions deri
within these assumptions are22

e i~v!215
4p

al
2d

a~v!

11a~v!~j02j I !/~2al
3!

~2!

for an external electric field parallel to the metal surface a

12e'
21~v!5

4p

al
2d

a~v!

12a~v!~j01j I !/~al
3!

~3!

for an external electric field perpendicular to the metal s
face. In these expressions,a(v) is the polarizability of the
adsorbed particles,j0 is a constant accounting for the electr
dipolar field created by all the other particles, whereasj I
accounts for the electric field created by all the image
poles. In particular, for a square layer,j052(( i 21 j 2)23/2

529.0336 . . . ,29 and

j I5
eb~v!21

eb~v!11 (
i , j 52`

`
3~2z0 /al !

22@ i 21 j 21~2z0 /al !
2#

@ i 21 j 21~2z0 /al !
2#5/2

,

~4!
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whereeb(v) is the substrate~metal! dielectric function, as
before.

The different adsorbed layers are characterized by dif
ent polarizabilities and different geometrical arrangements
the particles (al , d, andz0!. For simplicity, the particles are
described as spheres of average radiusa. Then, the thickness
of the adsorbed layer is taken asd52a, whereas the mini-
mum value of the lattice parameteral is limited to al.2a.
The theoretical model also imposes a restriction to the m
mum value ofz0, the distance of each particle to the ima
plane, since the interaction between each particle~dipole!
and its own image diverges whenz0 /al!1 @term i 5 j 50 in
Eq. ~4!#. Moreover, the reflection coefficient of Ref. 21
obtained considering the film is on the substrate. Hence,
expression for the surface response function given in Eq.~1!
is valid provided thatz0,d. Otherwise, the expressio
should be modified to include thez0 dependence.

Inserting Eqs.~2! and~3! into Eq.~1! we can evaluate the
surface dielectric function of the metal substrate with a va
ing number of adsorbates up to a monolayer. The differ
experimental coverages are modeled by taking differenal
values. More precisely, we define the coverage asu
54a2/al

2 . Hence, a compact monolayer (al52a) corre-
sponds tou51 ML. For higher coverages, Eqs.~2! and ~3!
would have to be modified, so we limit our analysis foru
<1 ML.

In EELS experiments, in which the projectiles are ele
trons, the momentum transferred to the substrate is sm
enough to justify the use of a local response functioneb(v).
In the particular case of an Al substrate,eb(v) is well-
described by a Drude dielectric function

eb~v!512
vp

2

v~v1 ig!
~5!

with a bulk plasmon energy obtained from our EELS spec
\vp515.6 eV and damping\g51.37 eV. Hence, the theo
retical surface plasmon energy of a clean Al surface is\vs
511.03 eV.

IV. RESULTS

Figure 2 represents the surface plasmon energy of Alu
num as a function of the oxygen~O! coverageu. The experi-
mental data, plotted in black circles, show the shift of\vs to
lower energies asu increases. It is remarkable the chan
aroundu.0.5 monolayer: for low coverages (u,0.5 ML),
\vs decreases at a rated(\vs)/du.0.57 eV/ML, whereas
for u.0.5 ML the rate increases sixfold. For a clean Al su
face (u50 ML), the slightly different value of the experi
mentalvs than the theoreticalvs5vp /A2 is consistent with
a negative surface plasmon dispersion forqd'!1, whered'

is the centroid of the induced charge.30 The equation for the
q dependence of the surface plasmon frequency in the l
qd'!1 is

vs~q!5
vp

A2
S 12

d'q

2 D , ~6!
0-3
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with d' evaluated at the frequencyvp /A2. Substitution of
our experimental surface and bulk plasmon energies (\vp
515.6 eV and\vs510.8 eV) in Eq.~6! gives us a good
estimation of the parallel momentum transferred in the EE
experiments: q.0.04–0.05 a.u. (d'.0.821.2 a.u. for a
clean Al surface30,31!. Since we are studying the surface b
not the bulk plasmon energy, we use a Drude dielectric fu
tion with \vp515.3 eV @see Eq.~5!# to describe theq de-
pendence of the Al surface response function that is not
plicitly included in Eq.~1!.

In view of these results, we have theoretically studied
dependence of the surface plasmon energy for different c
erages with different parameters characterizing the adso
layer (a,z0). We use static polarizabilities both for low an
high coverages. The lack of structure of the EELS spe
around the surface plasmon energy loss suggests tha
frequency dependence of the adsorbate polarizability is
minor importance. This is consistent with the fact that t
thresholds in the excitation energy of the oxygen atom32 and
the aluminum oxide33 are around 9 eV. Furthermore, at lo
coverages the probability of an electron to interact with
adsorbed oxygen is so small that no peaks are seen a
typical oxygen excitation energies in the EELS spectra.

An increase of the coverage, keeping fixed values oa
andz0, produces a shift of the surface plasmon peak to low
energies. This effect is also observed in metal substrates
ered by a continuum dielectric film when increasing the fi
thicknessd.18,19 In our system thev dependence ofg(q,v)
is due to the metal substrate directly and indirectly throu
the image dipoles. To gain insight into the different cont
butions, we will first takej I50. The surface plasmon fre
quency derived from Eq.~1! is then

vs
25

vs0
2

11~qd/2!@e i2~1/e'!#
, for qd!1, ~7!

wherevs0 is the surface plasmon frequency of the clean
surface. As long ase i and e' are greater than the vacuu
value e051, there will be a shift ofvs to lower energies.
From the definition of the coverage (u54a2/al

2) and defin-
ing k5a/a3, Eq. ~7! can be rewritten as a function of cov
erage as

vs
25

vs0
2

11~p/4!qdku f ~u!
~8!

with

f ~u!5
1

12Du3/2
1

1

112Du3/2
. ~9!

Notice thatD52(j0k)/16 is a positive constant that de
pends only on the geometrical and electrical properties of
monolayer. Foru!1 ML, Eq. ~8! reduces tovs /vs0.1
2(p/4)qdku1O(u2), but as the coverage approachesu
5D22/3, f (u) begins to rule the asymptotic behavior whic
is then no longer linear.

The asymptotic dependence ofvs on the coverage as pre
dicted in Eq.~8! is plotted in Fig. 2 for different values eithe
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of the coupling constantk50.29,0.6,1.0 or of the paralle
momentum transferq50.04,0.06 a.u. We used55.2 a.u. as
a representative value for the layer thickness, that co
sponds to take the neutral oxygen radiusa52.6 a.u.32 Com-
paring each curve to the experimental data represente
black circles, one observes that an increasing coverage
not by its own reproduce the two slopes in the experimen
data. Therefore, parallel to this it should be a change ei
of the polarizability or of the distancez0, or both.

As the adsorbates are closer to the surface, the contr
tion of the image dipoles toe i(v) ande'(v) also produces
a shift ofvs to lower energies. However, a simple picture
the oxidation process in which the adsorbed oxygens
closer and closer to the surface as the coverage incre
~i.e., z0 varying from 2a to a) can only explain a change in
the displacement rate of around 2–3 %, being far away fr
the experimental observations. Hencek is the main param-
eter to affect the change of the surface plasmon frequen

Keeping in mind the small influence ofz0, we take a fixed
valuez053 a.u. and focus on the change in the polarizabi
per unit volume (k5a/a3) as the number of adsorbed sp
cies increases. First, we consider thelow coveragelimit and
assume that the adlayer is still made of oxygen atoms. Tak
the oxygen atom polarizabilitya55.4 a.u. and radiusa
52.6 a.u.,32 which correspond to a coupling constantk
50.29, the theoretical displacement ofvs for our experimen-
tal parallel momentum transferq50.04 a.u. fits very well the
measured data~see Fig. 2!. We interpret this result as a
indication of the importance of the screening by the fe
oxygen atoms present at low coverages.

As the coverage increases the reactive processes tha
taking place between the substrate and the adsorbates c
be mimicked in detail with our simple picture of a laye
made of identical dipoles, since the adsorbed layer may c
sist both of neutral oxygen atoms and Al2O3. The complexity
of the forming layer that goes through different stages: o
gen adsorption, island formation, and growth, and oxidat
of the island edges, is observed in the STM experiments
Brune et al.4 However, our model can provide us informa
tion of the heterogeneous adsorbates in terms of an ave
polarizability, i.e., we fix the adsorbate volume (a
52.6 a.u.) and calculate the polarizabilities that fit the e
perimental data. The values that we obtain to reproduce
coverage dependence of the surface plasmon energy
shown in Table I. In principle we could use the oxygen p
larizability and the alumina polarizability per unit volume
estimate from the experiments their proportions but for
present purposes we do not go into such a detailed treatm

Up to half a monolayer the polarizability indicates that t
adlayer is basically formed by oxygen atoms. Howev

TABLE I. Average polarizabilities predicted by our theoretic
model in order to reproduce the experimental displacement of
surface plasmon energy as coverage increases.

u ~ML ! 0.26 0.53 0.79 1.0

\vs ~eV! 10.7 10.5 9.7 8.6
a (a0

3) 5.4 5.9 15.4 18.5
0-4
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when 80% of the Al surface is covered, the polarizability i
factor 2.6 larger than that of oxygen. Finally, a slight i
crease of the polarizability is still needed to reproduce
surface plasmon energy atu51 ML. This increase ofa is in
agreement with the beginning of the oxidation process
which the O and Al atoms start to form ionic molecul
bonds, as mentioned above. We interpret the increase ofa as
a change in the charge state of the oxygen atom that is b
cally an O22 anion in Al2O3. Other kind of contributions as
structural changes~i.e., oxygen island formation and growth!
are of minor importance. In this case, the increase of
polarizability would be accompanied by a corresponding
crease of the volume of the adsorbate (; number of O atoms
in the island!. Therefore, the coupling constantk would re-
main almost similar to that of a single O atom.

It is remarkable that the same value\vs(u51ML)
.8.7 eV is obtained if we assume that the surface is co
pletely oxidized and use the bulk dielectric function
Al2O3 ~Ref. 33! to characterize the adsorbate dielectric fun
tions ei(v) ande'(v) instead of Eqs.~2! and ~3!. Further-
emore, the experimental value\vs57.97 eV at u
51.32 ML is in quite good agreement with the limit pre
dicted by a dielectric continuum model (vs5vp /A11e)
~Ref. 19! applied to the particular case of an Al substra
covered with a very thick Al2O3 film, that is\vs57.8 eV.

These theoretical results lead us to interpret our exp
mental data as follows: first, O atoms are adsorbed up
coverages of the order of 0.5 monolayers~and may be form-
ing O islands! and only then some of the oxygens start
react with the Al atoms of the substrate giving rise tonew
adsorbates that are characterized by larger polarizabilities
unit volume. In other words, we can say that it is not enou
to adsorb half a monolayer of oxygen to get half of the s
face oxidized. Finally, the agreement between the exp
mental data and the dielectric continuum model atu51 and
1.32 ML indicates that the surface is almost fully oxidized
u51 ML.

V. CONCLUSION

The experimental data obtained from the EELS spe
show the displacement of the Al surface plasmon peak
es

.J
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lower energies when increasing the oxygen coverage up
monolayer. There is a very clear change of the displacem
rate at 0.5 monolayers that can be related to the oxida
process taking place at the Al surface.

Parallel to the experimental data, a theoretical mode
the dielectric response function is proposed. In this mod
the dielectric response function of a system consisting o
metal substrate with a finite number of adsorbates is deri
as the quasistatic limit of the reflection coefficient of t
corresponding system.21 The Al substrate is represented by
Drude dielectric function, whereas the adsorbed layer is c
sidered as a dipolar array above a metal surface.22 In the
limit of small momentum transfers (qd!1), the dependence
of vs on the coverage is obtained analytically. In princip
this behavior would explain a decrease of the plasmon
ergy with increasing coverage. However, we find that it is n
possible to fit the experimental data unless a change of
adsorbate polarizability takes place with increasing covera
Comparing our theoretical and experimental data, we c
clude that the oxidation process might be described in
basic steps: first, neutral oxygen atoms are adsorbed on
Al surface up to a coverage of 0.5 monolayers and then
oxidation process starts to take place yielding a threef
increase of the adsorbate polarizability, when the oxyg
goes from neutral to O22 ~the charge state in Al2O3). The
purpose of our model is not to give a detailed description
the oxidation process trough different stages~O adsorption,
island formation, . . .!. However, the model allows us t
approximately identify the beginning of oxide formation.
this sense, we remark that this picture of the oxidation p
cess is in accord with recent STM mesurements,4 and our
model corresponds well to the forming of an almost co
plete alumina layer at 1 ML coverage.
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